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PROJECT INTRODUCTION AND OVERVIEW 
 
The objective of this project has been to provide the DoD with an applied research program to 
identify and develop nanowire materials and nanowire technology to levels where they could be 
used to improve current and future vehicle systems.  The program has been structured around the 
unique nanowire expertise of six faculty researchers (R. W. Cohn, B. W. Alphenaar, G. U. 
Sumanasekera, S. Y. Wu, C. Jayanthi, M. K. Sunkara) in the ElectroOptics Research Institute 
and Nanotechnology Center (ERINC) at the University of Louisville (UofL), together with 
industrial collaborators (first, Radiance Technology and later, Zyvex Corporation) who already 
have established industrial and military clients who might be receptive to and benefit from the 
technologies developed on this program.  At the time of the proposal no other research center or 
institute had ever focused its research efforts on the accelerated transition of Nanotechnology 
into a specific systems application area.  
 
The research team has focused specifically on nanowire technology (NT) because one 
dimensional nanowires offer a combination of length (microns to millimeters) and narrowness 
(1-300 nm) making them easier to manipulate and incorporate into integrated electronics and 
microsystems than zero dimensional nanomaterials, such as nanoparticles (Fig. 1).  The 
advantages of nanowires were envisioned as including: Varying the diameter provides a way to 
tune in different material properties, while the length simplifies manipulation and attachment 
into systems.  Nanowires are excellent materials for directed self-assembly into heterojunctions 
and nanowire networks.  Blending of nanowires with polymers can produce light weight, high 
strength composites with embedded smart functions. Nanomaterials, especially nanowires, offer 
the promise of new materials and devices that realize the lowest cost of assembly, the greatest 
packaging density, and the highest degree of integration and functionality.  
 
The group activities are organized in a single vertically integrated structure (Fig. 2a) that consists 
of:  (1) identification, modeling and design of physical properties of these materials; (2) 
designing growth processes for synthesizing selected materials in nanowire form; (3) 
synthesizing nanowire materials; (4) measuring the physical properties of nanowires; (5) 
designing, assembling and testing electronic, optoelectronic and electromechanical devices that 
derive their unique properties from the incorporation of nanowires; and (6) conducting system 
analyses and identification of vehicle defense applications.  This figure is represented in Fig. 2b 
in terms of investigative and administrative responsibilities.  
 
The principal goals of the NT project were to:    
1. Develop and demonstrate several proof-of-principle prototypes directed towards our 
identification of DOD system requirements and technology needs.    
  
2.  Identify new opportunities for materials, devices and applications development that grow out 
of NT research or collaborations outside UofL.  Pursue development of proof-of-principle 
prototypes based on interest by DOD.   
  
3.  Provide evaluations of prospects of nanowire technology enhancing vehicle defense 
technology in near term (0-5 year), mid-term (5-10 year) and long term (10-20 year) windows.     
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workshops on nanowire technology,1 development and distribution of brochures on capabilities 
in nanowire technology, presentation of a trade booth and demonstrations at the DOD 
Conference,2 and a CRADA executed with US DoD AMRDEC on nanowire technology.  While 
most of these activities continue to this day, the prospects for future funding from these contacts 
is unclear.  The most significant tangible result along these lines is the licensing of a very 
specific technology3 (self-assembly and growth of metal nanowires at selected locations on 
MEMS devices.)  The licensing company, NaugaNeedles, which was started with UofL 
employees, has secured business funding from the State of Kentucky and the Vogt Foundation, 
as well as SBIR funding from the National Institutes of Health. Furthermore, NaugaNeedles 
receives far more inquiries about UofL developed technologies than does UofL.  A key lesson 
learned is that it appears to be more effective to transition technology through a University spin-
off (both directly to that spin-off, and through a spin-off to its customers) than for a university to 
directly seek industrial and DoD partners.   
 
Technically, many perceived, as well as several other unexpected, advantages of nanowires and 
nanowire technology were demonstrated in a number of device experiments and material studies.  
The studies were organized into those that appeared likely to have the most immediate near-term 
impact on systems and longer range, more fundamental studies.  The two projects that appeared 
to have the most immediate near term impact were growth of nanowires in bulk quantities and 
nanowire gas sensors.   
 
The bulk growth project addresses needs in the polymer composites and coatings community for 
optimized or multifunctional (and in some cases, smart) materials.  Figure 3 presents a 
motivation for bulk growth research, together with a partial list of materials that UofL can make 
by its patented processes4-15 that are amenable to bulk growth.  Polymer materials are needed in 
large quantities to address the manufacture of vehicle skins, smart textiles, low cost solar cells, 
etc.  At the start of the project, and to our knowledge, to this day, there is no other effort to make 
nanowires (other than carbon nanotubes) in volumes large enough to support the manufacture of 
polymer composites.  Instead properties of a single nanowire or a single small surface coated 
with nanowires had been demonstrated by the nanowire research community for primarily 
electronic or photonic device applications.  But the applications of polymer composites are 
pervasive and the materials do not appear to require as much time to develop as an electronic 
device built around nanowires.  Zyvex was selected as a partner because they already had much 
experience in developing nanotube-polymer products for both defense and commercial clients 
(including for high end sporting goods).  At the time of their joining the effort they felt that 
nanowires complemented the properties of nanotubes.  However, during their involvement in the 
project they were not able to successfully functionalize nanowires so that these mix well into 
polymeric solutions.  Before solving this problem, Zyvex indicated that their business focus had 
shifted exclusively to nanotube composites and as a result they decided to withdraw from their 
subcontract without expending a major portion of available funds.  UofL studies did however 
demonstrate that UofL nanowires do suspend better in good solvents for polymer processing than 
do nanoparticles made of the same composition.  Some of the general knowledge gained on 
nanomaterial dispersions16 was shared with a Louisville-based international business (Optical 
Dynamics Corporation) which they used to develop and introduce commercially successful spin-
on anti-reflective coatings for their custom eyeglass manufacturing equipment.  UofL’s most 
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significant demonstration towards bulk growth for composite materials was the construction of 
reactors that have a growth rate of 5 kg/day of nanowires.  Scale up studies and purity 
refinements continue to this day, but even a 1 kg/day rate is sufficient to support a number of 
specialty polymer composites.  Also these studies show that further scale up is possible and 
practical if and when an adequately lucrative market is developed.  At this point UofL can 
rapidly produce a number of nanowire materials in quantities suitable for making evaluation 
samples of polymer composites.  UofL has used this capability to fabricate a number of test 
devices out of nanowire films including solar cells, fuel cells, lithium-ion batteries, 
electrochromic windows and chemical sensors.  Posters and quantities of nanowire poweders and 
well-dispersed  solutions were displayed at the DOD Conference and Trade Show in summer 
2008.2 

 
Nanowire gas sensors were also investigated, with hydrazine leak detection being the principal 
focus.  Since many of the propellants, especially hydrazine, ignite on contact with air, leak 
detection is essential for the safety of personnel near vehicle sites and fuel depots that contain 
these propellants.  This need has been stated in a few DoD SBIR calls for proposals.  Most 
existing gas sensors use resistance changes in metal oxides to sense changes in gas composition.  
However, these materials need to be heated to several hundred degrees centigrade, which is well 
above the ignition temperature of the propellants. A significant finding was that carbon nanotube 
conductance changes are sensitive to 100 parts per billion changes of hydrazine at and even 
somewhat below room temperature, which is well below the flash point of hydrazine.17  This 

Figure 3.  Motivation for the bulk growth project.  Arguments include UofL’s patented ability to
grow dozens of compositions of nanowires, the scalability of the UofL growth process, and the
ability to disperse the nanowires into solvents used to forming polymer nanocomposites.
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composition rather than the solid substrate composition.  The fluidized bed reactor is especially 
useful in this regard, since all the raw materials and product are mixed in an aerosol and never 
have contact with the substrate or reactor walls (which in other reactors could be a source of 
impurities left over from previous runs.)  The fluidized bed reactor also offers the ability to 
overcoat the nanowires with a passivating layer or a second (third, etc.) functional material by 
changing the gas composition after the nanowires are formed.  These advantages of the fluidized 
bed reactor led to it being studied the most and moved furthest along towards demonstrating a 
prototype reactor, both suitable for proof of principle and proof of performance evaluations.  The 
conveyor belt method does offer the convenient manufacturing possibility of directly growing 
thin nanomaterial coatings over a large area of a long sheet or tape moving down a conveyer belt.        
 
Historically, the first method investigated on the NT project was the conveyor belt approach 
(Fig. 4) in which the material is grown directly on a substrate.  Only after the fluidized bed 
reactor had been substantially demonstrated were proof of performance experiments performed 
on the conveyor belt concept.29  In fact, the experiment was performed on a fixed six inch 
diameter silicon wafer.  Based on 10 minutes of growth on the wafer, the growth rate only 
extrapolates to about 25 g/day.  The material grown was a 100 m thick carpet of carbon 
microtubes (CMT).  CMTs are substantially different than multiwall nanotubes. Their internal 
diameters are about 2 microns and the wall thickness is 30.4 nm. The walls are composed of 
small graphene sheets and exposed edges. This morphology looks very promising for 
intercalating the CMTs with lithium which is expected to increase the storage of lithium in the 
CMT matrix over other types of graphite used in lithium ion batteries.  (Also see sections and 
references below on battery materials).  Figure 4b shows a schematic of the growth chamber and 
Fig. 4c shows an image of the CMTs.   
 
Figure 5 shows the evolution of the realizations of the fluidized bed reactor. In its current 
configuration it has been used to demonstrate 5 kg/day rates of growing zinc oxide and 
aluminum oxide nanowires.  Most of the ongoing research is focused on controlling the aerosol 
patterns and other process variables to reduce the quantity of non-nanowire particles.  Currently 
90 % of a run is nanowires.  Various filters and traps are being investigated to further reduce 
unwanted particulates.  With further studies on tuning the system and the processes we anticipate 
that a 98 % purity is reasonably within reach.  The flow conditions can also be varied to 
predominantly produce nanoparticles when desired.   
 
The third process of flame oxidation of metal foils has been investigated so far resulting in the 
rapid growth of long nanowires of iron oxide, niobium oxide, copper oxide and oxidized brass. A 
simplified illustration of the growth apparatus and a few of the materials produced is shown in 
Fig. 6.  Note that so far there is no special apparatus or reactor for synthesizing the nanowires, 
making this a very attractive growth process—if the method demonstrates kilogram/day growth 
rates. 
 
It is recommended that research on scale up studies of the various synthesis methods should 
continue for some time to come.  Already we are able to make substantial quantities of materials 
by these methods to be able to provide interested DoD researchers with samples for their 
experiments. 
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Figure 7.   Gas sensing characteristics of several nanomaterials measured during the project.

Figure 8.   Gas sensing prototype in which a nanotube film is retrofitted into a commercial
plant monitoring detection and alarm system. 
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and robust form of the sensor was directly growing a low density film of nanotubes directly 
between the readout electrodes.  Figure 8 shows a typical film and resistivity changes in the film 
as it is exposed to different concentrations of hydrazine.  In characterizing the sensor we found 

Figure 8. (above)  Sensor head and control unit. 
The matching circuit currently is enclosed inside the 
sensor. Figure 9. (right) Gate shifts in graphene 
FETS due to exposure to various gasses. 

Figure 10.   Multiplexed gas sensor for artificial nose applications.  The sensor consists of three 
different nanotube films that have been chemically treated in three different ways. The films are 
electrically driven in series are read out in parallel.   
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that levels down to 100 parts per billion of hydrazine could be detected.  Figures 8 and 9 show 
how the sensing element was retrofitted to a commercial industrial plant safety monitor.  This 
system was demonstrated sensing alcohol vapors in real time at the 2008 DOD conference and 
tradeshow.  Graphene films were also evaluated as gas sensors.  Additionally, sheets of graphene 
configured as field effect transistors were evaluated as sensors.  As shown in Fig. 9, gas 
background can have profound effect on the location of the minimum gate conductance. The 
sensing results, excluding graphene, are summarized in Fig. 7.   
 
A long term effort on this study has been to multiplex several nanotube gas sensors together 
where each sensor responds differently to various sets of gases (Fig. 10).17-19  Nanotubes are 
modified in various ways to modify their sensing characteristics. We configured a device and 
performed the first experiments with such a system.17 The three sensor network is formed on a 
single substrate and it consists of thin films of dispersed single walled carbon nanotubes. One 
film is untreated, another is exposed to argon plasma and a third is decorated with iron 
nanoparticles. Sensor response was measured at room temperature for various low concentrations 
of gases. The sensor was simultaneously exposed to ammonia, hydrazine and dimethyl 
hydrazine. Unique fingerprints were identified for each chemical at each concentration. Pattern 
recognition and identification analysis methods (e.g. principal component analysis) are still 
needed to more clearly demonstrate recognition. So far the data is only plotted as histograms in 
Ref. 17 and the differences in features are not immediately obvious on casual inspection.  
 
 

THE MORE FUNDAMENTAL STUDIES 
The more fundamental research on NT has been extensive and has demonstrated numerous 
results that have the potential to support and enhance DoD systems.  Table 1 provides an overall 
summary of these developments including citations to the original publications (that are listed in 
references) and which (if available in paper or electronic form) have been forwarded to the files 
of the program manager.  
 
Here we selectively discuss these results to provide the essence of this research, to comment on 
its significance and to provide direction on future directions of study that are either needed or 
that appear promising.  Substantial details on these technical results are reported in the citations 
listed in References.  Most of these reports produced by the NT team between January 2004 and 
June 2009 are attached in Appendix B.  
 
Before proceeding it is worth noting that in order to perform these studies DOD invested in 
upgrades and new acquisitions to UofL capabilities.  These include both equipment and the skills 
developed by the investigators through performance of the studies.  These capabilities also 
provided a foundation upon which other agencies (DOE, NSF and NASA) and the University 
invested in additional facilities.  Without these capabilities it would have been difficult or 
impossible to perform the NT studies.  In the future, UofL researchers will be able to perform 
similar studies, advancements and refinements of nanowire technology that were begun on the 
NT project.  In the development of the capabilities DOD did achieve its objective of developing 
a center capable of developing nanowire technology for its future needs for some time to come.  
In order to appreciate the infrastructure developed directly and alongside the NT project we 
include Appendix A: Menu of UofL Capabilities in Nanowire Technology.   
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Systems analyses.  The project members worked in many ways to engage project and systems 
engineers about their needs and the potential for nanowire technologies to support these needs.  
These discussions were general and lacked the specificity needed to focus on a coordinated 
development effort.  In some cases potential customers asked for material samples but little 
concrete information came back from their evaluations.  For these reasons we do not have much 
to report in detailed systems analyses.  Instead, the system concepts developed are presented in 
the sections that discuss specific technology.  For instance, in the section on nanotube 
photodection we present the concept of an ultrasmall optical spectrum analyzer. However, 
without an identified customer, as well as the limited knowledge about the performance of such a 
proposed device, it was not possible or practical to develop a system analysis.  Other system-like 
concepts and proposals are presented for microsystems or MEMS made by the integration of 
nanowire materials and devices developed on the NT project.  These are distinguished from 
systems and systems analyses in that they have not been customized to needs requirements from 
system engineers. We plan to continue development of our technologies and systems concepts, 
and expect that these will mature in parallel as we continue to develop tighter lines of 
communication with customers in project and systems engineering. 
   
Microsystems concepts.  Between systems and discrete micro and nano- devices, are systems of 
micro and nanodevices.  An assortment of nanomaterials, or nanomaterials and microdevices can 
be integrated into ultrasmall and complex functions.  The microsystems concepts developed 
during the project are presented here.  They are based in large part upon individual nanowire 
device properties and nanowire material properties, as well as new fabrication approaches 
developed during the NT project that are presented in the sections that follow this section.   
  
Suspended polymer fiber devices.  One microsystem considered is a complex three dimensional 
lab-on-a-chip concept. (Fig. 11a)  It is based on our method (discussed below) in which liquid 

Figure 11.  Lab-on-a-chip microsystem concept that is enabled by being able to template
capillaries on nanofiber air-bridges. (a) Schematic of proposed device that integrates numerous
functions including fluid transport and mixing, microsphere transport in three dimensions,
optical sensing and light generation. (b) Calculations of optical coupling sensitivity of two
parallel polymer optical fibers immersed in water as a function of gap separation. 
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polymers brushed onto MEMS devices self-assemble into arrays of suspended nanofiber air 
bridges and membranes.  The supporting MEMS device can be a critical element that enables 
easy access to testing and developing the properties of the suspended polymer fibers. The 
concept drawing suggests some of the devices we have in mind. The drawing shows a suspended 
set of capillaries connected to an array of sharp tips that are hollow and conductive through their 
centers. The hollow fibers can be made by overcoating followed by dissolution of the polymer 
support.  The solid support of the tip array could simplify attachment of gas or liquid lines to the 
system.  Applied voltage could be used to electrokinetically pump fluids or to emit light from 
electroluminescent polymers inside the capillaries. Light is probably most easily introduced into 
the suspended fibers by placing single-mode polymer fibers of submicron diameters in contact 
with a suspended fiber which results in evanescent single-mode coupling. The fibers are attracted 
towards each other and adhere to each other through van der Waals forces.  For small diameter 
unclad fibers of moderate lengths of say 500 μm, evanescent coupling can be quite sensitive to 
nanometer displacements as illustrated by our calculations in Fig. 11b. The coupling coefficient 
on the vertical axis shows for a 500 μm coupler, that the coupled light intensity can be changed 
from 0 % to 100 % with as little as G  = 3.2 nm change in separation between the two fibers. 
Coupling changes could be used to monitor polymer swelling (say due to chemical absorption), 
or changes in refractive index.  Appling a voltage potential difference between two fibers to 
stimulate deflection provides a voltage controlled means of switching light between the two 
fibers. Changes in pH in the surrounding solution would change charging on the fibers which 
could also be used to switch light chemically. 
 
The concept drawing also illustrates the possibility that microbeads in liquids could be trapped 
near a fiber, translated and simultaneously serve as very high Q>10

7

 whispering gallery mode 
optical resonators (based on 1998 paper Opt. Lett. 23(4) 247-249). The possibility for trapping 
on the side of a fiber is suggested by the first demonstration by the Dholakia group (St. Andrews 
U., Scotland) that the evanescent fields from total internal reflection at a plane dielectric 
interface can trap particles.  Given the high Q of microsphere resonators, the change in coupled 
intensity could be quite dramatic due to changing surface adsorption, fluid viscosity and 
Brownian motion, making a very rich and interesting physical system.  
 
The capillary sidewalls could be made semipermeable and used for drug delivery to the 
surrounding system.  On an NSF project which Cohn is also PI of, another researcher from that 
project has both demonstrated electrokinetic pumping through microcapillaries templated onto 
polymer air bridges,31,32 and has performed tissue regeneration studies using semipermeable and 
porous microfibers as tissue scaffolds.33  The system concept in Fig. 11a would provide a 
reconfigurable system for chemical analysis, sensing, medical diagnostics, drug synthesis and 
biophysics investigations.  The system could be used in highly portable systems or on long term 
manned spaced flight where volume, weight and consumables are at a minimum.   
 
Such systems could be developed out of the existing nanowires technologies presented below.  
Development of a prototype in a follow on project would be relatively straightforward, but we 
would recommend a 3 man, 3 year effort in order to integrate and demonstrate the prototype.   
 
Nanodevice—living cell-nanodevice hybrid microsystems.  Another concept is to insert 
nanoprobes into several locations in a single living cell.  The nanowire sensors (described in later 
sections) are so long and narrow they could be inserted deeply into the organelles of individual 
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Figure 18.   Wider field view (550 x 400 m) of the fibrin tennis net array in Fig. 17b.  All
structures other structures than tennis nets are considered as defects and annotated on the
image. There is a large area of at least 1,200 contiguous nets without a single intervening defect.

(a)                                                                                                                                                   (b)
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. Proposed system for forming fiber air-bridges at selected locations.
(a) Demonstration of the self-assembly of fiber air-bridges following heating of a sub 100 nm
polystyrene film. (b) Apparatus for localized pulsed heating of the film.   
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envisioned in Fig. 12.44  In general, being able to produce the nanoscale element, the nanowire, 
enables subsequent depositions and patterning on the needle, realizing any number of functions.  
By being able to form nanoscale needles, it is often possible to avoid the very expensive step of 
nanolithography, since the nanoneedles can be used as the resolution-defining element.   Figure 
21 shows the steps in converting the resolution-defining element of a nanoneedle into a 
nanoelectrode that has an electrochemically stable Pt tip.  The leftmost image in Fig. 22 shows a 
typical constant diameter needle attached to a MEMS device.  Specifically, it is attached to the 
tip of an atomic force microscope cantilever.  The image next to the leftmost image shows the 
needle deflecting a polymer nanofiber. The needle elastically buckles (that is, there is no plastic 
deformation or damage to the needle) into a shape that is predictable (the prediction is the blue 
dashed line).45  The shape of the needle and the fiber enabled us to determine the elastic modulus 
of the polymer that the fiber is composed of.  The image demonstrates that the needle is both 
very flexible and that it is strongly attached to the AFM tip.  These features make it useful for a 
number of applications, some of which will be mentioned in the section below on devices.  The 
image next to the rightmost image shows a needle that has been conformally overcoated with the 
vapor deposited polymer parylene.  We have mechanically broken open these needles and made 
electrochemical measurements is these sidewall insulated needles, by the process illustrated in 
Fig. 21.44  The rightmost panel shows a needle that is covered with a single live endothelial cell.  
The needle only contacts a small area of the cell, which suggests that it would be less disturbing 
to a live cell than tapered probes, such as the tip of an AFM cantilever.     
 
There is nothing unique about the AFM cantilever for growing needles.  For instance, metallic 
nanoneedles also have been selectively grown on high-Q Bulova quartz tuning forks, the 

Figure 22.   Single selectively grown silver-gallium nanoneedles and devices made 
from them using the needle as the resolution-defining element.  
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sidewall of a silicon micromachined trench and on tapered tungsten 
probes, demonstrating how they can easily be selectively grown and 
integrated into various devices.  
 
The growth/attachment/orientation method is shown in Fig. 23.43,46  
Here a silver coated AFM cantilever is dipped into a melted 
microsphere of gallium.  The tip is then retracted forming a meniscus.  
The needle grows in the direction of the axis of the meniscus, which 
determines the direction of the needle with respect to the surface it is 
growing from.  The method works on the basis of silver being 
dissolved in the gallium and then recrystallizing on the AFM tip to 
form the silver gallium alloy Ag2Ga.  Needles over 100 microns in 
length and under 100 nm in diameter have been made by this process 
in typically less than five minutes. 
 
We also have investigated a number of other Ga-metal alloys and find 
that most of them form nanocrystals with gallium at room 
temperature.36,47  One of these, gallium-platinum, forms 10 nm thin 
square plates, and these plates have been grown on the end of AFM 
cantilevers forming what look like a scalpel blade.  Iron, cobalt and 
nickel all form rods (and some plates) with gallium.  Further studies 
and development are required to see if these also can be selectively 
grown on MEMS devices.  They are all important because the 
elements are ferromagnetic.  It remains to be determined if these 
alloys are magnetic.  However, we also have been able to dealloy and 
remove the gallium in hydrochloric acid.36  This results in metal 
nanostructures with nanoscale pores (5-20 nm diameter) but the 
overall nanostructure (plate or rod) remains.  Because these structures 
are nearly pure ferromagnetic materials they are more likely to 
demonstrate ferromagnetic properties.  If they are only weakly 
ferromagnetic, this could be due to the porousity producing 
nanostructures small enough to make the material superparamagnetic 
(i.e. not able to freeze in the orientation of ferromagnetic domains.)   
 
Also nanoporous platinum blades have been made by removal of 
gallium.  The advantage of this is the increased surface area and 
increased sensitivity if nanoporous platinum is used in electrochemical 
applications.  An electrochemical study done with our nanoporous Pt 
did show increased sensitivity in measurements of dopamine.48  We 
recommend continuation of these studies, especially given that a 
company has licensed the Ag-Ga technology, that they already have 
strong and diverse customer interest in the Ag-Ga nanoneedles and 
their customers would be even more interested in magnetic and 
electrochemically stable (i.e. made of Pt) nanostructures that are 
selectively attached to MEMS devices.  Continued efforts on making arrays of nanoneedles 
would be valuable both for mass manufacture and for enabling new microsystems concepts.  

Figure 23. SEM images 
of the growth of a 
nanoneedle by dipping 
a silver coated AFM 
canlilever into a drop of 
melted gallium at room 
temperature. 
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Substantial progress could be made with a 2-3 man, 3-4 year study depending on whether or not 
the parallel fabrication activity were included in such a study.  
 
Another candidate material for nanoplatforms: Graphene.   In the CEVS concept proposal we 
considered that graphene might serve as a wraparound ground for interconnecting layers on a 
painted on, conformal circuit. This possibility was demonstrated for a somewhat different 
application—patterning graphene onto a very delicate nanostructure. A monolayer graphene 
sheet was picked up and deposited by varying the potential bias between a tungsten nanoprobe 
and graphene.40,49-51 The graphene was deposited directly across an array of four very long 
parallel air-suspended nanowires.51 The remarkable aspect of this demonstration is that the 
transfer was done without breaking the wires. No previous method of depositing graphene has 
been done with anywhere near as low an application of force. Electrical conductivity was 
measured across the surface and through the thickness of the graphene, with the resistance of the 
graphene of a double layer being higher, than across its surface, as was expected.51  
 
In the last few years, somewhat after the start of the NT project, there has been an explosion of 
publications on monolyers of graphite, usually referred to as “graphene.”  Like a nanowire it can 
be long and thin. In fact it is the thickness of a monolayer of carbon (identical to the sidewall of a 
carbon nanotube) and can be made in strips upwards of 1 mm long and from a 20 nm to 1 mm 
width.  Therefore it can even be viewed as a substrate on which many devices can be patterned 
and integrated. Because it is also can be made wide in width it is even easier to form contacts and 
gates to.  We have made FETs of graphene and characterized them as gas sensors as a function 
of bias and chemical oxidation states (see Fig. 9).  We also have measured and compared defect 
levels due to whether graphene is suspended as an air bridge or in contact with a surface.40,49,51  
Also in patterning we have been able to cause graphene to curl up into scrolls49,52 and through 
our electrostatic deposition method we have been able to control the number of layers deposited, 
between 1 to 20.49,51  Note that with increasing thickness the defects due to interations with the 
underlying surface decrease, as measured by Raman spectroscopy.49   
 
Recently graphene has been reported to have the highest electrical mobility of any material, as 
mechanically strong as nanotubes, and numerous device applications have been proposed and are 
in development.  Because it is a wide open field, and our group is experienced in using the 
material, as well as having made original contributions to the field, we recommend that in any 
continuation study that some funding be allocated for graphene studies.      
 
Nanowire based devices 
Nanotube and nanowire photodetection—devices and materials analysis.  The method of 
displacement/capacitive photocurrent spectroscopy of carbon nanotubes (Fig. 24) was conceived 
prior to the start of the project.  It was demonstrated and successfully reduced to practice during 
the project53,54 and there have been a continuing series of publications on extending its 
applications.55-61  The method can be used as a probe of the material properties of the 
nanotubes53,56,58-60 and the materials surrounding the nanotubes57,61 or as a photonic device.  The 
device applications require substantially more development to amplify the currently weak signals 
produced.  Some of these perceived applications could provide ultrasmall sensors for vehicles, 
unmanned vehicles, microsatellites and sensor networks that span acres of area.  The major 
advantage of the method is that the nanotubes (and in one study, inorganic nanowires55) are 
embedded in a conductive material (either a simple transparent conductor or a material of interest 
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to be evaluated.)  Most nanowire devices require a custom electrical contact built around the wire 
to measure its electrical properties.  This is a widely recognized problem by practitioners in the 
field.  (It is common to hear at nanoelectronic conferences the complaint: “The contact is 
everything!”) Instead in displacement photocurrent spectroscopy, all nanotubes are electrically 
connected into the conductive overcoating.  The response of individual nanotubes can be isolated 
by focusing the light source onto a single nanotube.  In many applications the response of the 
entire mass of nanotubes is sufficient for measurement and device applications.  The method also 
uses a blocking capacitor so that there is no background DC current as is observed in typical 
photoconductive measurements. Blocking of the DC current dramatically lowers the thermal 
noise background in measurements. 
 
An unresolved question needed to apply the structures as microdevices is to maximize 
photocurrent generation.  There are a number of factors that will require further research to 
accomplish this.  These include determining the optimal density and thickness of nanotubes, 
considering ways to maximize light absorption (e.g. including dyes and optically resonant 
cavities—following similar considerations used to optimize solar cells and high quantum 
efficiency photodetectors.)   
 
The basic setup (together with the measured properties) is presented in Fig. 24.  In addition a 
voltage bias is included to modify band bending.  A quite useful property is using voltage bias to 
selectively detect excitons or separated electron-hole pairs (as shown in the curves on the 
rightmost plots).  The detection wavelengths differ dramatically, by 300 nm, for the two types of 
detection (with and without bias).  This result points toward multiple applications of 
significance.  One is the ability to tune the wavelength sensitivity could be quite useful to 
discriminating and identifying an object based on a few selected color bands. A well known 
example is the DoD’s SADARM munition which fires once it detects an intensity ratio of two 
wavelength bands that corresponds to the spectrum of a tank.  The narrowness of the spectral 
response is also useful for color discrimination.  Because of the narrow badgaps in nanotubes, we 
believe that the detectors might be useful for detecting (and possibly even generating) THz 
radiation.  Additional potential applications will be discussed below.  
 
Strain sensors are another application of the method.  Changes in the dielectric constant of the 
surrounding material can invoke a large change in the exciton binding energy. Therefore small 
amounts of strain can dramatically change the detected photocurrent (as shown in Fig. 25).  
Gauge factors of 10,000 (compared to typical metal strain gauges which have gauge factors on 
the order of 1) have been measured.  The sensitivity is due to the broad sweeping of the 
narrowband spectrum with strain (center set of curves).  The reverse of this would be that one 
could mechanically strain the substrate with the goal of sweeping the spectrum.  With a known 
strain sweep one could then read out the photocurrent to construct an optical spectrum.  Thus one 
could perform optical spectrum analysis that would require no diffraction grating.  Therefore the 
resulting device could be very small.  The resolution is probably not as great as a diffraction 
grating, but on the other hand it could be much smaller and less costly to construct than an array 
of thin film coatings for color separation.  For information reconnaissance, color information 
provided by such a device (as compared to a palm sized Ocean Optics spectrometer) could prove 
very valuable for any number of applications where small size is required.   Additional potential 
functions are listed on Fig. 25. 
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The most recent development of the method has been to understand spin orbit coupling and spin 
injection in organic photoconductors, which is crucial to maximizing the efficiency of solar cells 
and OLEDS.61  The photovoltage generation mechanism in organic solar cells is very similar to 
the charge separation mechanism in the nanotube photodetector.  Incident light results in the 
creation of bound electron hole pairs (excitons) which dissociate across the contact interface. By 
introducing coupling to the triplet excitons, it should be possible to increase the absorption 
efficiency of the solar cell into the infrared. Applying strain at the polymer/contact interface 
might also result in a reduction in the exciton binding energy, and improve the charge collection 
rate. Evidence of the value of this probing method has been demonstrated by our recent 
measurements of the photocurrent spectrum of carbon nanotubes with a EuS tunnel barrier (Fig. 
26).61 The photocurrent spectroscopy method produces very clear measures of spin states as is 
shown in the center image in Fig. 26.  These results are for nanotubes coated with a thin layer of 
EuS, a ferromagnetic insulator with large spin orbit coupling. The application of a small 
magnetic field aligns the electron spins in the EuS and creates a much larger local exchange 
field. The triplet exciton is normally not optically accessible (since it has finite spin), however, 
the spin orbit coupling provided by the EuS allows for its observation. As shown in the center 
image, measurements of the test device (left image) show that the triplet peak is strongly 
dependent on B field orientation, with the maximum peak height occurring when the spins in the 
EuS line up with the nanotube axis. The singlet peak, on the other hand, is independent of the 
spin orientation. 
 
The carbon nanotube measurements suggest two research paths for enhancing charge generation 
in organic solar cells: 1) introduction of spin orbit coupling to allow absorption into the triplet 
exciton state and 2) strain induced surface modifications to shift the excitonic peaks. During 
early phases of solar cell development these two approaches can be used to tune to and optimize 
the energy levels that would be difficult to precisely obtain by experimental growth processes.  
 
For example, the nanotube results described above show that introduction of a few nanometers of 
a spin orbit coupling layer at the organic conducting polymer–contact interface is sufficient to 

Figure 26.   Measurements by photocurrent spectroscopy of spin orbit coupling to understand
photodetecting and light emitting materials.  (left) Organic photoconductor under test.  (center)
Measured coupling for different orientations of the magnetic field. (right) Strain shifting of the
spectra of the device in the left image.  
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allow absorption into the triplet state. Eu compounds have often been used as spin orbit couplers 
in OLEDs, so are likely to function in a similar way for organic solar cells. 
 
Other organic semiconductor films that are recommended for study are Alq3, Rebrene, and 
CuPc. Also a collaborator on this study, Dr. Sergei Tretiak at the Los Alamos National Lab, is 
planning to perform theoretical calculations to determine the spin orbit coupling mechanism, and 
the expected strength of triplet and singlet excitonic features in the photocurrent spectrum. 
Theoretical calculations will also be used in determining appropriate spinorbit coupler and 
polymer host materials to be used for further experimental testing. 
 
As a further investigation of the large shifts in the exciton spectrum due to strain, strongly 
piezoelectric materials (e.g PVDF or barium titanate) should be investigated for the support 
substrates.  Of particular significance, if large enough sweep ranges are produced it would be 
possible to sweep the spectral peak out into the infrared, as well as to increase the capture 
efficiency of the photoexcited carriers. 
 
Nanomechanical devices.   Nanomechanical resonators have been made and used for sensing 
(Fig. 27).  Specifically a silicon cantilever is electrostatically excited at its resonant frequency.62  
Gas loading of the cantilever damps the resonance of the cantilever which has been used to infer 
the gas pressure and the atomic mass of the gas, thereby identifying the molecule.  When 
damping is not too severe it is possible to use the silicon cantilevers for microfluidic valves, 
stirrers and pumps.  The Ag2Ga needles have also been excited to resonance in the vacuum of an 
electron microscope. Estimates of their sensitivity to mass loading is around 1 femtogram.3   
 
An array of needles of different lengths or diameters could be grown, and due to the narrow 
resonances (Q>3000), many individual frequencies could be individually excited from a common 
electrode or electrically read out if acoustically excited. Thus an array of needles could serve as a 
simple ultrasonic spectrum analyzer similar in concept to the cilia arrays that form the cochlea of 
the ear.  
 

Figure 27. Nanomechanical sensors.  (Left) Thin silicon plates and (right) cylindrical
nanoneedles excited into first and second order resonant modes.  The thin edge of the silicon
resonator is normal to the substrate and the page.  One image shows a static deflection of a 
needle into a torsional buckling mode.  Compare with longitudinal buckling in Fig. 22. 
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The flexibility of the nanoneedles 
also supports torsional buckling 
(static image in Fig. 27). One 
potential application is the drilling 
of soft membranes, e.g. of a cell 
membrane (Fig. 28).  A vertical 
pressure applied at a point on a cell 
can deform it like a balloon.  In this 
configuration the tip will be fixed at 
one point.  Then the needle can be 
rotated to perform drilling.  At large 
enough torsional forces the needle 
will torsionally buckle, but not 
break.  This state is easily observed 
under a light microscope.  When 
buckling occurs the drilling motion 
is reversed. It is anticipated that 
much lower forces (than shown in 
Fig. 28) will be required to enter a 
cell by drilling this way, than by our current method34 of pressing the needle entirely through the 
cell wall.  
 
Nano-fluid mechanical sensing and manipulation device.  Fig. 29 compares the actual 
measurements of the wetting forces for a normal tapered AFM tip and a constant diameter 
nanoneedle.46  The forces on the nanoneedle are lower and easier to interpret.  The force on the 
tapered tip increases with increasing contact line.  Therefore force increases with insertion depth 
making the tip unstable, difficult to position and difficult to interpret the actual surface tension 
when brought in contact with a liquid.  The constant diameter needle reaches a constant force 
and then can be inserted to greater distances without the force increasing further.  
 
Figure 30 provides a detailed 
picture of the wetting forces that 
would be expected to be seen on a 
needle of constant diameter (left 
idealized force distance curves) 
and the curves that are actually 
recorded (experimental curves on 
the right).  The idealized model 
curves show the complete classic 
force-distance curve for a needle 
with a stepwise change in diameter 
(we routinely grow and use dual 
diameter needles in which a longer 
needle has grown past a second 
needle.) Therefore the curve has 
regions of constant force with 

Figure 28. Piercing a cell membrane of a yeast cell and a
red blood cell (AFM F-D curve).  The yeast cell is much
harder to pierce because it has dried out in the SEM.

Figure 29.  Comparison of liquid wetting forces found for
a standard tapered AFM tip (left) and a constant (dual)
diameter nanoneedle-tipped AFM probe (right).   
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decrease in surface tension.   Also a single defect (a rough spot on the needle) can be clearly seen 
on the water curve and the effect of the defect on the F-D curve decreases with decreasing 
surface tension.  Also the curves become smoother.  All are indications that the curves represent 
a transition from a single defect having an effect, to it having no effect.   
 

Single wall nanotube spin transistor. UofL is the first (and possibly only) group to demonstrate a 
spin valve transistor (in any form).63  This was done by using a single wall carbon nanotube as a 
spin channel and modulating the electron spin transport using a capacitive gate on the channel.  
This is a first step towards creating spin-based memory and logic devices, which could 
potentially use lower power and have higher switching speed than charge based devices.  This is 
considered a highly fundamental development, and a long term fundamental research program is 
required to further the study. A more practical near-term application of spin injection is its use in 
the studies of spin injection in solar cell materials (as described above.)  
 

Colloidal crystal devices.  Colloidal crystals can be templated and then the microsperes can be 
removed to form what looks a braid of nanowires.  An example of the fabrication of a proposed 
p-n junction power diode is presented in Fig. 31.  Such a device was made to work during the 
program, but its level of leakage current (due to fabrication defects) led to us considering 
application to other type of devices including thermoelectric materials64 and biocompatible 
materials for drug delivery.65   
 

Material properties 
Materials can be classified by their chemical composition and their structure. In many cases 
material properties depend primarily on their chemistry which determines band energy levels, 
reactivity, etc.  With nanomaterials the small size can lead to dramatic differences from the bulk 
characteristics (due to the increased surface to volume ratio and the loss of long range crystalline 
order), or even completely new functions determined by the structure.  In the project, not only 
have simple cylindrical nanowires been formed, but a variety of other shapes which could 
automatically satisfy some MEMS device requirements without the need to resort to complex top 
down three dimensional fabrication.  Some of the more remarkable shapes and potential 
functional properties that may result from these shapes are reported in the section immediately 
following the next section on functional nanowire material properties. 
   

Functional material properties directed towards devices.  Materials can be selected for various 
functions.  In some cases materials in the shape or morphology of a nanomaterial enhances the 
function properties of a material over bulk materials due to increased surface area, fewer strain 
induced defects, or modified energy levels.  Nanowires made by UofL processes have been 

Figure 31.  Templating superjunction devices on self-assembled colloidal crystals. 
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formed into films that have been demonstrated as rechargeable batteries,14,66 lasers,67,68 
electrochromic windows69 and solar cells.69-71 The gas sensors, described above, can also be 
considered as demonstrating functional material properties. The materials can be rapidly 
processed into these forms either by dispersing them into a liquid and then spinning them onto a 
substrate, or by directly growing them on a planar substrate followed by addition of the other 
materials. These processing capabilities motivated the  concept presented above.  A dye 
sensitized solar cell using SnO2 nanowires and SnO2 nanowires coated with TiO2 nanoparticles 
demonstrated an efficiency 2X higher than with SnO2 alone and an efficiency of 4.1 %.14,70 SnO2 
nanowires decorated with Sn nanodroplets demonstrated an exceptional capacity of >800 
mAh/gm over one hundred cycles with a low capacity fading of less than 1 % per cycle.67,68 
Gallium antimonide nanowires were optically pumped to the point of lasing.66,68  A single 
transverse, multilongitudinal mode at 1550 nm was observed from a single isolated nanowire. 
The high refractive index of the material together with facets on the ends of the material provides 
end mirrors which enable the cavity resonance.67,68    
 

Structural material properties directed towards devices.  In addition to simple cylindrical shapes 
numerous other geometric morphologies have been observed in the nanomaterials grown 
including tetrapods,72 conical shells,72,73 conical tapers,13,74 faceted tapered prisms on the end of 
nanowires73,74 and plates on nanowires.75,76  (Also the nanoporous nanomaterials and their 
applications are reported above.)  The last three shapes are shown in Fig. 32.  The first one is 
made of a scroll of graphene.  Since it comes to a sharp point and it is conductive, we began 
studying this material as an electron field emitter77 and as a thermal field emitter.  (A thermal 
field emitter offers the possibility of efficiently recovering waste heat, say from a power plant, 
by converting heat to electrical power.)  The sharp tip provides orders of magnitude field 
strength enhancement over planar emitters and the carbon has a moderate work function which 
together enable electron emission at reasonably low applied voltages.  For future studies it is 
recommended that these tips be chemically modified to lower their work function.78 

  

The other two structures in Fig. 32 are both gallium nitride which were grown by the same 
chemical vapor deposition process.75,76  The differences in shape are due to the crystalline 
direction of the nanowire seed.  Specifically the structures are grown by increasing the degree of 
vapor oversaturation.  This leads to the wire seeds growing to larger radius in the case of the 
tapered structure, and into the plate structure in the other.  The planes correspond to the principal 
crystal planes of gallium nitride.  The planar material, if it has a low level of dislocation defects 
(below 104 /cm2, according to comment from Dr. Paul Maki of ONR to us circa 2006) then the 
plates might prove useful as seeds for making large area substrates needed for the batch 
microfabrication of GaN photodectectors and light sources.  At the time of our discussions with 
Dr. Maki there was no available source of adequately low defect substrates for DoD 
requirements.  The tapered GaN structures might also prove useful as a way to integrate laser 
coupling with nanowires. The crystals are large enough (nearly 1 m diameter) that a substantial 
amount of laser energy could be coupled into the end.  The tapering through this high index 
material could concentrate and couple a large fraction of this energy into the attached fibers.  A 
finite difference time domain simulation showed that 50 % of the energy could be coupled 
through a taper of this geometry into a 50 nm GaN fiber, resulting in an intensity increase of 
200X.  This increase in intensity could then be used to induce lasing or second harmonic 
generation in the wire.  Also the GaN taper provides a convenient handle for picking up the 
fibers which range in diameter from 20-50 nm.   
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Returning to field emission with the tapered carbon, we also observed another shape induced 
effect that has practical applications.  The tapered carbon was able to conduct enough current and 
direct it to a small enough region of a tapered tungsten counterelectrode that melting was 
observed (Fig. 33).  Tungsten (next to carbon) is the highest melting temperature element (3,422 
o

C).  Localized melting offers the possibility of single melt grown nanomaterials on the end of a 
probe tip.  It would be possible to observe the growth under the electron microscope, and the 
total heat in the small volume would not blind the electron microscope detector, as do standard 
high temperature vacuum heater stages. The ability to work with high temperatures would enable 
many more materials to be grown on the end of probes than is currently done with our room 
temperature metal nanoneedle growth method 
(described above). Figure 33 shows a tungsten probe 
before and after field emission from a nearby carbon 
nanopipette. The striations on the sidewall before and 
after pictures of the tungsten probe show that the 
needle has been shortened. The shortening, together 
with the rounded shape typical of liquid wetting, 
strongly suggest that the tungsten tip melted due to 
resistive heating as the current was emitted from the 
nanopipette to the tungsten tip. The melt need not be 
tungsten. It could instead be a material coated on the 
end of the tungsten.  Field emission or thermionic 
emission from the tapered carbon could be used as a 
way to monitor and regulate the temperature of the 
melt.  Modeling the electrical and thermal fields and 
continuation of the experiments is highly 
recommended for further studies.   
 

New nanowire materials 
Over the course of the project over 36 unique 
chemical compositions of nanowires and several 
additional nanomorphologies of carbon, GaN and 

Figure 32.  Nanomorphological materials. (Left) Carbon nanopipettes (scrolled single sheet of 
graphene in the shape of a hollow cone.)  (Middle)  Faceted GaN taper grown from the end of
one of the long GaN nanofibers in the same image. (Right) GaN plate grown from the side of one
of the GaN fibers. The plates and tapers have the same crystallographic orientation as the fibers.

Figure 33.  Tungsten tip before and
after field emission from a nearby
carbon nanopippette. 
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other materials were grown using UofL’s patented processes.  These are classified according to 
the growth methods in Table 1.  Most of these materials can be grown in bulk and many can be 
grown as thin films on surfaces.  In addition to references given above, there are a number of 
publications55,79-87 and also a book88 has been published that provide additional details on these 
nanowire growth methods.  
 

Table 1.  Summary of nanowires grown by UofL’s patented synthesis methods  
   

Synthesis Strategy  Demonstrated Materials  Possible Materials  

Ga melt + gas plasma Si, SiO2, Si3N4, Ni, Fe, Ge, Bi, InN 
AlN,  SixGe1-x, metal oxides non-metallic oxides 

Metal melt + O2/H2 
plasma GaO, Al2O3, SnO, ZnO, InO GeOx 

Bi2O3, Fe2O3, NiO, Nb2O5,V2O5, Ta2O5
 

Metal melt + N2/H2 plasma GaN, AlN, InN, SixNy, WNx  
Ga-CH4 plasmas  Inorganic carbides 

Ga/Mo melt + CH4/H2 plasma Carbon  
CVD transport of W in O2 W, WO3 Refractory metal & oxide
Nano-droplets of melted 

metal + gas plasma 
GaO and TiO2 nanowebs, tubular 

carbons, nanopippettes 
nanotube networks, 

nanowebs of HfO2, etc.
Modified plasma processes 
that include P and S sources 

GaP, InP, Ga2S3, In2S3 
InSb, GaSb, SixGey 

 

  
Additional Growth methods 
Above we summarized the bulk growth methods that were investigated during the study.  There 
are additional growth methods that were investigated and developed that were used to produce 
additional specialized materials used in the studies.  The most notable method is the use of 
pulsed laser deposition to make nanowires of III-V compounds.89-92  Binary, ternary and 
quaternary compounds have been made by this method.  Already the composition ratio of bulk 
III-V materials are adjusted to tune the photoresponse of these materials for near-IR through UV 
applications.  Nanowires of these materials provide another degree of freedom in that diameter 
can provide additional tuning to reach states not available to the bulk materials.  Additionally our 
theoretical calculations show that bandgap can be highly dependent on crystal structure for some 
of these materials, and might be the source of widely reported variations in bandgap for materials 
such as SiC (which was modeled and discussed below in the section Computational Studies).   
Specifically these materials can grow as a mixture of polytopes, each with a different bandgap.  
By growing nanomaterials a single nanomaterial and selected bandgap can be realized.     
 
We also routinely grow bulk quantities of single wall carbon nanotubes in one of our CVD 
chambers by catalytic decomposition of hydrocarbons (e.g. methane and ethylene) in a 
background of hydrogen, argon and helium.  Well dispersed single wall nanotubes form in bulk 
quantities if the substrate temperature is between 700 to 900 oC.  These nanotubes have been 
used in several of the studies reported above.   
 
Polymers and ceramics (from sol-gels solutions) are often electrospun to make samples of 
nanofibers.  A summary of the materials produced to date are listed in Appendix A.  
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Computational studies 
Over the course of the project, in parallel with the experimental investigations, there were studies 
on the quantum-mechanically based computational modeling of the materials and devices.  Two 
studies in particular were pursued for most of the project. They provided in depth understanding 
of the gas sensing mechanisms and the modeling of the electronic and optical properties of 
nanoscale clusters of atoms.  Clusters included silicon, carbon and silicon carbide.  The last 
material is especially interesting in that the same material can have a few hundred different 
crystalline forms (referred to as polytopes) and each polytope can have a different energy 
bandgap.  Therefore if the material can be grown as a single polytope, instead of as a mixture, 
which has been the case so far for bulk materials, a specific energy bandgap can be selected.  An 
example of the variation in energy levels is shown in Fig. 34 for carbon93 (and an earlier 
calculation was made for silicon clusters.94)  In addition to buckyballs, carbon can also grow as 
nanodiamonds and icosahedral clusters—each which belong to a different energy curve in Fig. 
34.  However, each curve changes continuously with number of atoms in the nanocluster.  These 
materials along with their computational model, especially silicon carbide, could be exploited for 
new optical detectors, light sources, high speed and high power electronics.   
 
The most effort in the computational studies has been given to developing models of nanotube 
gas sensing.  This effort sought to determine how adsorbed gas species modify the electrical 
conductance of carbon nanotubes.  This is a complex modeling process requiring the 
development of quantum-mechanically correct atom-atom interactions, including the interactions 
between the identical carbon atoms of the nanotube and the several gas species that were 

Figure 34.  Carbon cluster size and topology used to tune the energy gap.  Right side of plot
provides reference levels for bulk diamond and graphite. 
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considered.95-98  The models begin by considering the attraction between the gas species and the 
nanotubes.  This is to say that the preferred orientation of the gas molecules on the nanotube 
surface is solved for.57  For instance see Fig. 35 in which a combination of hydrazine and water 
adsorption is illustrated.  Next for the preferred orientation the electronic band energy diagram is 
calculated.  Modifications in the band energy are interpreted in a manner similar to solid state 
dopants in semiconducting materials—i.e. by shifting the Fermi level the nanotube becomes 
more conductive in the presence of some gasses (as shown in Fig. 36).  Hydrazine specifically 
needs a monolayer of water coating the tube to demonstrate conductivities comparable what we 
observed in experimental measurements.  This level of condensation is not unreasonable for most 
atmospheric conditions or for the way hydrazine would be sensed in a storage vessel.   
 
The other gases studied include ammonia, nitrogen, nitrous oxide, and oxygen with no water 
background. With exception of oxygen and nitrous oxide, none of the other gas molecules have 
any effect on the band structure of the singlewall carbon nanotube. Both oxygen/SWCNT and 
nitrous oxide/SWCNT render the SWCNT p-type.   On the other hand the electronic structure of 
the system N2H4/H2O/SWCNT was found to be n-type. Therefore, hydrazine can also be 
discriminated from oxygen and nitrous oxide in thermopower measurements of the nanotube, 
which is of opposite sign for n and p type.  In experiments we routinely measure thermopower in 
parallel with conductivity.  A summary of all the band energy diagrams for a (8,0) SWNT both 
in the absence (top set of band diagrams) and in the presence (bottom set of diagrams) of water 
molecules is presented in Fig. 36.  The key result is that hydrazine only acts as an n-type dopant 
in the presence of water vapor.  
 
Additional studies completed during the NT project include studies of the energetically favored 
growth size  and  crystallinity  of silicon  nanowires,99   the  magnetic moment  of carbon 

Figure 35.  Computational result showing the relaxation of hydrazine into an adsorbed state on 
a water film covered nanotube.  After this configuration is solved for the band diagram (shown in
Fig. 36) and conductivity of the system is calculated. 
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Figure 36.  Band diagrams and Fermi levels produce by adsorption of different gases to a
nanotube.  The top diagrams are for no water present and the bottom diagrams are for an
adsorbed water monolayer being present.  Only with hydrazine and  water does the tube become
n-type, which is easily discriminated from the other p-type gases by thermopower measurements.
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nanotubes in the form of a torus,100,101 adding carbon to silica to stabilize its growth,100,101 and 
strain-dependent shifting of the Fermi level of carbon nanotubes.102   
 
During the entire period the computational group developed models of a number of elements on 
which studies of new compositions can be explored, as well as extended the numerical efficiency 
of their models (and the computers themselves) to be able to handle larger numbers of atoms in a 
reasonable amount of computation time.95-98 Therefore, the group is poised to work on 
increasingly complex nanowire systems.  A summary of computational models and computer 
capabilities developed during the NT program is summarized in Appendix A.  
 
 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
 

The objective of this project has been to provide the DoD with an applied research program to 
identify and develop nanowire materials and nanowire technology to levels where they could be 
used to improve current and future vehicle systems. At the time the program began, no other 
research center or institute had ever focused its research efforts on the accelerated transition of 
nanotechnology into specific application areas.  NT was the first project to recognize, as well as 
begin development of:  
 
1.  Growth of nanowires in bulk quantities, which is a recognized need if they are to be used in 
the quantities needed to make smart polymer composites for applications such as fabrics for 
smart soldier uniforms, armor and vehicle skins.    
 
2.  Designing nanowires so they can be suspended in solvents that are compatible with making 
polymer composites and coatings. 
 
3. Inventing and developing the novel non-contact optical measurement method capacitive 
photocurrent spectroscopy for probing the electronic and optical properties of nanomaterials, as 
well as identify potential high-risk, high-reward device opportunities for the technology. 
 
4.  Methods of growing single ultraflexible metal nanowires at selected locations on surfaces 
such as MEMS, physics probes and biomedical probes. 
 
5.  Methods based on self-assembly principles, to automatically pattern 3D arrays of polymer 
nanoscale air-bridges and membranes directly on top of MEMS devices. 
 
6.  A novel proposal and system concept for a smart vehicle skin in which the nanomaterials 
developed under the NT program would be integrated into flexible electro-opto-mechanical 
devices that based on their mechanical flexibility would be integrated directly into vehicle skins 
(CEVS proposal.) 
 
7.  The world’s first demonstration of a spin transistor.    
 
8. Developed synthesis procedures for making many materials with many nanoscale 
morphologies besides just nanowires including tapers, tapers and plates attached to nanowires, 
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nanoporous materials, hollow tubes and hollow cones. 
 
9.  Demonstrated a hydrazine leak detector sensitive to levels as low as 100 parts per billion.  
The key features of this sensor is that it is reversible (therefore, reusable) and that it works at 
room temperature which is well below hydrazine’s flash point.  Most previous sensors had been 
metal oxide films that worked at temperatures well above hydrazine’s flash point.  
  
Detailed archival publications have been published (as listed in References and attached in 
Appendix B) that provide detailed reports on these results.  It should be noted that this amount of 
productivity included joint funding from several other other funding sources and collaborations 
with several groups.  In many cases the only NT support is the support in terms of equipment 
provided by NT funding.  In light of the goal of the project to mature into a self-sustaining 
research center for DoD it is important that this report provides the broadest perspective on the 
accomplishments over the life of the project.  Therefore, even the many publications with a 
majority of funding from others sources are included in this report.    
 
Additionally, some of the technology is reaching industry and further technology development is 
anticipated as a result of the numerous patent applications pursued by the University on the 
technology developed on NT.  At least two of these inventions have been licensed to or jointly 
patented with private businesses.  Each company has been awarded one or more SBIR awards 
related to these technologies and additional awards are pending. 
 
Over the NT project various significant capabilities and facilities have been developed including:  
 
10.  Development and advance the quantum-mechanically correct models of molecular systems 
that are becoming increasingly capable of modeling the growth and physical properties of large 
numbers of atoms (over 10,000 atoms) and systems composed of various types of atoms.  (So far 
quantum mechanically correct models have been made and verified for at least 8 different atoms 
including N, C, Si, O, H, B, Ge and several small molecules composed of these atoms).   
 
11.  Assembly of a significant set of standard materials analysis equipment including advanced 
SEM, TEM, AFM, ESCA, UHV STM, XRD, EELS, Raman and Photoluminescence 
Spectroscopy. 
 
12. Development of novel measurement systems and custom dedicated materials characterization 
measurement setups including displacement photoconductive spectroscopy, liquid property 
measurements techniques with constant diameter needle-tipped AFM probes, nanomechanical 
probing, nanomanipulation and nanoconstruction inside the SEM and the AFM, dedicated setups 
for characterization of nanomaterials for gas sensing, battery capacity, solar cells, electrochromic 
windows and electrochemisty.   
 
13.  Development of a number of reactors that are available for customized and dedicated growth 
of specific materials of interest for DoD and industrial concerns. 
 
These results do indeed demonstrate the the research effort has led to the kind of program DoD 
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had envisioned at the time of the proposal. There have been especially significant developments
in the areas of more fundamental  research.    In  the  more  esptablished  area of bulk naomaterial
growth,  the NT project has established an already significant capability to grow nanomaterials in
sufficient  quatity  for  their  practical  evaluation  for  real  products,  such  as composite polymer
products.   Above  recommendations  have  been  proposed  for  extending  the work of individual
projects.   Each  continuation  was estimated to require from 1-3 full time scientists working from
2-5 years  on  the  particular  studies.   Proceeding  on all  these projects, would  require a level of
effort that exceeds the level of funding available during the NT project.   Given the  magnitude of
pursuing  all  the  projects,  DoD  might  instead  consider  selecting a few of the  most significant
projects  in  terms  of  DoD  needs.   As  these  projects  mature  and  demonstrate  value  to  DoD
programs, additional projects from NT could be added to the program mix.      

In the mean time UofL continues to seek and receive some funding in furthering these research 
studies from several agencies and industry.   Also, UofL continues to work with the US  DoD
AMRDEC on a CRADA in nanowire technology.  In these respects, UofL still supports and 
should be considered as a resource for further R&D support of the DoD mission.      
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APPENDIX A 
MENU OF CAPABILITIES FOR THE UofL NT TEAM  

 
Unique Capabilities of the Project Team.  We have demonstrated capabilities to (1) design and 
identify candidate materials for systems applications, (2) synthesize a wide variety of 
nanomaterials, (3) measure material and system applicable properties of nanowire materials, (4) 
assemble nanowires into test structures and prototype devices, (5) measure various systems 
applicable properties of nanowires including optical, electrical, thermal, mechanical and 
chemical sensing, (6) match materials and device properties with critical technology needs of 
vehicle defense systems, (7) adapt recent breakthroughs and the best practices from other 
nanotechnology groups, and (8) work synergistically as a team to more quickly move new 
nanowire materials into improved vehicle defense technology.   

 
 

MATERIALS GROWN 
Nano- wires, springs, tubes, pipettes and other 1-D morphologies synthesized using UofL 
patented processes (1. Growth from low-melting metals >30o C e.g. Ga, In, Sn.  2. Reactive 
vapor transport >300 o C. 3. CVD transport or direct CVD >500 o C. 4. Exposure of metal foils 
with weakly ionized, highly dissociated plasmas 30-100 o C.)  Wires as small as 5 nm diameter 
have been grown of: 
 

GaN, InN, AlN, Al2O3, In2O3, Ga2O3, SnO2, TiO2, Si, Ge, SiOx, SixNy  
GeOx, W, WNx, Ni, Fe, Bi, Bi2O3, Fe2O3, NiO, GaP, InP, Ga2S3, In2S3, 
InSb, GaSb, SixGey, Nb2O5, V2O5, Ta2O5  
 
Also nanomorphologies including tubes, springs, pipettes, tapers, plates, terapods, hollow 
cones, metal oxide films and mats of interconnected nanowires  
  

Other nanotube and nanowire synthesis methods used at UofL  
SWNT ( PLV , CVD) 
DWNT (CVD) 
MWNT (CVD, HFCVD, RFCVD) 
Also carbon ropes and nanowires 
GaAs nanowires (PLV) 
GaP nanowires (PLV) 
Si nanowires (PLV) 
GaAsxP1-x nanowires (PLV) 
Ga2O3 nanowires, nano-ribbons (CVD) 
MgB2 (PLV, vapor phase reaction in quartz ampoule) 
CdS nanowires (CVD) 
SWNT/Au nanorod junction  (Solution chemistry) 
Assorted polymer fibers (electrospinning) 
Nanoporous thin films of either metals, nanotube and polymers 
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MATERIAL SYNTHESIS AND MODIFICATION PROCESSES 
Synthesis and characterization of various single wall carbon nanotube- nanowire hybrids 
Functionalization and filling of SWNTs  
Gallium reactions with Au and Pt to produce superporous films 
Gallium reactions with Ag at room temperature to selectively grow Ag2Ga nanoneedles 
Nanowire dispersion in Aqueous, Organic Solutions and Polymers 
Polymer/Nanowire Composites for AR coating of plastic ophthalmologic lenses 
 
Developed processes 

Metalorganic chemical vapor deposition of metal doped diamondlike carbon films 
Bulk synthesis of inorganic nanowires using low-melting metal melts 
Sub-20 nm nanowire synthesis with passivation of GaN, Si, Ge, SiOx, SixNy  
Process for producing 2-D network of nanowires (nanowebs). 
Alloying/doping/modifying nanowires 

 
Processes in development 
      Heterojunction nanowires with abrupt interfaces  

Growth of large single crystal diamond films and diamond nanowires 
Growth of large single crystal gallium nitride 
Selective metallization of diamond films 

 
MATERIAL PROPERTY DETERMINATIONS 

Spin transport through nanotubes and molecular break junctions 
Nanotube spin transistors 
Novel measurement methodologies: Femtosecond spectroscopy of nanowires 
Photocurrent spectroscopy of nanotubes, nanowires and organic semiconductors 
Electrical characterization of individual nanotubes and nanowires 
Electrical and magnetic contacts to nanotubes and nanowires 
Phonon confinement studies by Raman scattering on various semiconducting nanowires 
Photoluminescence of InN nanowires 
Electrical read-out nanotubes/nanowires/ropes/mats/superporous thin films to sense: 

Chemical vapors, Pressure, thermopower, thermal conductivity 
 

DEVICE FABRICATION 
E-beam fabrication of single nanotube and nanowire devices 
Break junction devices 
Brush-on of liquid polymers at room temperature that self-assemble into suspended nanofibers 
Voltage lithography using AFM  
Templating metals, semiconductors and organic materials on colloidal crystals 
 

DEVICE EVALUATION/DEMONSTRATION 
NEMS/MEMS/nanomechanics/fluidics 
Mechanical resonators with piezoresistive readout 
E-Field actuated metal nanoneedles 
Electro and chemo-mechanical actuated/sensing suspended optical fiber couplers 
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Micro/nano-capillaries templated on suspended polymer fibers 
Laser trapping for manipulation, construction and transport of particles 
Micro/nanofluidic capillary networks for fluid delivery and gas mixing  
 
Bio-related studies and applications 
Carbon nanopippette arrays for controlled drug delivery system 
Carbon nanopipette arrays and porous platinum electrodes for neurotransmitter detection 
Near Field Scanning Microscopy of live cells 
Fluorescence Redistribution after Photo bleaching (FRAP) studies of protein dynamics 
 
Power electronics 
Li Ion battery electrodes using CMTs and Si/CMT composites  
Nano material based Battery electrode materials (both cathode and anode) for Li-ion battery 
SWNT/polymer composite electrodes for supercapacitors 
Colloidal crystal (Synthetic opal) based n-p junction arrays for super junction diodes 
 
Optical electronics 
Photodetectors built from nanowires and nanowire carpets 
Fluorescent nanofibers 
 
Reaction engineering/catalysis/chemical sensing 
Nanowires as catalyst supports 
Nanowires as catalysts (e.g. photocatalysis for water splitting) 
Superporous metals and oxides for catalysts and sensors (made from gallium reactions) 
Vapor/gas adsorption sensors made from nanomaterials 
 

REPRESENTATIVE COMPUTATIONAL STUDIES 
Interplay between the local electronic structure and the chemical reactivity of Si clusters 
Interplay between the local electronic structure and the vibrational properties of  Si clusters 
HOMO-LUMO gap of Si clusters 
Initial stage of growth of Si/Si(100) and Ge/Si(100) 
Complex dynamics of the Si(111)-7x7 surface 
The strain relaxation mechanism in bulk Si1-xGex alloy 
Enhanced radiative transition in Si1-xGex clusters 
Thin film nucleation through molecular beam deposition 
Controllable reversibility of an sp2 to sp3 transition of a single-wall nanotube 
 under the manipulation of an AFM tip: A nanoscale electromechanical switch 
Quantum interference and ballistic transmission in nanotube electron Waveguides 
Structural and electronic properties of a carbon nanotorus:  
 Effects of de-localized and localized deformation 
Broken symmetry, boundary conditions, and band-gap oscillations  
 in finite single-wall carbon Nanotubes 
Manifestation of aromaticity and its effects on the electronic structure  
 of finite single-wall carbon nanotubes 
Colossal paramagnetic moments in toroidal metallic carbon nanotube  
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Phonon spectromicroscopy of carbon nanostructures with atomic resolution 
Electric conductance of carbon nanotori in contact with single-wall carbon nanotubes 
Tunneling conductance anomaly in multi-wall carbon nanotubes 
Stability and mechanical properties of silicon Nanowires 
Electro-Mechanical Responses of Single-walled Carbon Nanotubes 
Relative stability of silicon nanowires of realistic sizes  
 (up to 20 nm-diameter or 20,000 atoms) along different orientations 
Parameterizing SCED/LCAO Hamiltonians for Si, Ge, C, Al, and Ni    
 

MATERIALS GROWTH SYSTEMS 
Nanowire growth instruments 

SEKI Reactor (3 kW MW/ECR/MoCVD/Thermal CVD) for 4” wafers w/ vacuum transport 
Large quantity nanowire continuous growth reactor (being developed) 
Chemical vapor deposition setups (RF, hot-filament, microwave and ECR plasma assisted) 
Provisions to handle Silane, Germane, Trimethyl Boron, Ammonia,  
 Hydrogen Disulfide, Metalorganics and other hazardous materials 
A hot-walled quartz tube reactor which can produce close to a gram quantity of nanowires 
Fluidized bed, inductively coupled RF plasma reactor 
Pulsed laser Vaporization system (450, 200, 80, 50 mJ/pulse at 1064, 532, 355, 266 nm, 

respectively) including pressure and mass flow controllers, laser raster, high temperature 
furnace. 

Several thermolyne furnaces set up for atmospheric pressure chemical vapor deposition 
PlanarEtch IIA plasma system operating at 30 kHz providing 500 Watts  
High-T annealing, chemical purification (oxidation, refluxing, filtration, sonication) 
Facility for vapor phase reaction/synthesis in sealed glass ampoules 
Electrospinning apparatus for producing polymer fibers 

 
DEVICE FABRICATION CAPABILITIES 

 10,000 sq. ft. Microfabrication Class 100/1000 Cleanroom including: 
  LPCVD deposition (8 reactors) 
  Heidelberg mask writer 
  Deep reactive ion etching  
 Dedicated evaporators and sputtering systems 
 Obducat thermal/UV nanoimprinter 
 Critical point dryer  
 Colloidal crystal and templated structures on colloidal crystals 
 Tapered fiber/pipette puller 
      Parylene vapor deposition system  
 
DEDICATED MEASUREMENT SETUPS FOR NANOWIRE PROPERTY EVALUATIONS  
Variable Temperature Characterization  
 Janis Research variable temperature cryostat 1.5-300K with 9T magnet 
 Leiden Cryogenics 500 W dilution refrigerator with 9T magnet 
      Electrical measurement instrumentation including:  
  EG&G 5210 Lock-in Amplifiers (2 ea) 
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  DL Instruments Model 1211 Current Preamplifiers (2 ea) 
  Yokogawa Digital Multimeters (4 ea) 
  Yokogawa Programmable DC Voltage/Current Sources (4 ea) 

Janis Research high temperature refrigerator 10-500K and 3T magnet 
 Electronics for AC & DC resistivity, thermopower & thermal conductivity measurements 

 Desert Cryogenics variable temperature probe station 
 
Optical Characterization  
 Janis Research optical flow cryostat with temperature control 
 Spectra-Physics fs pulsed OPA laser system 
 Roper Scientific CCD imaging spectrometer 
 Walker Scientific 1T electromagnet with optical access 
 Nanonics Near Field Scanning Optical Microscope 
 HeCd laser 
 Argon-ion laser 
 Assorted other CW lasers, optical detectors, wavemeters 
 
Gas/vapor Chemical sensing characterization 
Experimental probe and turbo molecular pump for measurements in high vacuum at 77-1000K   
Gas mixing/delivery system with concentration control to 1 ppm 
Residual gas analyzer 
Dedicated gas sensing characterization station 
 

MATERIALS ANALYSIS TOOLS 
(including nanofabrication and nanomanipulation tools) 

Electron microscopy 
3 Scanning Electron Microscopes (LEO Supra35VP, LEO 1430, JEOL 5310) including: 

EDS composition analyses 
Variable pressure mode 
Secondary, in-column, and backscatter detectors 
Nanomanipulator 
Nabity nanolithography system including beam blanker 
Imaging TEM capability 
Heating/cooling stage to 1400 oC 
Gas jet for e-beam assisted CVD 
Cathode-luminescence detector (planned) 
FE-SEM (LEO Ultra) with energy filtered backscatter detector (planned)   

FE-Transmission Electron Microscope including 
Energy Filtering 
STEM EELS 
3-D Chemical Tomography 

Extreme variable pressure SEM (capable of maintaining samples at 100 % relative humidity) 
TEM/SEM Sample preparation and thinning capabilities 
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Surface profiling microscopy (SPM) 
4 atomic force microscopes (DI Nanoman II, Asylum MF3D, M5, CP) including: 
 Torsional mode 
 Scanning thermal 
 Nanoindentation  
 Fast piezocantilever scanning 
 LFM, tapping mode, contact mode, phase imaging  
 Nanomanipulation and nanolithography software 
 Haptic (interactive force feedback) nanomanipulation 
 Conductive AFM and voltage induced nanolithography 
 Heated liquid cell and electrochemistry options 
Nanononics near field scanning optical microscope 
RHK Ultra-high vacuum AFM/STM 
 
Surface and bulk analysis methods  
Ultra-high vacuum surface analysis facility (XPS, UPS, AES, ISS, STM/AFM, LEED) 
X-ray diffraction system (XRD) for powders and thin films 
 
Optics including Spectroscopy 
Raman/Photoluminiscence Spectroscopy (325 nm, 488 nm, 633 nm laser sources) with  

PL detector (0.6 ev – 3.8 eV).   
Variable temperature stage to 77K 
Microscope and XY stage for area mapping 
Fiber coupling to SEM chamber (planned) 

Fourier transform infrared spectrometer 
Inverted optical microscope with: 

 multispot laser trapping 
 laser selective heating 
 3D deconvolution microscopy  

Extensive optomechanical breadboarding facilities 
 
Thermal characterization  

Thermogravimetric Analysis (TGA) 
Differential Scanning Calorimetry (DSC) 
Thermo Mechanical Analyzer (TMA) 
Scanning thermal (see SPM systems) 
 

Nanomaterials Dispersion Characterization  
 Particle size distribution 
 Zeta potential 
 Ultrasonic Horns 
 
Analytic Electrochemistry Facility with 
 Electrochemical Impedance Spectroscopy 
 Cyclic Voltammetry 
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 Catalytic Membrane Reactor for studying catalysts and solid state membranes 
 Photocatalysis setup for water 
 Electrochemistry with AFM (See SPM systems) 
 
Mechanical (elastic and viscoelastic) Measurements 
 Instron tensile tester 
 Dynamic mechanical analyzer 
 Capillary Breakup Rheometer 
 AFM techniques (see SPM systems) 

 
DEDICATED COMPUTATIONAL HARDWARE 

IBM iDataPlex cluster-style supercomputer: 25 teraflops, 5.2 TB memory, 340 Xeon processors 
242 CPUs of Opteron-based cluster, 2 GBs of memory per node (121 nodes, 2 Cpus/node). 
32 Core SGI Altix 450, Itanium-based processors, 64 GB memory 
16-core Microway Opteron system 
16 CPUs SGI Altix 350s, Itanium-based processors  (2 units) 
 

COMPUTATIONAL METHODS 
(* indicates methods developed by UofL) 

SCED/LCAO* (Self-consistent and environment-dependent/linear combination of atomic 
orbitals) Hamiltonian for large-scale materials simulations. The SCED/LCAO Hamiltonian was 
developed to circumvent the size bottleneck of the DFT (density functional theory)-based molecular dynamics (MD) 
simulations. It is capable of self-consistently determining the charge redistribution and also includes environment-
dependent multi-center interactions, ingredients crucial for properly taking account of the processes of bond-
breaking and bond-forming in the formation of stable structures that can previously only be achieved through DFT 
calculations. However, the DFT-based (MD) simulations are limited to systems of no more than a few hundreds of 
atoms. On the other hand, the SCED/LCAO-based MD simulations have been shown to be two orders of magnitude 
faster than DFT-based MD simulations. Furthermore, the SCED/LCAO Hamiltonian has also been shown to be 
transferable and hence has predictive power. Therefore the SCED/LCAO-MD scheme is perfectly suited for large-
scale materials simulations that are currently beyond the scope of DFT-based simulations. 
 
O(N)/NOTB-MD* (Order-N/non-orthogonal tight binding-MD) scheme. A linearized scheme for 
diagonalizing non-orthogonal tight binding Hamiltonian implemented in the MD simulations for materials. 
 
O(N)/SCED/LCAO-MD* scheme. The SCED/LCAO-MD simulations implemented in the O(N) scheme for 
large-scale materials (up to tens of thousands atoms) simulations. 
 
Method of local analysis*. Method to analyze properties of material in terms of its local configurations. 
 
DFT-based VASP Package. MD Simulations for systems up to a few hundred atoms. 
 
DFT-based Wien2K Package. First principles calculation of electronic structures of systems with up to a few 
hundred atoms. 
  
Gaussian-03. First principles calculation of electronic structures. 

 
Kinetic Monte-Carlo simulations. Applied to growth of nanowires in a vapor, liquid, solid environment. 
 
Finite difference time domain package. For rigorous calculations of guided wave and free space optics. 
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Abstract
The functionalization and defect formation of SWNTs caused by isotropic plasma treatments
were studied using oxygen desorption/adsorption kinetics by measuring the time dependence of
the in situ thermoelectric power (TEP). It is shown that the plasma treatments result in the
formation of low binding energy sites for oxygen adsorption. Raman and x-ray photoelectron
spectroscopy (XPS) data are in good agreement with the results.

1. Introduction

The unique electrical properties of single walled carbon
nanotubes (SWNTs) continue to attract worldwide attention
for further study related to sensor properties. A great deal
of research has been directed towards better understanding
of the fundamental properties of carbon nanotubes in gas
adsorption/desorption. Several groups [1, 2] have observed
changes in the electrical conductance of SWNTs during
gas or chemical adsorption which has increased interest in
the study of SWNTs as gas/chemical sensors. This study
can help in showing a clear interdependence of molecular
adsorption and transport properties. Recent studies [3] have
shown that SWNTs are extremely sensitive to the presence
of molecular oxygen. Several groups [3–5], have reported
changes in electrical resistivity and thermoelectric power (S)
of the SWNTs upon exposure to molecular oxygen. They
have argued that SWNTs can be easily doped with O2 under
ambient conditions, forming a weak charge transfer complex
(C+δ

p O
δ−
2 ), where adsorbed oxygen changes the sign of the

thermopower. This is similar to what has been also observed
for multiwalled carbon nanotubes and activated carbon fibers.
However, this conclusion has been contested via the study on

5 Author to whom any correspondence should be addressed.

field effect transistor (FET) properties of SWNTs by Avouris
and co-workers [6], who found that O2 dopes the electrical
contacts made to the SWNTs, and not the wall. In a later
publication, Ulbricht et al [7], argued that the minority oxygen
species located either at defect sites on the SWNT bundles or
at tube–metal contacts in the electronic devices are responsible
for the observed p-type doping. Several mechanisms have
been proposed to explain such phenomena. The gas molecules
could affect the transport properties indirectly by binding to
the donor or acceptor centers in the substrate, at the contacts,
or directly by binding to the nanotube surface. In the latter
case, the gas could be either physisorbed (bound by dispersive
van der Waals forces) or chemisorbed (bound by the formation
of a chemical bond resulting in charge transfer between the
nanotube and the gas molecule). This adsorption could take
place either on the walls of a perfect nanotube or at the defect
sites. Experimentally, one way to differentiate physisorption
from chemisorption is by checking for a linear relationship
between the thermoelectric power and the additional resistance
induced by gas adsorption [3]. This method supports the idea
of O2 being chemisorbed on SWNTs. However, a recent
experimental study of the kinetics of oxygen adsorption and
desorption on SWNTs shows that the estimated binding energy
is low and is consistent with physisorption of oxygen in
molecular form [7]. But it remains unclear whether atomic or

0957-4484/08/095507+05$30.00 © 2008 IOP Publishing Ltd Printed in the UK1
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molecular oxygen is responsible for the charge transfer. Recent
experiments done by Tchernatinsky et al [8], which were based
on an individual semiconducting SWNT based FET, showed
that the oxygen adsorption is indeed physisorption. Impurity
states generated by O2 pin the Fermi level near the top of the
valence band of the nanotube, resulting in the observed p-type
behavior of the oxygen rich SWNT. The adsorption/desorption
kinetics of oxygen in SWNTs have been explored by various
groups [3, 4, 6–9]. Similar to the FET device study, it has
been seen that the TEP of an oxygen rich nanotube is positive,
and is governed by the oxygen impurity present, and that the
TEP of an oxygen deficient nanotube remains negative, and
is governed by the intrinsic defects/functionalizations on the
surface of the nanotube [7]. While there is still a debate over
the real mechanism of the effect of oxygen on the electrical
properties of SWNTs, a general consensus has been reached
that oxygen is responsible for the observed transport properties
regardless of whether the oxygen is located at the contacts or
on the SWNTs.

There have been several recent reports on the effect of
plasma treatment on the surface of SWNTs [10–14]. During
the plasma process, excited electrons, ions, and free radicals
are generated via inelastic collisions of energetic electrons
and molecules. These plasma species can be highly reactive
towards the surfaces of the SWNTs, leading to surface
modifications.

Here we present reports on the effect of oxygen and
argon plasma on purified SWNT bundles by studying the
time-dependent TEP behavior of each of these samples during
oxygen adsorption/desorption. Raman spectroscopy and x-
ray photoelectron spectroscopy (XPS) were also conducted
on these samples to confirm the structural properties of these
nanotube bundles.

2. Experimental details

The SWNT material in this study was obtained from Carbolex,
Inc., and consisted of SWNTs produced by the arc discharge
method. These samples were subjected to a post synthesis
process of selective oxidation and HNO3 refluxing as explained
elsewhere [15]. The oxidation process helps in removal
of carbonaceous impurities and the acid refluxing helps in
removal of catalytic metallic impurities which are used during
the synthesis of the SWNTs [15–18]. The samples were then
subjected to high temperature annealing process in which they
were heated to 1200 ◦C at a pressure of 10−7 Torr for 24 h.
The oxygen and argon plasma treatments were done on the
annealed samples for the further modification of the surface.
The plasma treatment was done using an inductively coupled
plasma system [10]. The purified nanotubes were stirred at
the bottom of a glass reactor using a magnetic bar. The
system pressure was measured by a thermocouple pressure
gage. A discharge by an RF signal of 13.56 MHz was used
for the plasma generation. Before the plasma treatment, the
base pressure was pumped down to less than 30 mTorr before
the gases were introduced into the reactor chamber. The
operating pressure was adjusted by a mass flow controller. The
parameters for the plasma were set to a pressure of 350 mTorr,

and a power of 125 W, and the exposure for each plasma was
30 min.

For the electrical transport study, the samples were
dispersed in dimethyl formamide (DMF) solvent and then
drop dispersed onto a glass substrate. The thermopower
measurements were conducted on each sample during
degassing the sample at 180 ◦C in a vacuum of 10−7 Torr.
Two chromel–alumel thermocouples (all 0.003 inch diameter
wires) were attached to the edges of the sample with a small
amount of silver epoxy to measure the thermoelectric power
(TEP). The thermoelectric power data were collected using
a heat pulse technique [18]. The sample was placed in an
apparatus equipped with a turbo-molecular pump capable of
evacuating to 10−7 Torr for in situ studies which can be
heated to 1200 ◦C inside a tube furnace. Treated SWNTs
were characterized using Raman spectroscopy at 632 nm laser
excitation. The resonant Raman spectra were measured in
the backscattering geometry using a Renishaw inVia Raman
spectrometer equipped with an Olympus microscope to focus
the laser beam to a 1 μm diameter spot on the sample. The
XPS studies were also performed on these samples using a VG
Scientific x-ray photoelectron spectrometer with an XR3E2 x-
ray source system.

3. Results

In figure 1, we show the resonant Raman spectra for
the pristine, argon plasma treated, and oxygen plasma
treated samples, respectively, from bottom to top, taken at
632 nm laser excitation. All the spectra show clear features
corresponding to the G band with upper and lower G+ and
G− components (tangential C–C vibrations), D band (disorder
induced), G′ band (second order of the D band associated
with a double phonon process) and the RBMs (radial breathing
modes) inherent for SWNTs. All D, G′ and RBM bands
are seen to upshift with the plasma treatments. This can be
attributed to the compression (hardening) of the C–C bonds
caused by plasma exposure. Further, the D band to G band ratio
seems to increase with the plasma treatment, as shown in the
inset of the figure 1. This is a further indication of the infliction
of defects on the SWNTs during the plasma treatment.

Figure 2 shows the XPS data for the three samples.
Figures 2(a) and (b) show, respectively, the narrow scan XPS
spectra for the regions of core levels, C 1s and O 1s, for the
annealed, argon plasma treated, and oxygen plasma treated
samples, respectively, from bottom to top. A typical curve
fitting of the C 1s peak region around ∼284 eV is shown in
figure 2(a) for all three samples. It was found that the C 1s
peak for all three samples can be fitted very well with three
Gaussian line shapes with binding energies at ∼284, 285, and
287 eV. These different binding energy peaks are assigned to
C–C (284 eV), C–O (285 eV), and O=C–O (287 eV). The
plasma treatments induce defects as well as adding side wall
functionalization to the SWNTs. The main peak at 284 eV
corresponding to sp2 hybridized graphitic carbon (C–C bonds)
of the C 1s peak is observed to upshift, implying hardening
of the C–C bonds (compression) during plasma treatments,
consistent with Raman results. The relatively weak band
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Figure 1. Raman spectra at 632 nm laser excitations for pristine, argon plasma treated, and oxygen plasma treated SWNTs, respectively, from
bottom to top. The inset shows the histogram of the D band to G band intensity ratio for the three samples.

corresponding to the O=C–O bond in the argon plasma treated
sample is due to the removal of most of such surface oxygen
during Ar plasma treatment. The O 1s spectra of the three
samples which show a peak at 530 eV do not show noticeable
shift in the peak positions due to Ar plasma treatment, implying
only weak interaction of oxygen and carbon atoms in the
SWNTs. As expected, the oxygen treated sample shows an
upshift in the O 1s peak.

The time dependence of the thermopower during
desorption of oxygen for the three samples are shown in
figure 3(a). The reactor was evacuated using a turbo-
molecular pump and the temperature was gradually increased
until the onset of desorption was observed by the decrease
of the thermopower. In figure 3(a), the region corresponding
to the negative times shows the initial change of the
thermopower while the required temperature (∼180 ◦C) is
reached. The pristine sample shows negligible drop of
thermopower (−0.003 μV min−1) and the argon plasma
treated sample shows relatively faster drop in the thermopower
(−0.016 μV min−1) in this initial period. Interestingly,
the oxygen plasma treated sample shows the fastest drop in
thermopower (−0.361 μV min−1). Once the target (∼180 ◦C)
temperature is reached the TEP of all three samples is seen
to drop drastically at that constant temperature, as shown in
the region corresponding to positive timescale in the figure.
The best fit with three exponentials for each curve is shown
in the figure 3(a) for the desorption at constant temperature.
It was necessary to include at least three exponents to fit the
data. These observations show that oxygen has at least three
adsorption sites available in SWNT bundles corresponding to
the three exponentials. We believe that these adsorption sites
correspond to the interstitial channels, the grooves, and the

surfaces of the SWNTs. In the annealed (purified) nanotubes,
we believe that the tube ends are closed and that the interiors
are not accessible for oxygen adsorption. These three sites
with different binding energies for oxygen adsorption result
in different time constants. The comparison of the desorption
graphs for the three samples reveals that desorption of oxygen
for the SWNTs treated with oxygen plasma is faster than that
of the argon treated sample and the pristine sample at a given
temperature. This can be understood as being due to the
formation of low binding energy sites for oxygen desorption as
a result of plasma treatments. As evidenced from the Raman
and XPS results, the formation of compressed (hardened) C–
C bonds can lead to weaker C–O or O=C–O bonds. Even
the presence of small amount of weaker C–O bonds can lead
to easy removal of such surface oxygen and will be reflected
in the TEP data. The argon treated sample shows slower
desorption kinetics compared to the oxygen treated sample,
but faster kinetics compared to the pristine sample. The argon
plasma treatment also inflicts low binding energy sites for
oxygen but to a lesser extent compared to the oxygen treated
sample. Due to the presence of these low binding energy
sites, oxygen can desorb relatively easily compared to the
pristine sample. So, in the case of the argon plasma treated
sample, the oxygen is loosely bound to the walls of the tubes
compared to the pristine sample. Hence, the loosely bound
oxygen molecules are relatively easy to be desorbed and result
in a shorter time for the thermopower to saturate compared to
tightly bound oxygen in the pristine sample.

By assuming that the process is a non-equilibrium surface
reaction, the surface reaction rate is equal to the adsorption rate
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Figure 2. XPS data for annealed, argon plasma treated, and oxygen plasma treated SWNTs, respectively, from bottom to top: (a) C 1s peak
with best fits to three Gaussians corresponding to C–C, C–O, and O–C=O bonds; (b) O 1s peak.

Figure 3. (a) Thermopower versus time for annealed, argon plasma treated, and oxygen plasma treated samples during desorption of oxygen.
The region corresponding to the negative times shows the initial change of the thermopower while the required temperature (∼180 ◦C) is
reached. The desorption at this constant temperature is shown in the region corresponding to the positive timescale. Best fits with three
exponentials are shown in solid lines. (b) Adsorption kinetics for annealed, argon plasma treated, and oxygen plasma treated samples when
exposed to air at room temperature.

minus the desorption rate, i.e.,

dq

dt
= ka(1− q) − kdq, (1)

where ka is the adsorption rate constant, kd is the desorption
rate constant, and q is the number of occupied sites. In
figure 3(b), the adsorption kinetics for the three samples is
shown when each sample is exposed to ambient air at room
temperature. It should be emphasized that the adsorption
is a dynamic process with adsorption and desorption taking
place simultaneously. The pristine sample recovers its original
positive thermopower values rather quickly, within less than
5 min. The argon treated sample requires over an hour to reach
a positive thermopower value. Interestingly, the thermopower

of the oxygen plasma sample remains negative even after
several days. We can understand the adsorption behavior with
the help of equation (1). For higher binding energy sites
(annealed samples) the adsorption rate constant (ka) is higher,
but the slow desorption rate (kd) causes the overall surface
reaction to be rather slow. In the presence of low binding
energy sites (plasma treated samples), the adsorption rate is
slower, but the faster desorption can lead to a faster overall
surface reaction.

Figure 4 shows the oxygen desorption results for HiPCO
samples subjected to similar plasma treatments (both argon
and oxygen). The desorption kinetics are quite similar to
previous sample with oxygen plasma treated sample showing
faster kinetics followed by argon plasma treated and pristine
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Figure 4. Thermopower versus time for three HiPCO samples during
desorption of oxygen. Best fits with three exponentials are also
shown in solid lines.

SWNTs respectively. The solid lines are again the best fits
with three exponentials.

4. Conclusion

Isotropic plasma treatment with different gases at varying
pressure and plasma power provides a way of introducing
defects on SWNT walls in a controllable way. Raman and XPS
data show that the structural integrity of the SWNTs is still
retained after the plasma treatment, but the treatment causes
uniaxial constriction, resulting in compressed C–C bonds. In
turn these compressed C–C bonds cause a certain amount of
weaker carbon–oxygen bonds with lower binding energies. In
situ thermopower data show faster desorption in the presence
of such low binding energy sites. This can have an impact on
improving the response time in SWNT based gas sensors.
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Studies of electronic distribution in potassium-doped mats of single-walled
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In this work, we have performed a systematic study of the electrical transport properties �both the
resistivity and the thermoelectric power� on bundles of single-walled carbon nanotubes �SWCNTs�,
double-walled carbon nanotubes �DWCNTs�, and peapods �derived from the same batch of initial
SWNTs� during in situ doping with potassium �donor�. The charge transfer effects in K-doping are
similar in SWNTs and DWNTs, but drastically different in C60 at SWNTs. An impurity level
associated with the chain of C60 in the band gap of the tube with the Fermi level pinned near the top
of the valence band, leading to the p-type behavior for the peapod. Significant charge transfer is
found to occur only in the case of very low coverage of these nanostructures. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2952049�

I. INTRODUCTION

In recent years, there has been an intense research activ-
ity in the study of the functionalization of carbon nanotube
�CNT�-based structures since the functionalization provides
the means to endow these nanostructures with desired prop-
erties for innovative and useful applications.1–3 The key ef-
fect in the functionalization of CNTs is the redistribution of
the charge in the resulting nanostructure. Charge transfers in
the doping of single-walled CNTs have been studied
intensively.4,5 However, there have only been a few attempts
to study the charge transfer for other CNT-based
structures.6,7 Single-walled CNTs �SWCNTs� not only have
extremely interesting and unique intrinsic physical and
chemical properties, the interior space of SWCNTs can also
be utilized for interesting applications such as one-
dimensional array materials, drug delivery, and fluidics.8 C60

molecules have been inserted with high efficiency in the in-
terior of SWCNTs by vapor phase reaction of C60 with
SWCNTs to form peapods �C60 at SWNT�.9 It has also been
found that high temperature annealing of peapods at
1200 °C result in the coalescence of the C60’s within the host
SWCNT into an interior SWCNT, thus forming a double-
walled CNT �DWCNT�.10 Recently, Chen et al. have re-
ported the charge transfer properties between bromine and
DWCNTs using resonant Raman scattering.6 They have
found that most of the charge resides on the outer wall of the
DWNT, indicating a molecular Faraday cage effect. Doping
of CNTs with alkali metals has drawn the attention of the
scientific community from various perspectives. One is the
possibility of superconductivity in potassium intercalated
compounds. In particular, potassium intercalated graphite is a
superconductor.11 So is the C60-crystal with potassium atoms
in the interstitial sites of the buckyballs.12 In this paper, we
report the result of our systematic study of the change in

electrical transport properties, specifically the resistance and
the thermoelectric power �TEP�, of mats of SWCNTs,
DWCNTs, and peapods during in situ doping with potas-
sium. The samples of SWCNTs, DWCNTs, and peapods
used in the experimental measurements were derived from
the same batch of initial SWCNTs. We found that upon dop-
ing of the bundles of CNT-based structures with potassium, a
significant difference was observed in the transport proper-
ties between those of SWCNTs and DWCNTs and those of
peapods. Specifically, mats of SWCNTs and DWCNTs ex-
hibit switching from the p-type conductance to the n-type
upon doping, while mats of peapods remain p-type conduc-
tors.

II. EXPERIMENTAL STUDIES

A. Sample preparation

The SWCNTs used in this study were prepared using
high temperature pulsed laser vaporization �PLV� of a graph-
ite target containing Fe /Ni �0.6%-0.6% atomic� catalysts.
The chemical purification of the PLV derived material was
carried out by refluxing in 70% HNO3 for 8 h at 160 °C.
The suspension was neutralized by centrifugal decantation
with distilled water and finally with ethanol. Then the puri-
fied SWCNTs were dried and heated in dry air at 420 °C for
20 min. This last treatment was found to be necessary for
opening the tube ends to allow the dopants to easily creep
into the nanotubes. The doping of C60 into the inner hollow
space of SWCNTs was carried out in a sealed glass ampoule
at 400 °C for 24 h by vapor phase reaction of C60 with
SWCNTs. The DWCNTs were synthesized by annealing the
peapods at 1200 °C in a vacuum better than 10−6 Torr. Dur-
ing the high temperature annealing in vacuum, the C60 mol-
ecules were found to coalesce between adjacent molecules
within the host SWCNT. The fully packed C60 molecules
inside the SWCNTs are completely transformed into a tubu-
lar structure forming DWCNTs.
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gusuma01@gwise.louisville.edu.
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B. In situ measurements of transport properties

Each sample was vacuum degassed in situ in the TEP
apparatus at 500 K before exposing to potassium. The
doping-induced change of the thermopower, or Seebeck co-
efficient S, and the four-probe resistance R were studied in a
quartz reactor with 20 mm inner diameter and �25 cm in
length equipped with a 2 3 /4 in. knife-edge flange sealed via
a Cu gasket to a standard multipin feedthrough flange. For in
situ transport measurements, two chromel-alumel thermo-
couples and two additional Cu leads were attached with
small amounts of silver epoxy to four corners of the 4
�4 mm2 sample to measure the TEP and the dc four-probe
electrical resistance simultaneously. The sample holder with
the sample attached to the electrical leads was loaded into the
glass reactor together with a small, break-seal ampoule con-
taining potassium. The reactor was evacuated to 10−7 Torr
using a turbo molecular pump and degassed at 500 K while
the time evolution of both R and S were recorded. Then the
reactor was cooled down to room temperature and isolated
through a high vacuum valve. The potassium was then re-
leased by shaking the reactor and breaking the break seal on
the alkali metal containing ampoule. The surface of the po-
tassium remained shiny throughout the experiment indicating
the absence of any significant amount of oxygen or water in
the reactor. The reactor was positioned in a temperature gra-
dient in a horizontal furnace and heated to vaporize the po-
tassium. The temperature gradient was chosen to provide ef-
ficient transport of potassium atoms from the ampoule to the
sample, avoiding excessive condensation of the unreacted
potassium layer on the surface of the sample. At any time
during or after the doping, we were able to stop the reaction
by cooling the furnace and then measure the temperature
dependence of R and S between 500 and 77 K by lowering
the reactor into a Dewar of liquid nitrogen. Further doping
could then be carried out by repositioning the reactor in the
furnace. Three independent experiments were carried out for
SWCNTs, DWCNTs, and peapods, all derived from the same
initial material of SWCNTs.

III. EXPERIMENTAL RESULTS

Figure 1 shows a typical in situ variation of the resis-
tance R normalized to the resistance of a pristine SWCNT

mat R0 with exposure time to the potassium �K� vapor. An
initial drop in R was observed when the alkali-metal tem-
perature reached 400 K. Further sharp drops in R indicated
with arrows in Fig. 1 were observed when the furnace tem-
perature was stepped up by another 10 K. We have increased
the furnace temperature in steps in order to be able to ob-
serve the diffusion kinetics.

Figure 2 shows the K-doping effects of the resistance
�normalized to the resistance �R /R of the undoped sample at
T=412 K� of the three samples, mats of SWCNTs,
DWCNTs, and peapods. They all show drastic drop of resis-
tance. Interestingly mats of SWCNT and DWCNT show al-
most the same change in resistance, while the change for the
mat of peapods is somewhat less. After saturation coverage
of potassium atoms on these bundles, our studies on the in-
dividual SWCNTs, DWCNTs, and peapods indicate that a
potassium metallic shell will be formed on the surface of
these bundles. The SWCNTs, or DWCNTs, or peapods on
the surface of the respective bundles adjacent to the potas-
sium shell will also become weakly metallic. This metallic
shell formed on the surface of these bundles thus provides an
additional conduction channel of the n-type for the
K-covered bundles in parallel with the conduction channels
provided by the SWCNT-based structure underneath. Denot-
ing R1 as the resistance associated with the metallic shell and
R0 as the resistance of the SWCNT-based nanostructure un-
derneath, we have �R /R= �R−R0� /R=−R0 /R1. Since both
R0 and R1 are about the same for bundles of SWCNTs and
DWCNTs of similar sizes, their corresponding �R /R should
be similar, as shown in Fig. 2. On the other hand, for the
bundle of peapods, R1 should still be similar to those of
covered bundles of SWCNTs and DWCNTs of similar sizes
while R0 is smaller because of the additional p-type conduc-
tion channel associated with the peapods due to the presence
of C60 inside the peapods. Hence the value of ��R /R� for the
bundle of peapods under the saturation coverage by the po-
tassium should be smaller compared to the corresponding
values for bundles of SWCNTs and bundles of DWCNTs of
similar sizes, as clearly seen in Fig. 2.13

Figure 3 shows the concomitant results of the TEP �S�
for the three samples during the K-doping. Again, mats of
SWCNTs and DWCNTs show very similar changes in TEP,
starting �40 �V /K, decreasing in magnitude, reversing the
sign, and eventually saturating at �−20 �V /K. Most inter-
estingly, the TEP of the peapod sample saturates only at

FIG. 1. A typical in situ variation of four-probe dc resistance R of K-doped
SWNT mats normalized to the T=400 K resistance of the pristine SWNT
mat as a function of exposure time to K vapor. The arrows indicate the time
at which the temperature was increased to 410 and 412 K.

FIG. 2. In situ variation of four-probe resistance R of K-doped SWNT,
peapods, and DWNT mats normalized to the T=412 K resistance �before
the doping started� as a function of exposure time to K vapor.
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�0 �V /K without reversing the sign. The TEP of each air-
exposed SWCNT sample shows strong p-type behavior con-
sistent with previous studies.14–18 However, in contrast to
previous studies on SWNT materials, this p-type behavior of
S remained essentially unchanged during degassing at 500 K
in vacuum ��10−7 Torr�. The p-type behavior of SWCNT
materials exposed to the air has been attributed to the adsorp-
tion of oxygen molecules. Degassing of these materials is
expected to remove oxygen molecules. However, it should
be noted that the SWCNT materials used in this study are
heated in dry air at 420 °C. Oxygen molecules are trapped
well into the interior of the mats of these materials. Hence
there will be oxygen molecules left in the interior of these
materials even after degassing at 500 K, leading to the per-
sistent p-type behavior during degassing.

Doping effects on both the resistance and the TEP sug-
gest that the electronic properties for K-doped SWCNT and
DWCNT materials are very similar, consistent with the ob-
servations on charge transfer properties on Raman spectra of
SWNTs and DWNTs.3,15 However, mats of peapods show
entirely different behavior. This behavior is not very well
understood but it is expected to be related to the presence of
C60 in the peapod.

The samples used in the experimental measurement were
bundles of SWCNTs, DWCNTs, and peapods, all derived
from the same batch of initial SWCNTs. Since these samples
were prepared at high temperature ��1200 °C�, O2 mol-
ecules were not only adsorbed on the surface of the bundles
but were also trapped deep into the interior of these bundles.
Even after annealing with most of the O2 molecules desorbed
from the surface of the bundles, a certain amount of O2 re-
mained trapped in the interior of the bundles. The trapped O2

molecules had been shown3,14–18 to give rise to an impurity
level in the gap of the semiconducting SWCNT. Therefore,
these O2 molecules are apparently responsible for the p-type
behavior observed for bundles of SWCNTs and DWCNTs
before potassium doping. For bundles of peapods, in addition
to the trapped O2 molecules, the impurity level associated
with the C60 peas in the gap of SWCNT pod also contributes
to the p-type behavior. Hence, the resistance of the bundles
of peapods that are synthesized from the same batch of initial
SWCNTs will be smaller compared to those of the bundle of
SWCNTs or DWCNTs of similar sizes. The TEP behavior of

the bundle of peapods versus those of bundles of SWCNTs
or DWCNTs after doping with K atoms, as shown in Fig. 3,
can also be understood in terms of the scenario of multicon-
ducting channels. Let �i and Si be the conductivity and the
TEP for the conduction channel i, with i=1, 2, and 3 refer-
ring to the n-type channel associated with the metallic shell,
the p-type channel associated with the oxygen molecules
trapped in the interior of the bundle, and the p-type channel
due to the peapods, respectively. For the cases of bundles of
SWCNTs and DWCNTs �prepared from the same batch of
initial bundles of SWCNTS� before K-doping, there is only
the p-type channel 2 associated with oxygen molecules
trapped in the interior of the respective bundle. Therefore,
the magnitude of the TEP of the bundle of SWCNTs is simi-
lar to that of the bundle of DWCNTs as observed in the
experiment �shown in Fig. 3�. For the bundle of peapods
before K-doping, there is the additional p-type channel 3
associated with the presence of C60 chain inside the SWCNT
for each peapod. While �3 is expected to be greater than �2

because of the large number of peapods in the bundle of
peapods, the magnitude of S3 should be similar to that of S2

because both are due to the p-type conduction associated
with impurity states in the gap of the same batch of semi-
conducting SWCNTs. The effective TEP of the bundle of
peapods before K-doping is therefore given by S= ��2S2

+�3S3� / ��2+�3����2+�3�S2 / ��2+�3�=S2, similar to the
TEP of the bundle of SWCNTs or DWCNTs, as shown in
Fig. 3. After saturated K-doping, the effective TEP S of the
bundle of SWCNTs or DWCNTs is given by S= ��1S1

+�2S2� / ��1+�2�. Since the conducting channel 1 is n-type
in nature, the corresponding TEP S1 is negative. On the other
hand, the conducting channel 2 is p-type and it leads to a
positive S2. For the bundle of SWCNTs or DWCNTs, the
p-type behavior of the channel 2 is due to the limited amount
of O2 molecules trapped in the interior of the bundle. There-
fore, �2S2 will be dominated by �1S1 associated with the
n-type metallic shell due to the K-coverage. Hence, after the
saturation coverage by the potassium atoms, the effective S
becomes n-type �negative�, as shown in Fig. 3. For the
bundle of peapods, in addition to the contribution to the
p-type behavior due to the O2 molecules trapped in the inte-
rior of the bundle, every interior peapod is itself a p-type
conductor. The effective TEP is then given by S= ��1S1

+�2S2+�3S3� / ��1+�2+�3�. Since there is a large number of
peapods in the bundle, �3 is large. Therefore �1S1 does not
dominate over the sum of �2S2+�3S3 and the effective TEP
of the K-covered bundle of peapods remains positive but
much smaller.

Figure 4 shows the temperature dependence of the resis-
tance and the TEP of the three samples before and after
K-doping. It is clearly seen in Fig. 4�a� that all three samples
show typical nonmetallic temperature dependence of resis-
tance inherent to pristine SWNTs before doping �solid sym-
bols�. After saturation doping, they all show obvious metallic
behavior of the resistance �open symbols�. As seen in the
temperature dependence of the TEP depicted in Fig. 4�b�,
before doping TEP stays positive and decreases with tem-
perature as due to the percolated networks of metallic nano-
tubes consistent with previous results.15 After saturation dop-

FIG. 3. In situ variation of TEP of SWNT, peapods, and DWNT mats as a
function of time to K-doping at T=412 K.
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ing, the TEP stays negative for SWNTs and DWNTs and
varies with the temperature as a metal. The positive TEP
value of the doped peapod sample decreases with the tem-
perature as a metal, crossing to a negative value below
�200 K.

IV. CONCLUSIONS

We carried out a detailed study of K-doping of bundles
of SWNTs, DWNTs, and peapods by in situ monitoring their
resistance and TEP. All three samples show p-type behavior
before K-doping due to the oxygen molecules trapped on the
surface of the bundles and in the interior. Degassing at 500 K
under high vacuum is not sufficient to desorb oxygen mol-
ecules in the interior of the bundles. The experimental results
seems to suggest that the charge transfer effects in K-doping
are similar in SWNTs and DWNTs, but drastically different
in C60 at SWNTs. SWCNTs are essentially the same as the
corresponding isolated SWCNTs, respectively, suggesting no

appreciable interaction between the component-SWCNTs in
the DWCNT. An impurity level associated with the chain of
C60 in the band gap of the tube with the Fermi level pinned
near the top of the valence band, leading to the p-type be-
havior for the peapod. Significant charge transfer occurs only
in the case of very low coverage of these nano-structures. At
the saturation coverage by potassium, the charge transfer per
potassium atom to the underlying CNT-based structures is
reduced drastically, leading to the formation of a metallic
potassium shell with 4s electrons being mostly shared among
potassium atoms rather than transferred to the nanostruc-
tures.
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Rationalization of Nanowire Synthesis Using Low-Melting Point Metals
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Department of Chemical Engineering, Department of Physics, UniVersity of LouisVille,
LouisVille, Kentucky 40292

ReceiVed: June 26, 2006; In Final Form: July 25, 2006

In this paper, we provide a theoretical basis using thermodynamic stability analysis for explaining the
spontaneous nucleation and growth of a high density of 1-D structures of a variety of materials from low-
melting metals such as Ga, In, or Sn. The thermodynamic stability analysis provides a theoretical estimate of
the extent of supersaturation of solute species in molten metal solvent. Using the extent of maximum
supersaturation, the size and density of critical nucleus were estimated and compared with experimental results
using nucleation and growth of Ge nanowires using Ga droplets. The consistency of the proposed model is
validated with the size and density of the resulting nanowires as a function of the synthesis temperature and
droplet size. Both the experimental evidence and the theoretical model predictions point that the diameters of
the resulting nanowires decrease with the lowering of synthesis temperatures and that the nucleation density
decreases with the size of metal droplet diameter and increasing synthesis temperature.

Introduction

The vapor-liquid-solid (VLS) method is a well-accepted
technique for growing 1-D structures with diameters ranging
from micrometers (whiskers) to nanometers (nanowires). The
main aspect of this method is that the diameter of the
precipitating 1-D crystal is controlled by limiting the size of
the catalytic metal cluster which is used as the template. This
well-established concept, from the early 1960s, has become a
technology of interest for many researchers.1

Earlier, we showed that Si nanowire growth using low-
melting metal droplets is not limited by the cluster size and
occurs at a high density from a single droplet.2 Later, this
concept has been used for demonstrating the synthesis of several
materials systems such as Si, Bi, amorphous SiO2, and SixNyH
nanowires.3 In particular, the direct synthesis of nanowires of
compounds of low-melting metals such as Group III-nitrides,
sulfides, oxides, and so forth4 under metal-rich conditions fall
under this concept as well. All these experimental observations
point toward a concept different from the traditional concept
of catalytic metal cluster enabled 1-D growth. The main dif-
ference is that high density of nucleation occurs out of one large-
sized droplet and the nucleation defines the size of the resulting
nanowires. In addition, this method avoids foreign metal
contamination for many systems and produces a high density
of nanowires thus generating an increased interest in this
method.5 However, it is important to understand the underlying
concept of nucleation to rationalize this concept and to make it
a useful technique for controlled synthesis of nanowires.

Most vapor-liquid-solid processes including the present one
with low-melting metals are typically carried out under iso-
thermal conditions. In these cases, the concentration super-
saturation at which the nucleation occurs is poorly defined for
liquid-solid-phase transitions. Typically, the constitutional

undercooling experiments have been employed to understand
the solute precipitation out of binary systems.6 In these
experiments, it is easy to estimate the extent of supersaturation
as the difference in the solubility limit at the two known
temperatures. In the absence of such experimental data for
nanowire synthesis, we investigated the possibility of using
thermodynamic stability analysis to determine the concentration
supersaturation at which the supersaturated melts instantaneously
separate into solid and liquid phases. The proposed model is
then used to predict the critical nucleus diameter and resulting
nucleation density of nanowires. These theoretical predictions
are further validated using the experimental studies on Ge
nanowire synthesis using Ga and other low-melting metal
droplets. The thermodynamic model proposed here deals mainly
with binary systems (solute-solvent) and cannot be directly
applied to systems that consist of more than one solute species.

Recently, the functionalized bismuth nanocrystals have been
used to seed the growth of Ge nanowires without undergoing a
nucleation step in a supercritical fluid environment.7 Here, we
show for the first time the bulk nucleation and growth of Ge
nanowires at high densities from individual, large droplets of
Ga and other low-melting metals. The difficulty in the synthesis
of Ge nanowires as opposed to Si nanowires using Ga melt
arises because of the quantitative differences between the Ge-
Ga and Si-Ga binary phase diagrams shown in Figure 1. Ge
has a significantly lower melting point (∼937 °C) as compared
to Si (1410 °C) causing the change in equilibrium solubility
with temperature, δXl2/δT, and the eutectic composition to be
∼104 times greater in Ge/Ga system as compared to Si/Ga
system.6 Most importantly, the solubility of Ge in Ga although
relatively low is 5 orders of magnitude higher than that of Si in
Ga at its eutectic temperature.6 Unlike Si, Ge partially wets
gallium at 300 °C8 in the absence of any gas-phase chemistry
effects. Thus, the Ge nucleation and growth using Ga melts is
interesting for studying the conditions that favor the growth of
nuclei in 1-D and not in either 2-D or 3-D. Also, the synthesis
of Ge nanowires is of interest for both biomedical and electronic
applications as Ge exhibits an indirect band gap at 0.66 eV and
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† Department of Chemical Engineering.
‡ Department of Physics.
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a direct band gap at 0.8 eV.9 The synthesis of sub-10-nm-sized
Ge nanowires with monosize distribution is also of interest
for understanding the size-dependent electronic and phonon
confinement effects.

���erimental �etails

Two types of nanowire synthesis experiments were con-
ducted: solid-liquid-solid (SLS) type growth experiments and
vapor-liquid-solid (VLS) type growth experiments. Typically,
the SLS growth experiments were conducted by spreading a
thin film of molten metal on a clean 〈100〉 undoped, n-type Ge
single-crystal wafer and exposing it to microwave plasma con-
taining H2 diluted in N2 (H2:N2 10:100 ratio). The required
chlorine is provided through ∼2 mg of NaCl crystals (finely
powdered using mortar-pestle) placed around the substrate. The
reactor pressure and MW power were varied between 15 and
30 Torr and between 300 and 600 W, respectively. The VLS
growth experiments were conducted by spreading a thin film
of molten metal on ultrasonically cleaned (in acetone) fused
silica quartz substrate. A powder mixture containing Ge and
NaCl (Ge:NaCl 100:2 ratio) was placed around the quartz sub-
strate to provide the chemical vapor transport of Ge using chlo-
rine. The reactor pressure and MW power were varied between
15 and 30 Torr and between 500 and 800 W, respectively.

The substrate temperature was calibrated using melting of
different metals, In (mp ) 156.6 °C), Sn (mp ) 232 °C), Bi
(mp ) 271.3 °C), �n (mp ) 420 °C), and Al (mp ) 660 °C).
The resulting nanowires were characterized using �iess field
emission scanning electron microscope (FESEM), JEOL 2010
HRTEM for morphology, structure, and growth direction.
Raman scattering measurements on an ensemble of Ge nano-
wires were performed at room temperature using a Renishaw
inVia micro-Raman system consisting of a cooled CCD detector
and a confocal microscope with a 50× objective lens. The spot
size at the sample was approximately 1 μm. The excitation
source was a 17 mW (max) HeNe laser with 632.8-nm radiation.
Measurements at various laser excitation powers were performed
using various combinations of neutral density filters.

Results and �iscussion

The synthesis experiments were performed in a microwave
(MW) plasma reactor (ASTeX 5010). Two configurations were
used for the supply of Ge: (a) the placement of Ga droplets on

Ge substrate allowed for direct dissolution of Ge through solid-
liquid interface and (b) the chemical vapor transport of Ge
through vapor phase using chlorine and hydrogen onto low-
melting metal droplets placed on amorphous quartz and poly-
crystalline diamond substrates for Ge dissolution through
vapor-liquid interface�see Figure 2. NaCl powder was used
for providing the chlorine in the gas phase.

Figure 3 shows the results obtained with chemical vapor
transport experiments performed at a pressure of 30 Torr and
400 W MW power, using 10 sccm of H2 diluted in 100 sccm
of N2. The SEM micrographs in Figure 3b clearly show high
densities of Ge nanowires with monosize distribution resulting
from micrometer-sized molten Ga droplets at substrate temper-
atures between 300 and 450 °C. The near-spherical shape of
the Ga droplet (not shown) suggests that the interfacial energy
between the substrate and the solute is quite high. �uantitative
analysis using SEM images suggests that the nanowire diameter
distribution is monosize within the SEM resolution (about 2
nm), as shown in Figure 4a. High-resolution transmission
electron micrograph (HR-TEM) of a 7-nm-diameter Ge nano-
wire does not show the presence of any oxide sheath with a
growth direction of �211��see Figure 4b.

The overall results with Ge and Si nanowire synthesis using
several low-melting metals such as In and Sn yielded similar
results to that using Ga droplets, that is, high densities of
nanowires resulted from micrometer-sized droplets. In all cases,
the observed monosize distributions of diameters and lengths
of Ge and Si nanowires suggest spontaneous nucleation. To
explain such behavior, we explore the possibility that the binary
systems involving low-melting metal melts as solvents could
exhibit miscibility gap with solutes under the presence of atomic
hydrogen and chlorine in the gas phase.

The solutal segregation from the binary solution through
nucleation at the point of the solubility limit or the spinodal
limit could occur instantaneously by decomposition into pure
solid and binary liquid phases. The nucleated crystals could only
grow vertically outward from the solvent if the lateral growth

�igure 1. Binary phase diagram of Ge-Ga calculated using regular
solution model,5 showing the formation of a eutectic alloy with Ge
composition of 10-5 at. � and at 302 �. The inset shows the Si-Ga
binary system with a eutectic alloy at 10-10 at. �, at ∼302 �.

�igure 2. Schematics illustrating the two types of growth experiments
performed using H2/N2 plasma in the MW reactor: (a) SLS mode and
(b) VLS mode.

18352 J. Phys. Chem. B, �ol. 110, �o. ��, 2006 Chandrasekaran et al.

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

LO
U

IS
V

IL
LE

 o
n 

Ju
ly

 1
, 2

00
9

Pu
bl

is
he

d 
on

 A
ug

us
t 3

0,
 2

00
6 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
jp

06
39

75
0

Reference No 21

74



is restricted with high interfacial tension between the solute and
the solvent. Thus, the initial nucleus size determines the diameter
of the resulting nanowires (not the nucleation density). So, the
overall nucleation model is proposed as follows. The binary
solution involving the low-melting metal and the solute, at any
given temperature, exhibits a solubility limit beyond which
the solution becomes thermodynamically unstable. The super-
saturation setup by the solute concentrations at the solubility
limit and the liquidus line determines the size of the crystal
nucleus or the eventual diameter of the nanowire. Further growth
of the nanowire occurs through basal attachment of the
precipitating solute onto the preexisting nucleus at the nucleus-
liquid interface. We believe that this mechanism should be
applicable for all circumstances irrespective of the gas-phase
activation method used such as thermal or plasma.4,5 This
hypothesis is illustrated further with the Gibbs�stability criterion.

For a binary system, the equilibrium between the solution
and the solid exists when the free energy of mixing is the lowest
for any given temperature. This gives rise to the liquidus line
in the binary phase diagram. Mathematically,

The concentration that satisfies the above equation is the
equilibrium solubility of the solute at a given temperature.
Metastable regions in the phase diagram are known to exist

where the solution is supersaturated with the solute species and
does not phase segregate.10 Continuous nucleation and growth
from such metastable melts is quite possible, as predicted by
classical nucleation theory. Alternatively, it is also possible to
destabilize the supersaturated melt such that the phase segrega-
tion occurs spontaneously. The critical limit (neutral stability)
of the solution beyond which the solution spontaneously
decomposes into two distinct phases is defined by its second-
order derivative as the following:11

The necessary condition for a supersaturated melt to be stable
is that its second-order derivative is less than zero. At neutral
stability, the second-order term vanishes to zero. To determine
the point of neutral stability, let us consider the change in free
energy of solution. From the Gibbs-Duhem relationship, the

�igure 3. The SEM micrographs showing Ge nanowires grown in an
SLS mode at 500 W microwave power and at 30 Torr pressure for 1
h using 10 sccm of H2 diluted in 100 sccm N2: (a) SEM image showing
a high density of Ge nanowires of approximately the same length and
diameter growing selectively out of a 3-μm-sized Ga droplet�(b) Ge
nanowires of 10-nm diameter growing from a 400-nm-sized Ga droplet�
(c) low-magnification micrograph showing Ge nanowire growth from
Ga droplets on Ge substrate over a large area.

( ∂�l

∂�Ge
)

�,P
) 0 (1)

�igure �. (a) Histogram showing the diameter distribution of nanowires
resulting from an SLS experiment conducted at 30 Torr pressure and
500 W and (b) an HR-TEM micrograph showing a 5-nm-diameter Ge
nanowire with a growth direction of 〈112〉 devoid of any oxide sheath.

(∂2Δ�l

∂�2
Ge

)
�,P

) 0 (2)
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change in free energy of the solution can be written as

where �Ge is the mole fraction of Ge, and μGe and μGa represent
the chemical potentials of Ge and Ga, respectively. After
expanding the chemical potential terms on the basis of regular
solution model and defining an interaction parameter, Ω, the
Gibbs energy change for solution as a function of �and �Ge is
the following:

The interaction parameter, Ω, is determined to be 16.7 kJ/
mol, assuming that the critical temperature is at �) 0.5. The
composition, �Ge, at which the solution tends to spontaneously
decompose into two phases (solid and liquid phases) at a
constant temperature, �, is determined by solving eqs 3 and 5
simultaneously. In this manner, the loci of points in �and �at
which the second differential is zero are determined to describe
the spinodal composition line of solute (Si or Ge) in solvent
(Ga or In) binary systems. The equilibrium phase diagram and
the spinodal curve for Ge-Ga binary system are shown in
Figure 5. The point of neutral stability or the spinodal limit is
assumed to be the supersaturation at which spontaneous

nucleation of the solute from within the low-melting melts
occurs. The following equation based on the energy minimiza-
tion of nuclei formation could be used for estimating the nucleus
size (or the resulting nanowire diameter):

�igure 5. Plot showing the liquidus line and the spinodal line for Ge-
Ga binary system obtained using the regular solution model, using inter-
action parameter, Ω, of 16.7 kJ/mol.5 The proposed nanowire nucleation
and growth mechanism involves (a) formation of Ga droplets on Ge
substrate, (b) supersaturation of the Ga droplets, (c) spontaneous nuclea-
tion of Ge on Ga at the point of instability, and (d) growth of the Ge
nuclei in 1-D at composition between the liquidus and spinodal lines.

�igure 6. The diameter of the nucleus is plotted as a function of
synthesis temperature. The solid line represents the diameter predicted
by the model. The discrete squares represent the experimentally
observed average nanowire diameter at 400, 500, 600, and 700 W
incident microwave power with all other reactor parameters being
identical to that described in Figure 3.

Δ�l ) XGedμGe + (1 - XGe)dμGa (3)

ΔGl ) RT(XGe lnXGe + (1 - XGe)ln(1 - XGe)) +
ΩXGe(1 - XGe) (4)

Figure 7. The estimated critical nuclei diameter using the solubility
limit from the spinodal model is plotted as a function of temperature
for Ge-Ga, Ge-In, Si-Ga, and Si-In binary systems. The model
predicts that the diameter of the resulting nanowires is different for
different molten metal solvents under identical synthesis temperatures.

Figure 8. (a) Plot showing the first-order Raman peak of Ge nanowires
(diameter ∼12 nm) at various laser powers. Dotted data points are the
phonon confinement line shapes for nanowires with diameter of 12
nm using longitudinal optical phonon dispersion of bulk Ge, temper-
ature, and strain effects; (b) the Raman spectra for nanowire ensembles
obtained in different experiments conducted at different synthesis
temperatures.

dc )
4V Mσ

RT ln(XGe

XGe
l)

(5)
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where dc is the diameter of the resulting nanowire, VΜ is the
molar volume, σ is the interfacial energy, and XGe/XGel is the
ratio of solute concentration at the point of instability to the
corresponding e�uilibrium solubility at a given temperature, T.
The schematic of the proposed nucleation and growth mech-
anism is fully illustrated in Figure 5. As shown in Figure 5,
after the nucleation, further growth could occur at solute
supersaturation levels below the spinodal limit at any given
temperature. Subse�uent dissolution into Ga melt beyond
nucleation stage sets up a solute concentration supersaturation
level that is well below the instability limit for yielding the
necessary steady growth rate on the basis of the dissolution rate
at steady state. The experiments conducted with increasing
growth durations yielded nanowires with increased lengths
suggesting that the continuous growth of nanowires is possible
and that the growth of nanowires is not self-limiting.

The interfacial energy between the Ga droplet and the Ge
substrate is determined to be 2.14 J/m2 using a set of in-situ
contact angle measurements, assuming that the surface energy
of Ge in a vacuum is 1.76 J/m2.12 The nucleus diameter predicted
by the model is in good agreement with that observed in
synthesis experiments as shown in Figure 6. The nucleus si�e
is estimated as a function of temperature and is shown in Figure
7 for both Si and Ge solutes from both gallium and indium
melts. Figure 7 indicates that the nanowire diameters could be
different for different low-melting metal solvents used at any
given synthesis temperature. As an example, the Si nanowire
diameter using Ga as solvent could be an order of magnitude

larger than that using In as solvent at any synthesis temperature
between 500 and 700 °C. In the current study, the microwave
plasma used to generate activated hydrogen and chlorine also
serves as the heating source for the metal melt solution. The
heating of the metal melt occurs through radical recombination
of activated gas species at the metal surface. Since the
recombination efficiency of the vapor-phase species varies with
the type of metals, different metals at the same plasma conditions
reach different temperatures which are extremely difficult to
measure. So, these particular theoretical predictions have not
been confirmed experimentally yet.

Three sets of Ge nanowire growth experiments were per-
formed at varying microwave powers of 400, 500, and 600 �
to vary the synthesis temperature between ∼300 and 450 °C.
The experiments using chemical vapor transport of Ge onto Ga
at temperatures lower than 500 � (T < 350 °C) resulted in
sub-10-nm-si�ed Ge nanowires about one micrometer in length
consistently; see SE� photographs in Figure 3b. In our
experimental setup, the substrate temperature increases linearly
with the incident microwave power. So, in our SLS experiments,
the growth rates were found to increase with increasing
microwave power or with the substrate temperature used. �igher
synthesis temperatures resulted in thicker nanowires as shown
in Figure �a. It turns out that the growth direction of the resulting
nanowires changes from �211�to �100�with the increasing
synthesis temperature or the faster growth rate or the thickness
of the resulting nanowire. These results are described in detail
elsewhere.13 These results are consistent with those obtained

Figure �. (a) and (b) The SE� micrographs showing 2-D and 3-D Ge crystals grown on Ga droplets synthesi�ed using �00 � microwave power
and 30 Torr pressure for 1 h using 10 sccm of �2 diluted in 100 sccm of N2; (c) SE� micrographs showing the formation of deep etch pits on the
〈100〉 single-crystal Ge substrate at the experimental conditions used in a.

Rationali�ation of Nanowire Synthesis J. Phys. Chem. B, Vol. 110, No. 37, 2006 18355
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using catalyst clusters under epitaxy with underlying single-
crystal substrates that the faster growing Si wires had a growth
direction of 〈110〉.14 �owever, our results here point that the
diameters of the growing nanowires do not influence the
resulting growth direction.

�icro-Raman spectroscopy of the nanowires could provide
an independent confirmation on the average si�e of nanowires
and the si�e distribution. Previous studies using Raman scat-
tering measurements on Si and Ge nanowires showed the
downshifting and asymmetric broadening of the Raman-active
optic modes relative to their bulk counterparts because of phonon
confinement.15,16 A detailed modeling considering the contribu-
tions from stress, laser-induced heating, and phonon confinement
because of nanowire diameter is performed to model the
resulting Raman spectra from our nanowire samples. The details
of the model are published elsewhere.17

The Raman spectra of Ge nanowires at various laser powers
are shown in Figure �a. It can be inferred that as the laser power
incident on the nanowire ensemble increases the phonon band
downshifts further with enhancing asymmetry. Curve fitting data
for lower-laser-induced heating (solid line) are in good agree-
ment with the experimental data (circles) as shown in Figure
�a. Using the model that accounts for both laser-induced heating
effects and the phonon confinement model, we then determined
the diameter of the nanowire ensemble resulting from the four
sets of Ge nanowire samples synthesi�ed at different temper-
atures. The predicted si�es for nanowires determined using the
Raman spectra in Figure �a agree closely with the theoretically
predicted diameters for the corresponding synthesis temperatures
using Figure 7. Figure �b also reveals that as the synthesis
temperature is increased the resulting phonon resonance occurs
closer to the bulk Ge indicating that the si�e of the resulting
nanowires is higher.

Experiments performed at microwave plasma powers in the
range of 700-�00 � result in nanowires with diameters
between 30 and 100 nm in si�e. Further experiments using
Ga droplets on Ge substrate at microwave plasma powers of
�00-1000 � (700-�00°C) resulted in 2-D and 3-D crystals
instead of nanowires as shown in Figure 9a and b. At higher
synthesis temperatures (T > 700 °C), the estimated nuclei
diameter is on the order of micrometers because of expected,
low supersaturation limit (Figure 7). In addition, the higher
surface diffusion of Ge on Ga and reduced interfacial tension
at higher temperatures� could induce partial wetting of Ga on
Ge substrates. This is experimentally verified through the
experimental observation of the irregular shape of Ga droplet
on Ge substrates in these experiments at higher temperatures.
So, at higher temperatures, the partial wetting and the much
reduced supersaturation could have favored the growth of nuclei
to grow in 2-D and 3-D versus 1-D.

At low enough synthesis temperatures depending upon the
system used, that is, Ga-Si or Ga-Ge, one can obtain high
densities of sub-10-nm-si�ed nanowires using micrometer-si�ed
low-melting metal melt droplets. This is of great advantage
toward commercial production of monodispersed, sub-10-nm
nanowires for exploiting the �uantum confinement based effects
of these materials.

�����u�i���

The spinodal decomposition of concentration supersaturated
low-melting metal melts explains the observed spontaneous
nucleation and growth of high densities of nanowires from
larger-si�ed low-melting metal droplets. The model suggests that
the nuclei si�e decreases with synthesis temperature. The

nucleation and growth kinetics of Ge nanowires from a variety
of low-melting metal melts are used to validate the proposed
nucleation model predictions. Specifically, the si�e of the
resulting Ge nanowires is varied from 4 to 20 nm by increasing
the synthesis temperatures approximately from 250 to 500 °C.
Uniform diameter distributions were observed for Ge nanowires
grown from individual Ga droplets of si�es from 50 nm to 1
mm. The process conditions such as the gas-phase composition
including the presence of hydrogen or halogens and gas-phase
dissociation (using plasmas) in addition to synthesis temperature
determine whether the growth of the nuclei occurs in 1-D or
3-D. At higher synthesis temperatures (T > 600 °C), the Ge
crystals grew into 2-D or 3-D morphologies. The model also
predicts that the diameter of the resulting nanowires can be
different depending upon the low-melting metal melt used.

�������e�g�e��. � e thank �entucky Science and Tech-
nology Corporation (�STC) and �entucky NASA-EPSCoR
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�u���r�i�g ����r���i�� ���i����e� The supplementary
information provides information regarding the theoretical
calculation of the nucleation density determined using the model.
The supplementary information also includes SE� micrographs
depicting nanowire growth from different low-melting metals.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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A Scalable Method for the Synthesis of Metal Oxide Nanowires 
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We report a novel, scaleable and versatile method for large scale 
synthesis of tungsten trioxide nanowires and their arrays on a 
variety of substrates including amorphous quartz, fluorinated tin 
oxide, etc. The synthesis concept uses the chemical vapor transport 
of metal oxide vapor phase species onto substrates using air or 
oxygen flow over hot-filament sources. The hot-filaments were 
designed to provide uniform heating and gas phase composition 
over large substrate areas.  The results show that the nucleation 
densities could be varied from 106/cm2 to 1010/cm2 with decreasing 
substrate temperature. A thermodynamic model for determining 
the nucleation density and nanowire diameter is presented. The 
analysis indicates that the nucleation for nanowires occurs through 
condensation of sub-oxide, WO2 species. This is in contrast to 
WO3 species condensation into WO3 solid phase for nanoparticle 
formation. The dispersion behavior of as-synthesized nanowires in 
aqueous and organic solvents is also studied. 

 
    Introduction 
 

Tungsten trioxide nanomaterials are of tremendous interest due to their potential use 
as electrochromic, gas sensing, and photocatalyst materials (1-3). The synthesis of doped 
and undoped tungsten oxide nanowires, using either tungsten foils or powders as sources, 
was reported previously in the literature (4-15). Previously, we reported a concept of 
utilizing chemical vapor transport of metal oxide vapor species using oxygen flow over 
hot-filaments onto substrates at different temperatures for both metal and metal oxide 
nanowires (5). In this vapor phase synthesis route, the chemical vapor transport of 
tungsten oxide onto substrates kept at temperatures higher than the decomposition 
temperature resulted in tungsten nanowires. Similar vapor transport of tungsten oxide 
onto substrates kept at temperatures below the decomposition resulted in tungsten oxide 
nanowire formation (5).  

The synthesis of tungsten oxide nanowires is accomplished without the use of any 
catalysts or any medium. In essence, many of the synthesis studies including our studies 
indicated that the tungsten oxide nanowires resulted under a specific set of conditions 
within a chemical vapor deposition setup. So, we performed a systematic study to 
understand and optimize the tungsten oxide nanowire deposition process using a custom-
built, hot-filament CVD reactor. We also present a thermodynamic model for assessing 
nanowire nucleation density as a function of various experimental variables such as 
substrate temperature, oxygen partial pressure and filament temperature, etc. In addition, 
we also conducted a series of experiments to study the nanowire dispersions in a variety 
of solvents and compared their behavior with that of commercially obtained nanoparticles.  
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Experimental 

 
Figure 1 shows the schematic of the scaled-up version of the hot filament CVD 

reactor setup used for the synthesis studies. The setup consists of a 2-inch diameter quartz 
tube housed in a tube furnace heater. The ends of the quartz tube are connected to the 
necessary accessories for flow and pressure control. The filament used for the 
experiments is mounted on hollow ceramic rod as shown in Figure 1. A tungsten filament 
(Alfa Aesar) of 0.5mm diameter and 8 feet in length was used as the tungsten source in 
our experiments. The tungsten filament is heated up using an electrical feed-through to 
temperatures ranging from 1773 – 2273 K. The temperatures within our system were 
monitored using a dual wavelength pyrometer (Wilkinson, Model no. PRO 92-40-C-23) 
and another single wavelength pyrometer (Raytek, Model no. 2838780101). Quartz boats 
were employed to curtail the deposition directly onto the tube walls. Typically, the 
substrates (quartz and fluorinated tin oxide coated quartz slides) were placed on the boat 
as shown in the schematic. In the absence of the furnace heating, the radiation from hot-
filaments directly heated the substrates to a maximum temperature of about 823 K.  In 
another set of experiments, furnace heating was used to raise the substrate temperature 
from 1023 K till 1173 K. The feed gas composition was varied using pure oxygen or 
argon/air mixtures to change the partial pressure of oxygen from 0.1 torr to 0.000837 torr. 
The tungsten filament was always heated to a temperature of about 1950 K while 
maintaining the power (voltage and the current used for heating the filament) constant in 
all the experiments. Also, the duration of each synthesis experiment was kept at around 
10-15 minutes unless specified. 

 
The as-synthesized nanowires were collected in a dry powder form by scraping the 

material from the quartz substrates. The as-obtained nanowire powder was dispersed into 
four different solvents: water, ethanol, 1-methoxy 2-propanol and Dimethyl 
Formamide(DMF) using ultrasonication with a horn (UP200S Ultrasonic Processor) for 
two minutes followed by sonication in a low energy density bath for about 15 minutes. 
The dispersions were allowed to settle for few minutes and the initial sediments were 
taken out and weighed. The initial sediments always contained big particles, non-
dispersed agglomerates and thicker nanowire bundles. The same procedure was 
implemented for all nanowire and nanoparticle (Aldrich) samples for dispersions into 
different solvents. The dispersions were allowed to settle over two days of time with 
continuous visual observations. The sediments were examined using SEM to observe the 
agglomeration patterns.  
 

Results and Discussion 
 

A set of experiments using substrates kept at temperatures around 823 K without 
using the furnace heater resulted in high nucleation density leading to a vertical array of 
WO3 nanowires on both Quartz and FTO substrates. The synthesized tungsten oxide 
nanowires are all vertically aligned (Figure 2) with density as high as 7x1010 nw/cm2. The 
x-ray diffraction (XRD) spectrum (Figure 3a) indicated that the as-synthesized bluish 
nanowire deposit was composed of an oxygen deficient W18O49 phase (JCPDS#05-0392, 
a=3.775Ao, c=13.98Ao and b=3.775Ao).  
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Figure 1. Schematic of the Scale up Hot Filament CVD reactor with tungsten filament 
inside the vacuum chamber 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. SEM images of as-synthesized tungsten oxide nanowires on top of the FTO 
substrate in presence of air (11sccm) and filament temperature (1950 K) for about 15 min. 
(a) Low magnification image of uniform deposition of tungsten oxide nanowires.  (b) 
Tilted view of the sample showing uniform deposition of vertically aligned tungsten 
oxide arrays 

 
Experiments conducted using 4 sccm of pure oxygen at a substrate temperature of 

1073 K and a pressure of 0.5 torr, while maintaining the filaments at 1950 K, resulted in a 
yellowish green deposit on the substrate. The yellowish green deposit showed only the 
presence of nanoparticles (Figure 4a). The deposit obtained using air/argon mixture (0.4 
sccm/100sccm) under similar conditions was bluish in color. The deposit (Figure 4b) 
contained nanowires of 40 nm in diameter and 5 microns in length. Oxidation of these 
nanowires in ambient atmosphere at a temperature of 773 K for about 30 minutes 
changed the color of the nanowires to yellow, and the corresponding XRD spectrum 
(Figure 3b) indicated that the phase of oxidized nanowires changed from W18O49 to WO3 
(JCPDS #20-1324; a = 7.384Ao, b = 7.512Ao, and c = 3.846Ao). At the same time, no 
structural damage or change is observed with the nanowires. These characteristics for 
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tungsten oxide nanowires were found to be typical in all types of synthesis experiments 
performed. 
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Figure 3. XRD spectra of as-synthesized tungsten oxide nanowires. (a) Showing the 
spectra of as-synthesized tungsten oxide nanowires. (b) Showing the spectra of the 
oxidized tungsten oxide wires 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. SEM images of tungsten oxide nanowires and nanoparticles (a) yellow deposit 
of nanoparticles obtained in presence of pure oxygen (2sccm), filament temperature of 
about 1950 K and substrate temperature of 1073 K. (b) blue deposit of nanowires of 
about 40nm and about 10 μm long in presence of Ar/air (100sccm/0.4sccm) and a 
filament temperature of about 1950 K and substrate temperature of 1073 K 
 

A set of systematic experiments were performed to determine the effect of substrate 
temperature and oxygen partial pressure on the resulting nanowire density. During these 
experiments, the filament temperature was kept constant at about 1950 K. The results 
shown in Figure 4 and Figure 2 indicate that the nanowire density can be varied over 
several orders of magnitude by changing the substrate temperature. In all the experiments, 
the diameter of the nanowires varied between 30 to 60 nm. Higher partial pressures of 
oxygen, using the same substrate and filament temperatures (823 K and 1950 K 
respectively), led to the formation of high density of nanowires, bundled in the form of 
ball like structures. As shown in Figure 5, these structures consisted of nanowires, 20 nm 
in diameter and about 0.5 microns in length. 

 
 
 

1μm 2 μm

(a) (b)
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Figure 5. SEM images of high balls of low aspect ratio tungsten oxide nanowires 
synthesized at high pressure conditions (25 Torr). (a) Low magnification image showing 
several balls having several hundreds of nanowires in each ball kind of structure. (b) 
High magnification image showing nanowires in a single ball kind of structure with 
diameters in the range of 20 to 40nm 
 

The nucleation of tungsten oxide from vapor phase could be understood by 
considering the vapor phase super-saturation. So, we determined the gas-solid 
equilibrium compositions at both filament and substrate temperatures for given oxygen 
partial pressures. Equilibrium calculations were performed using CHEMKIN 3.7.1 
software. We considered W, WO, O, O2, WO2, WO3 gas phase species and WO2, W and 
WO3 solid phases for gas-solid equilibrium computations. First, we assumed that the 
equilibrium exists at the filament temperatures. So, we computed the equilibrium 
compositions at filament temperature for a given set of feed gas composition and the 
reactor pressure conditions.  Next, we assumed that there is no gas phase recombination 
or other gas phase reactions and no change in the composition in the gas phase. Finally, 
we also estimated the gas phase equilibrium composition at substrate. Based on the two 
compositions determined, we define the gas phase supersaturation for each of the vapor 
phase species present. Of the species considered, WO3 species dominate the gas phase 
composition followed by WO2 species. As indicated earlier (5), the critical diameter of 
the resulting tungsten oxide solid phase could be estimated using the following 
supersaturation,  

                       Ω= ∗p
pRTd c ln/4σ                                            [1]                              

  
Where σ  is the interfacial energy,  is the molar volume, T is the substrate temperature, 
p is the partial pressure of the vapor phase oxide species, and p* is the equilibrium vapor 
pressure of the vapor phase oxide species. The nucleation density of nanowires is 
inversely proportional to the critical diameter as seen below: 
 

         
∗p

pRTDensityNucleation lnα          [2]  

 
The results indicate that the WO3 species as the dominant species present but the 

supersaturation (p/p*) values for WO2 is much greater then that of WO3. This would 
indicate that the WO2 species condense readily giving rise to the sub-oxide phase clusters. 
Further growth of these clusters might proceed with further oxidation reaction and 

1 μm 

(a) 

100 nm 

(b)
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chemisorption of either WO2 or WO3 species. Therefore, the nucleation density was 
considered to be proportional to the supersaturation of the WO2 species.  

 

                       
substrateWO

filamentWO

p
p

RTDensityNucleation
,2

,2lnα                      [3] 

 
Based on this proposed theory, the equilibrium calculations were performed by 

calculating the equilibrium gas phase concentrations of WO2 and WO3 gas phase species 
at filament and substrate equilibrium conditions. Due to the lack of interfacial energy data 
of tungsten oxide, qualitative dependence of nucleation density on the partial pressure of 
oxygen, filament temperature and substrate temperature were obtained from the 
calculated equilibrium mole fractions of WO2 and WO3. As shown in figure 6a, there is 
an increase in the gas phase supersaturation of WO2 and WO3 species with increase in the 
partial pressure of oxygen with both filament temperature and substrate temperature 
remaining constant (1950 K and 823 K respectively). Different experiments were 
performed by changing the partial pressures of oxygen at constant substrate and filament 
temperatures and the nanowire densities were computed from the SEM images of the as-
grown nanowires on the substrates. As shown in Figure 6b, there is a gradual increase in 
the nanowire density of nanowires with increase in the partial pressure of oxygen in 
agreement with the theoretically obtained qualitative trend. All the experiments were 
performed at lower partial pressures of oxygen (0.016 torr to 0.18 Torr) and nanowires 
with diameter in the range of 40 to 60 nm and lengths of about 5 microns were 
synthesized in all the cases. At higher partial pressures of oxygen (greater than 1 Torr), 
nanowires of different morphologies are synthesized.  

 
More experiments are needed to understand the effect on nanowires morphology and 

density at higher partial pressures of oxygen. Theoretical calculations also showed that 
there is great influence of substrate temperature on the nucleation density. As shown in 
Figure 7a, there is a decrease in gas phase supersaturation of WO2 and WO3 species with 
increase in the substrate temperature. Experiments were performed in the temperatures 
ranging from 823 K to 1173 K keeping the filament temperature and pressure constant. 
As shown in figure 7b, there is decrease in the nanowire density with increase in the 
substrate temperature. At lower substrate temperatures, high supersaturation of gas phase 
species resulted in tungsten oxide nanowire arrays which were observed experimentally. 
At higher substrate temperatures, lower supersaturation of gas phase species resulted in 
low density nanowire mats. These experimental results clearly suggest that the qualitative 
trends of supersaturation of gas phase species obtained from the proposed model are 
consistent with the experimentally obtained nanowire densities indicating the validity of 
the proposed model. As shown in Figure 6a and 7a, theoretical model shows that the 
supersaturation of WO2 species is higher compared to WO3 species. This was also 
observed from the XRD data of the nanowires which showed that the nanowires are 
deficient in oxygen, and oxidation of the nanowires synthesized substrate in an oven 
changed the color and the phase to WO3.  
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Figure 6. Effect of nanowire density as a function of partial pressure of oxygen. (a) 
Theoretically estimated supersaturation of tungsten oxide (WO3 and WO2) species as a 
function of partial pressure of oxygen. (b) Experimentally determined effect of partial 
pressure of oxygen on nanowire density at lower substrate temperatures (823 K) and 
filament temperature (1950 K) 
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Figure 7. Effect of nanowire density as a function of substrate temperature. (a) 
Theoretically estimated supersaturation of tungsten oxide (WO3 and WO2) species as a 
function of substrate temperature. (b) Experimentally determined effect of nanowire 
density on the substrate temperature  

 
Dispersion Behavior Studies 
 

The sedimentation studies were performed by observing the dispersions over 
several hours. Optical images taken at different times showed that tungsten oxide 
nanoparticles agglomerate and sediment out of the solution within few hours. Tungsten 
oxide nanowires remain in the solution for longer periods of time and no sediment or any 
kind of agglomeration is noticed for longer periods of time. Representative optical 
images of the nanowires and nanoparticle bottles are not shown here. Scanning Electron 
Microscopy (SEM) was used to understand the agglomeration patterns of nanowires and 
nanoparticles in the dispersion. As shown in Figure 8a, the 30 nm size nanoparticles 
agglomerated into micron size spherical agglomerates. In the case of nanowire 
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dispersions, the SEM images in Figure 8b show the presence of only individual 
nanowires with diameters in the range of 40 to 60 nm and lengths of about 5 μm. It 
clearly suggests that there is no agglomeration of nanowires in the solution. Similar kind 
of behavior was observed It can be confirmed that the thicker nanowires and some 
agglomerates seen in the sediment of the nanowire dispersion were formed during the 
synthesis of the material in the reactor and not in the solution. More in-depth in-situ 
characterization of agglomeration patterns of the nanowire dispersions using light 
scattering techniques are presently being performed and will be reported elsewhere.    

 
 
 
 

 
 
 
 
 
 
 

 
 

Figure 8. SEM images of nanowires and nanoparticles agglomeration patterns in Dimethyl 
Formamide (DMF) (a) Well dispersed nanowires in the DMF without any big agglomerates 
and thicker nanowires. (b) Dispersed tungsten oxide nanoparticles in the DMF solution 
showing big balls of agglomerates of individual nanoparticles 
 

Conclusions 
 

In summary, we successfully demonstrated the large scale synthesis of nanowires 
with different morphologies (nanowire mats, nanowire arrays and ball shaped structures 
with nanowires) on both amorphous quartz substrate and FTO substrates. Also, the as-
synthesized nanowires were confirmed to be oxygen deficient W18O49 phase and 
subsequent oxidation of these substrates in an oven changed the phase to WO3 which was 
indicated by a change in color from blue to green. We are the first to demonstrate a 
thermodynamic model for the nucleation density of these tungsten oxide nanowires 
which was consistent with the experimentally obtained nanowire densities at different 
process conditions. The proposed model predicted the large dependence of nucleation 
density on both the substrate temperature and partial pressures of oxygen which was 
consistent with the experimental findings. Also, we demonstrated that nanowires disperse 
better and show no signs of agglomeration and sedimentation compared to nanoparticles 
in organic solvents.  
 
 
 
 
 
 
 
 

1μm 200 nm
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Gas-Phase, Bulk Production of Metal Oxide Nanowires and Nanoparticles Using a
Microwave Plasma Jet Reactor
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We report gas-phase production of metal oxide nanowires (NWs) and nanoparticles (NPs) using direct oxidation
of micron-size metal particles in a high-throughput, atmospheric pressure microwave plasma jet reactor. We
demonstrate the concept with production of SnO2, ZnO, TiO2, and Al2O3 NWs. The results suggest that the
NW production primarily depends upon the starting metal particle size, microwave power, and the gas-phase
composition. The resulting NW powders could be separated from the unreacted metal and metal oxide NPs
by sonication in 1-methoxy 2-propanol followed by gravity sedimentation. The experiments conducted using
higher microwave powers resulted in spherical, unagglomerated, metal oxide NPs. The results obtained using
various metal oxides suggest that the mechanism of NW nucleation and growth in the gas phase is similar to
that observed in experiments with metal particles supported on substrates. A simplified analysis suggests that
the metal powders melt in the plasma primarily with the heat generated from chemical reactions, such as
radical recombination and oxidation reactions on the particle surface.

Introduction

Nanowires (NWs) are beginning to find applications in several
fields such as lithium ion batteries,1 solar cells,2 optoelectronics,3

polymer composites,4 gas sensors,5,6 nanoelectromechanical
devices,7 etc. Many of these applications require large quantities
of NWs, and each may require a particular set of properties.
Therefore, bulk synthesis with controlled composition, crystal-
linity, and morphology is important for continued development
and commercialization of NW-based technologies.
Although catalyst assisted vapor-liquid-solid schemes have

been typically used to synthesize NWs,8,9 various other direct
reaction schemes have also been demonstrated to synthesize
metal oxide NWs, which do not require any foreign catalysts.
These include: (i) direct plasma and thermal oxidation of low-
melting metal particles supported on substrates using H2 and
O2 containing gases;10 (ii) chemical vapor transport of metal
oxide vapors onto the substrates in a hot filament chemical vapor
deposition (CVD) reactor in atmospheres consisting of low O2
levels;11,12 (iii) exposure of metal foils to low-pressure, weakly
ionized, fully dissociated, cold O2 plasmas;13(iv) thermal
evaporation of metal oxide powders and/or metal oxide powders
with carbon onto substrates kept at high temperatures;14 (vi)
solution-mediated growth;15 and (vii) using a directly heated
metal foil in air on a hotplate.16

Many of the above synthesis methods refer to direct reaction
between low melting point metals and O2. In some cases, the
reaction occurs between micron-size molten metal clusters
leading to high density NW growth from the large cluster.10 In
the other cases, metal droplets are formed which initiate self-
catalytic tip-led growth of NWs.17 In all the above cases, the

use of a substrate limits the ability to produce large quantities
of NWs using any of the above approaches. The preferred
method for high-throughput NW production is gas-phase
synthesis, wherein the reacted species are swept away from the
reaction zone quickly.
In the case of transition metals with high melting points, rapid

oxidation of metal foils in highly dissociated O2 plasmas can
lead to metal oxide NW growth.13 However, the plasma in this
case is not expected to raise the temperature of the metal foils
above their melting points. Hence, one-dimensional NW growth
in this case was proposed to result from the low mobility of
metal atoms. For low-melting metals, both thermal and plasma
oxidation of substrate-supported metals occurred at temperatures
above the melting point.10 A recent study showed that Zn
powders could be oxidized using high power radio frequency
plasma and also DC thermal plasma to produce ZnO NWs.18,19

Here, we describe a novel method using a high-throughput
plasma jet reactor capable of operating at atmospheric conditions
for the direct gas-phase oxidation of metal powders toward bulk
NW production at a rate of 5 Kg/day. We studied this process
for several metal powders such as Zn, Al, Sn, and Ti with
different particle sizes and various plasma parameters.

Experimental

The experiments were performed in a newly designed reactor
that efficiently generates microwave plasma confined inside a
quartz tube. The reactor can operate at pressures ranging from
a few torr to atmospheric pressures and at powers ranging from
300 W to 3 kW. A schematic and a photograph of the reactor
are shown in Figure 1. The reactor also includes a sheath gas
delivery chuck to protect the tube from heat generated by high
power plasma discharge. This allows for the prolonged operation
of the plasma jet. The length of the plasma jet is 12-15 in. as

* To whom correspondence should be addressed. E-mail: mahendra@
louisville.edu. Tel.: 502-852-1558. Fax: 502-852-6355.
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shown in Figure 1b. Quartz tubes with diameters of 1.5 and 2
in. are used for the experiments. A metal rod with pointed ends
is used to ignite the plasma. Metal powders are poured directly
into the plasma cavity zone and then allowed to flow down by
gravity with gas flow. Alternatively, there is a provision for
feeding the metal source into the plasma jet by pressurized gas,
or a mechanical dispenser. The resulting powders are collected
at the bottom in either a quartz flask or a filter bag.
Several experiments with different metal powder feeds were

conducted in this microwave plasma jet reactor operating at
powers ranging from 700 to 2000 W and 2.45 GHz frequency,
using 8-15 slpm of air as the sheath gas. Sn and Zn metal
powders with a size range of 1-5 μm, Ti powders with a size
range of 20-100 μm (65 μm average size), and Al powders
with a size range of 3-4.5 μm were used. A gas mixture of
2-4 slpm of Ar and 100-500 sccm of O2 (the oxidative gas)
was used at atmospheric pressures. The resulting metal oxide
powders were characterized using a FEI Nova600 FE-SEM, a
Renishaw in-via micro-Raman/photoluminescence spectroscope
and Bruker D8 Advance model X-ray diffractometer (XRD).

Results and Discussion

Different NW Material Systems. The process conditions
with different metal powders and the resulting morphologies
are summarized in Table 1. The resulting oxide powders were
collected from the quartz cup, filter papers placed in the exhaust,
and the quartz tube wall. The powder collected from the filter
paper had thinner NWs compared to other powders. The SEM

images in Figures 2a-d show the morphologies of resulting
oxide NWs when using Sn and Zn metal powders, respectively.
The SnO2 NWs tend to be straight but highly branched, whereas
ZnO NWs have a flowery morphology. Nanostructures of ZnO
in the shapes of a tripod, brush, and comb (Figures 2e-g) were
also observed. Figures 3a-d show the SEM images of TiO2
and Al2O3 NWs. TiO2 NWs are more difficult to synthesize
than NPs, and the very short 1D couplet morphology of NWs
is obtained, with the current reactor setup. Al2O3 NWs tend to
be inverted funnel shaped and protrude out from the bulk metal
in a flowery pattern. Straight and isolated Al2O3 NWs have also
been observed. The XRD data (shown in the Supporting
Information) and the corresponding Raman data (Figure 2h)
indicate that the resulting ZnO NWs are composed of the
hexagonal wurtzite phase, and SnO2 NWs are rutile phase.
The experiments using Sn, Zn, and Al metal powders for the

respective metal oxide NWs are highly reproducible. However,
the experiments using Ti metal powders for NWs are not easily
reproducible compared to those for spherical NPs. In the case
of Sn and Zn, the product efficiency (the fraction of NWs to
NPs) is about 80-90%. The remaining 10-20% is unreacted
or partially oxidized metals and agglomerated metal oxide
particles.
The above experiments were conducted using a metal powder

feed of about 5 g/min which translates to a production capacity
of 5 kg of metal oxide NWs per day when operated continu-
ously. The reactor can be operated continuously with a recycle
stream for unreacted metal particles and a continuous collection
system for metal oxide NWs using filter bags. In any case, the
NW production will be limited by two factors: (1) the maximum
solid loading in the entraining gas used for recycling; and (2)
the maximum amount of solid which can be treated by the
plasma flame.

Post Production Purification. The resulting powders can
contain unreacted metal powder, metal oxide NPs, and metal
oxide NWs. These can be purified using a simple gravity
sedimentation technique. As an illustration, the as-synthesized
ZnO NW powders were dispersed in 1-methoxy 2-propanol,
horn sonicated for a few minutes and left for about 4 h under
gravity to settle. The top portion of the dispersion contained a
high proportion (>95%) of NWs, whereas the bottom precipitate

Figure 1. (a) Schematic of the microwave plasma jet reactor showing all the essential components. (b) Photograph of the high density plasma jet
discharge at 2 kW power produced in a quartz tube of 1.5 in. diameter with a plasma flame length of about 12-15 in.

TABLE 1: Summary of the Experimental Conditions Used
for NW Production

flow rates

metal power, W air, slpm H2, sccm O2, sccm

resulting metal
oxide NW
characteristics

Sn 1200-1500 10-15 100 500 20-100 nm (dia);
10 μm (length)

Zn 1400-1700 10-15 100 500 50-100 nm (dia);
5 μm (length)

Ti 700 8-10 100 500 100-250 nm (dia);
1 μm (length)

Al 800 8-10 100 500 50-150 nm (dia);
3-5 μm in length
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was mostly unreacted metals, partially oxidized metals, and
agglomerated metal oxide particles (shown in Supporting
Information). The results can be explained based on the
agglomeration behavior of spherical particles versus NWs in
solutions. In our previous study,11,20 we studied the dispersion
behavior of NPs versus NWs using tungsten oxide and found
that the NPs tend to agglomerate into large spherical particles
which then settle due to gravity quickly. The NWs if they are
not connected with large spherical particles tend to be stable in
dispersions.

Effect of H2, Water Vapor, and Metal Powder Diameter.
Experiments were performed using H2 fed at a rate of 100-500
sccm concurrently along with other gases (approximately 8-12
slpm). In our earlier experiments, using low-pressure microwave
plasma and thermal oxidation, the use of H2/water vapor helped
with both control and low-temperature growth of metal oxide
NWs.10 Experiments conducted using H2 with Sn metal powders
show improved quality, a higher fraction of NWs, and improved
size control (about 20 nm diameter) with lengths up to several
microns (Figure 2a). Experiments were also conducted by
introducing steam as a sheath gas without H2 as a feed gas.
The resulting effect of using water vapor is similar to that using
H2 in the feed gases. The use of H2 and water in the gas phase
produces several active radicals, such as H and OH which can
reduce metal oxides. In the presence of such radicals, the lateral
growth of metal oxide nuclei is inhibited by maintaining high

Figure 2. Low- and high-resolution SEM images of SnO2 (a, b) and ZnO (c, d) NWs are shown. Nanostructures of ZnO such as tripod (e),
nanobrush (f), and nanocomb (g) were also observed. Raman spectra of as-synthesized SnO2 and ZnO NWs are shown (h).

Figure 3. Low- and high-resolution SEM images of TiO2 (a, b) and
Al2O3 (c, d) NWs are shown. As-synthesized NPs of TiO2 (e) and Al2O3
(f) are also shown.

Figure 4. Comparison of energy required to melt a Ti metal of 65 μm
size and reactive and convective energies imparted to the particle during
its fall. Inset shows the comparison at large particle size ranges. The
reactive energy is about 10 times higher than the convective energy.

17752 J. Phys. Chem. C, Vol. 112, No. 46, 2008 Letters
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surface energy for molten metal.10 So, the use of H2 and water
vapor helps in reducing the diameter of the resulting NWs.
Experiments performed using powders with larger particle sizes
(10-100 μm), however, showed a drastic decrease in the
fraction of NWs produced. It is thus viable to produce high-
quality bulk quantities of NWs using H2, water vapor, and small
diameter metal powders.

Production of Metal Oxide NPs versus NWs. In the case
of Ti and Al powders, experiments conducted with 1.3 kW, 10
slpm air, 2 slpm Ar, and 100 and 500 sccm of H2 and O2 resulted
in the respective metal oxide NPs (Figures 3e,f). In comparison,
experiments at lower powers such as 700 and 900 W resulted
in NWs. At powers less than 900 W, the resulting Al2O3 NW
powders clearly show bulk nucleation and growth of NWs from
metal particle cores, as seen in Figure 3. In the case of higher
powers, both Ti and Al metal powders were converted into metal
oxide vapors, before condensing to form metal oxide NPs. So,
spherical NPs were produced at higher plasma power (with high
reproducibility) due to the nucleation of a metal oxide particle
directly from the condensation of metal oxide vapors, while
NWs were produced at lower plasma power due to the
nucleation and growth of metal oxide from molten metal
particles. Also, the NP production is readily observed in the
case of Ti and Al. This is because of high vapor pressures of
metal oxide species and the high exothermic heat of surface
oxidation and radical recombination reactions. This sometimes
also causes irreproducibility in TiO2 NW experiments. The
Al2O3 NPs were more uniform in size compared to TiO2 NPs
because of its smaller metal powder feed size. The XRD spectra
of TiO2 NPs (shown in Supporting Information) indicate that
both anatase and rutile phases are present. The anatase fraction
(fA) was calculated to be about 80% using the formula:21 fA )
(1 + 1.265IR/IA)-1, where IR and IA are the strongest peak
intensities of rutile and anatase phases in the XRD spectrum of
the sample. The Raman spectra (shown in Supporting Informa-
tion) of the as-synthesized TiO2 NPs correspond well with that
of commercial powders (∼95% anatase, from Alfa Aesar) with
predominant peaks for the anatase phase and a peak for the rutile
phase. The XRD spectra (shown in Supporting Information) of
as-synthesized Al2O3 NPs matches with JCPDS database # 016-
0394 confirming it to be δ-Al2O3 of tetragonal structure.22 The
δ phase transforms to the R phase upon further heating. This
phase does not give Raman bands due to reasons described
elsewhere.23,24

Mode of Heating the Metal Particles in Microwave
Plasma. The metal particles cannot absorb microwave radiation
directly to get heated. Similarly, the residence time for micron-
size metal particles is limited to few seconds. To understand
the mode of heating of metal particles, we performed a simple
order of magnitude analysis for heat transfer by conduction,
convection, radiation, surface chemical reactions, and collisional
heating in typical plasma. Our preliminary analysis suggests
that convection and reactive heating are the only dominant
modes. Collisional heating, which scales with υ/(ω2 + υ2), is
ineffective in microwave plasma because the collision to wave
frequency ratio υ/ω , 1.25,26 Here, υ is the electron-neutral
collision frequency and ω is the angular frequency of the
electromagnetic field. For an electron to collide with a positively
charged portion of a metal surface, the time it takes to reach
the surface (1/υ) should be smaller than the time the surface
takes to become negatively charged and repulse the electron
(1/ω, due to changing polarity of microwave-induced electric
field).

To melt a 65 μm average size Ti metal particle, 0.9 mJ
(milliJoule) of energy (mCpΔT + mL, m is mass of a single
spherical particle of Ti, Cp is average specific heat capacity over
the temperature range, ΔT is the temperature difference between
the Ti melting point and ambient temperature, and L is the latent
heat of fusion) is required. The reactive heating can impart about
40 mJ of energy during a flight time of 0.25 s through the plasma
flame. The convective heating, assuming a gas temperature of
1000 K, can provide about 5 mJ to the metal particle. The
reactive heating is estimated using the mass flux to the particle,
with an average value for heat of reaction of 1000 kJ/mol and
20% contribution by radicals, out of total flux. The most
important surface reactions involve O2 and H2 radical recom-
bination as well as metal oxidation reactions, which are shown
below:

H+HfH2 ΔH)-444 kJ ⁄ mol

O+OfO2 ΔH)-505.3 kJ ⁄ mol

Ti(s)+ 2OfTiO2(s) ΔH)-1445 kJ ⁄ mol

Ti(s)+O2fTiO2(s) ΔH)-939.6 kJ ⁄ mol

Figure 4 shows the comparison of energy required to melt
and the energy supplied via reactive and convective means
during the flight as a function of particle size. The data show
that the reactive energy is at least an order of magnitude higher
than the convective energy. The analysis also shows that there
is an upper size limit for the metal particle (in hundreds of
microns) beyond which the particles will not melt in plasma
using either of the heating modes. Nevertheless, this simple
analysis indicates that the reactive heating dominates the overall
heating mechanisms for metal particles in microwave plasmas
unlike that mentioned in some of the modeling efforts published
earlier.27,28

To test the hypothesis that the reactive heating is responsible
for melting the metal particles, comparative experiments were
performed using N2 plasma at 1.5 kW power and air plasma at
1.2 kW with a gas flow rate of 12 slpm in both cases with the
same particle size. The air plasma experiment showed large Ti
metal particles getting converted to smaller Ti metal particles
along with finer TiO2 NPs (shown in Supporting Information).
The N2 plasma experiments did not show any significant
alteration in the starting metal size. This clearly demonstrates
that the metals in plasma are heated to a large extent reactively
and not convectively. Convective heating, however, is effective
for heating very small size particles. This was confirmed by
pouring 100 nm size Zn particles into N2 plasma at 1.2 kW and
12 slpm flow rate. N2 plasma treatment of about 10 μm size Al
powders, on the other hand, did not show any size modification
effect.

Experimental Observations on Nucleation and Growth of
NWs. Many experiments involving Zn and Al metal powders
resulted in flowery morphologies indicating high density of
nucleation of metal oxide NWs from large droplets. In many
ways, these observations are similar to those observed when
performing plasma oxidation of metal particles supported on
substrates.10 The experimental observations with Sn and Ti are
slightly different. The flowery type NW growth observed for
Ti is not easily reproducible as explained before. In the case of
Sn, the resulting NWs are very straight and long (several
microns). Experiments with reactive vapor transport of Sn onto
substrates17 also resulted in similar observations of very long,
straight, and branched SnO2 NWs. In the present experiments,
such NW growth with direct oxidation of submicron size metal
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particles cannot be explained in simple terms and is the subject
of our continued studies.

Conclusions

A generic concept of gas-phase synthesis of metal oxide NWs
like ZnO, SnO2, TiO2, and Al2O3 is demonstrated using an
atmospheric microwave plasma jet reactor. The concept can be
easily extended to other metal systems. The plasma processing
chemistry can also be altered to obtain sulfides, nitrides,
carbides, and metal NWs. The introduction of H2 or steam has
been shown to reduce the sizes and increase the yield of NWs
in the product. A simple heating model is presented to show
that the reactive heating is the dominant mechanism for heating
the metal particles in the gas phase.
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Metal oxide nanowires
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Large-Scale, Hot-Filament-Assisted Synthesis of
Tungsten Oxide and Related Transition Metal Oxide
Nanowires
Jyothish Thangala, Sreeram Vaddiraju, Rahel Bogale, Ryan Thurman,
Trevor Powers, Biswapriya Deb, and Mahendra K. Sunkara*

A scalable and versatile method for the large-scale synthesis of tungsten
trioxide nanowires and their arrays on a variety of substrates, including
amorphous quartz and fluorinated tin oxide, is reported. The synthesis
involves the chemical-vapor transport of metal oxide vapor-phase species
using air or oxygen flow over hot filaments onto substrates kept at a
distance. The results show that the density of the nanowires can be varied
from 106–1010 cm�2 by varying the substrate temperature. The diameter of
the nanowires ranges from 100–20 nm. The results also show that varia-
tions in oxygen flow and substrate temperature affect the nanowire mor-
phology from straight to bundled to branched nanowires. A thermo-
ACHTUNGTRENNUNGdynamic model is proposed to show that the condensation of WO2

species primarily accounts for the nucleation and subsequent growth of
the nanowires, which supports the hypothesis that the nucleation of
nanowires occurs through condensation of suboxide WO2 vapor-phase
species. This is in contrast to the expected WO3 vapor-phase species con-
densation into WO3 solid phase for nanoparticle formation. The as-syn-
thesized nanowires are shown to form stable dispersions compared to
nanoparticles in various organic and inorganic solvents.

Keywords:
· arrays
· chemical vapor transport
· metal oxides
· nanowires
· nucleation

1. Introduction

Tungsten trioxide nanomaterials are of great interest
due to their potential use as electrochromic, gas sensing,
and photocatalyst materials.[1–3] Tungsten oxide nanowires
have been synthesized by heating tungsten in various forms
(plates, wires, and powders).[4–14] Previously, we reported the

synthesis of tungsten oxide and metallic tungsten nanowires
using oxygen flow over hot filaments onto substrates main-
tained at different temperatures.[15] Our study showed that
tungsten metal nanowires were formed when condensation
of metal oxide vapor-phase species occurred on the sub-
strates that were maintained at temperatures higher than
the decomposition of the respective oxide species. Similarly,
metal oxide nanowires formed on the substrates that were
maintained at temperatures below the decomposition tem-
perature of the respective oxides.[15]

All of the above techniques for the formation of tung-
sten oxide nanowires involve only vapor–solid interactions,
which do not suggest any straightforward reasons for the ob-
served one-dimensional (1D) crystal growth. Specifically,
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Supporting information for this article is available on the WWW
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the underlying nucleation and growth mechanisms are not
understood in terms of how a slight variation within the
chemical-vapor-deposition (CVD) setup could yield 1D
crystal growth. In the case of low-melting-point metal
oxides, the metal itself could provide the medium for either
spontaneous nucleation and basal growth[16] or tip-led
growth modes[17] for metal oxides at the synthesis tempera-
tures. However, the metals under consideration here, such
as tungsten, do not melt at the synthesis temperatures. So,
the present case of chemical-vapor transport and deposition
of metal oxide species for obtaining both metal and metal
oxide nanowires falls into the category of CVD techniques
with only gas–solid interactions and without the use of cata-
lyst particles or templates. It is therefore important to un-
derstand the mechanisms responsible for 1D growth of both
metal and metal oxide nanowires using only the vapor–solid
schemes. We performed a systematic experimental study,
followed by a thorough thermodynamic analysis, to clearly
understand the nucleation and growth mechanisms involved
in the nanowire formation. In addition, the above concept
was investigated using nickel and tantalum filaments for
synthesizing their respective oxide nanowires.

One of the primary uses for synthesized nanowire pow-
ders is with dispersions in several solvents; we therefore
also studied the dispersion behavior of the as-synthesized
nanowire powder using common solvents such as 1-methoxy
2-propanol and ethanol, and so on. A few studies have re-
cently discussed the dispersion of nanowires in polar sol-
vents.[18–19] Here, the agglomeration and stability behavior of
tungsten oxide nanowires in different solvents was studied
and compared to that of commercially obtained nanoparti-
cles.

2. Results and Discussion

A set of experiments using the tungsten filament at a
temperature of 1950 K and an oxygen partial pressure of
0.770 Torr resulted in the highest nucleation density (1.5�
1010 cm�2), leading to a vertical array of WO3 nanowires on
both quartz and fluorinated tin oxide (FTO) substrates. The
substrate temperature under these conditions was measured
to be between 775 and 823 K. The diameter of the nano-
wires obtained under these conditions ranged from 40 to
60 nm with lengths of a few micrometers (see Figure 1a and
b for scanning electron microscopy (SEM) images of a verti-
cal array of tungsten oxide nanowires on a quartz substrate).
Under the same experimental conditions, nanowire arrays
were synthesized on the FTO substrates and the as-synthe-
sized nanowire arrays on the FTO substrates were tested for
electrochromic devices; the results will be reported else-
where.[20]

Another set of experiments performed at higher partial
pressures of oxygen (P=10 Torr), using the same substrate
and filament temperatures, led to the formation of a high
density of nanowires bundled in the form of ball-like struc-
tures. As shown in Figure 1c and d, the structures consisted
of uniform-sized nanowires 20 nm in diameter and about
0.5 mm in length. A set of experiments performed by pulsing

the oxygen flow rate of 8 to 0 sccm, with an off-time scale
of a few minutes, repeated over three cycles resulted in 3D
branched nanowires (see SEM images in Supporting Infor-
mation). All other experimental parameters were kept con-
stant: the filament temperature was 1950 K and the sub-
strate temperature was around 775 to 823 K. The pulsing of
oxygen flow allowed for secondary nucleation and resulted
in the formation of branched nanowires.

The X-ray diffraction (XRD) spectrum (Figure 2a) indi-
cated that the as-synthesized, bluish nanowire deposit was
composed of an oxygen-deficient monoclinic W18O49 phase.
Oxidation of the as-synthesized nanowires in an ambient at-
mosphere at a temperature of 773 K for about 30 min
changed the color of the bluish nanowire deposit to yellow,
and the corresponding XRD spectrum (Figure 2b) indicated
that the phase of the nanowires changed from W18O49 to
WO3. At the same time, no structural damage or change

Figure 1. SEM images of as-synthesized, vertical arrays of tungsten
oxide nanowires on the quartz substrate at a filament temperature of
1950 K. a) Low-magnification image showing individual nanowires
with diameters in the range of 30 to 60 nm. b) Cross-sectional image
of the as-synthesized, vertical arrays of nanowires on the FTO sub-
strate. c) Low-magnification image showing the ball-like morphology
of tungsten oxide nanowires obtained at high partial pressures of
oxygen; the inset shows a higher-magnification image clearly indicat-
ing nanowires with uniform diameters of around 20 nm in each of
the ball-like structures. d) High-magnification image clearly showing
uniform-sized tungsten oxide nanowires in a single ball-like morphol-
ogy of nanowires.
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was observed for nanowires after the oxidation. The Raman
spectrum of tungsten oxide nanowires showed well-defined
bands at 264, 322, 709, and 803 cm�1. These bands corre-
spond to the monoclinic tungsten oxide phase.[21] The
Raman peaks at 264 and 322 cm�1 are assigned to the
O�W�O bending modes, and the 709 and 803 cm�1 peaks
are assigned to the stretching modes (see Supporting Infor-
mation). As shown in Figure 2c, the high-resolution trans-
mission electron microscopy (HRTEM) image of the nano-
wire shows no presence of amorphous sheath on the nano-
wire. The growth direction is determined to be [010], similar
to the report in Reference [12].

Experiments were also conducted at a higher substrate
temperature of 1073 K using the furnace around the quartz
tube and an oxygen partial pressure of 0.4 Torr while main-
taining the filaments at 1950 K. The as-synthesized blue
deposition on the substrate showed a networked, nanowire
thin film (or nanowire mat) containing 5-mm-long nanowires
with diameters ranging from 20 to 70 nm. These nanowire
mats consist of two phases: monoclinic WO2.9 and tetragonal
WO2.8 (see Supporting Information). The experiments using
the furnace around the quartz tube, a higher oxygen partial
pressure of 4 Torr, and a substrate temperature of 1073 K
resulted in a yellow–green deposit on the substrate that con-
tained only nanoparticles and the corresponding WO3

phase, as indicated by XRD measurements.
Experiments were performed to determine the effect of

substrate temperature on the resulting nanowire density by
varying the substrate temperature from 823 K to 1173 K,

while keeping the filament
temperature constant at
1950 K and using a constant
partial pressure of oxygen
(P=0.770 Torr). As shown in
Figure 3a, there is a decrease
in the nanowire density with
increasing substrate tempera-
ture. At higher substrate tem-
peratures, lower supersatura-
tion of gas-phase species re-
sults in nanowire mats. In all
of the experiments per-
formed, a uniform blue de-
posit was observed on both
the FTO and the quartz sub-
strates. Experiments were
also performed at different
partial pressures of oxygen,
keeping the filament temper-
ature (T=1950 K) and the
substrate temperature (T=

823 K) constant. As shown in
Figure 3b, there is an increase
in the nanowire density with
increasing partial pressure of
oxygen. In all experiments, a
blue deposit gave an indica-
tion of nanowire formation
and the yellowish green de-

posit gave an indication of nanoparticle formation.
The nucleation of tungsten oxide nanowires from the

vapor phase could be understood further by considering the
vapor-phase supersaturation. As shown in Figure 3c, the
equilibrium conditions of the gas-phase species near the fila-
ment and the substrate were considered. The equilibrium
calculations were performed using CHEMKIN 3.7.1 soft-
ware (Reaction Design, Inc., CA) by considering various
gas-phase species: O, O2, WO, WO2, W3O8, and WO3, and
solid-phase species: W, WO2, WO2.9, and WO3. Thermo-
ACHTUNGTRENNUNGdynamic data is not available for both solid- and gas-phase
species of suboxides such as W18O48, W18O49, and so on.
However, the W3O8 (WO2.667) gas-phase species, similar to
the experimentally observed W18O49 phase for nanowires,
was included in the calculation. The equilibrium composi-
tion at the substrate is determined using the equilibrium
composition from the filament as the initial composition.
The gas-phase supersaturation is defined as the ratio of the
partial pressure of a particular gas-phase species at the fila-
ment (P*f) to that at the substrate (P*S)as follows: supersa-
turation=RT ln (P*f/P*S).

At the experimental conditions (Tf=1950 K), the abso-
lute, equilibrium concentrations of both WO and W3O8 gas-
phase species are found to be insignificant and need not be
considered, and are about seven or more orders of magni-
tude less than that of the WO2 gas-phase species. The super-
saturations of WO2 and WO3 at various substrate tempera-
tures are presented in Figure 4b. It can be easily observed
that the supersaturation of WO2 is much greater than that

Figure 2. a) XRD spectra indicating that the as-synthesized tungsten oxide nanowires are made of the
W18O49 phase. b) XRD spectra of the oxidized tungsten oxide nanowires indicating the WO3 phase.
c) HRTEM image showing the absence of an amorphous sheath on the surface of the nanowire. d) SEM
image of blue deposit containing tungsten oxide nanowires with diameters around 40 nm and over
10 mm in length, obtained using partial pressure of oxygen of 0.4 Torr, a filament temperature of about
1950 K, and a substrate temperature of 800 8C.
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of WO3 under our experimental conditions; the WO2 species
are therefore expected to condense readily from the gas
phase onto the substrate. Further, the condensation of WO2

gas-phase species into solid WO2 is thermodynamically fa-
vored. In the absence of knowledge of the reaction kinetics
of oxygen decomposition at a tungsten filament, the amount
of atomic oxygen is estimated to be negligible and we did
not include any reactions involving atomic oxygen. The ex-
pected reactions involving WO2 species are shown in
Table 1 of the Supporting Information. The formation of
gas-phase species of WO2 is possible at the experimental

conditions. Also, the condensation of WO2 (gas, g) to WO2

(solid, s), the desorption reaction and the oxidation reac-
tions at the substrate are feasible (see Supporting Informa-
tion).

Based on all of the possible reactions at the filament
and the substrate, a nucleation and growth model, shown in
Figure 4a, is proposed for the observed 1D growth of tung-
sten oxide nanowires: First, the high supersaturation of
WO2 (g) leads to condensation into WO2 (s) clusters in a nu-
cleation step. Secondly, further oxidation of WO2 clusters
could be favorable at the cluster–substrate interface, which
leads to precipitation of WO3�x crystals on the substrate
with a tip whose dimensions are considerably less than the
crystal. Finally, the enhanced adsorption of WO2/WO3 spe-
cies on the tip relative to the bulk surface, followed by fur-
ther oxidation at the cluster–crystal interface, leads to 1D
growth of WO3�x nanowires. The enhanced adsorption at
the tip was also made possible by the competition between
the net condensation reaction and the desorption/oxidation
reactions on the WO2 cluster in comparison to the WO3�x

nanowire, and determine the relative rates of axial versus
radial growth. In essence, the nanowire nucleation could be
through WO2 cluster nucleation while 1D growth could be
led by an amorphous WO2+y cluster (with 2+y less than
3�x) at the tip. The WO2+y tip is not visible in any of the
experimental results and it is presumed that the tip will also
be oxidized during the experimental shutdown. Hence,
there was no tip associated with tungsten oxide nanowires
and the entire nanowire was composed of one phase, that is,
the oxygen-deficient W18O49 phase.

If WO2 species are responsible for nucleation, the nano-
wire density can be estimated as the following:

Nanowire density / RT ln
pWO2 ;filament

pWO2 ;substrate

� �� �

As shown in Figure 3a, the nanowire density is inversely
proportional to the substrate temperature, similar to the
trend of WO2 supersaturation as shown in Figure 4b. At
higher substrate temperatures, the lower supersaturation of
gas-phase species leads to the growth of low-density nano-
wires in the form of mats. At lower substrate temperatures,
the higher supersaturation of gas-phase species leads to a
high density of nucleation of nanowires that grew vertically
in the form of arrays. At lower substrate temperatures, our
thermodynamic computations predict that the equilibrium
composition of WO2 species in the gas phase becomes prac-
tically zero, which leads to extremely high supersaturation
values. The experimentally calculated nanowire densities
also correlate well with the estimated supersaturation trend
at different partial pressures of oxygen (Figure 3b and Fig-
ure 4c). This explains the high nucleation densities observed
at high partial pressures of oxygen.

Several synthesis experiments, in which the growth dura-
tions were varied from 10 to 60 min, were performed to de-
termine the radial and axial growth rates of the nanowires.
The results show that there was no increase in the density
but an increase in both the diameter and length of the
wires. A linear correlation was added and the intercept was

Figure 3. a) Experimental data showing the nanowire density
obtained as a function of substrate temperature. b) Experimental
data showing the effect of partial pressure of oxygen on the nano-
wire density at lower substrate temperature (823 K). c) Schematic
image describing the equilibrium parameters at the filament and at
the substrate used for estimating the imposed gas-phase supersatu-
ration at the substrate.
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made zero to approximate the growth rate (see Supporting
Information). It was observed that the radial growth rate
was 2.82 nmmin�1 and the axial growth rate was
0.38 mmmin�1, which suggests an anisotropic growth-rate
ratio of about 100. In some experiments, the aspect ratios of
the resulting nanowires were as high as 1000. Such aniso-
tropic growth in crystals could not be accounted for by the
differences in growth rates
expected in different crystal-
lographic directions in a crys-
tal. As proposed, a suboxide
cluster at the tip promotes
axial growth through en-
hanced adsorption of growth
species. The proposal of oxide
clusters for enabling 1D
growth of nanowires is not
completely new. It was first
observed with silicon-nano-
wire growth in which subox-
ide silica (SiOx) clusters at
tips were hypothesized to be
responsible for the observed
1D growth.[22] However, the
SiOx clusters at tips were not
directly observed but a sheath
of silica was observed around
the crystalline silicon nano-
wires.[23] In a later study using
direct oxidation of Si, it was
also observed that silica
nuclei aided in the 1D growth
of amorphous silica nano-
wires.[24] Recently, we showed

that the high density of nucle-
ation and basal growth was
found to be responsible for
Nb2O5 nanowire growth
under direct plasma oxidation
of Nb foils in the absence of
any foreign metal contamina-
tion.[25] In another study, a
mixture of iron oxide and
boron oxides promoted the
growth of magnesium oxide
nanowires, probably by pro-
viding the molten-phase clus-
ters at the tip during synthe-
sis.[26]

The experiments were
also performed with the aim
of demonstrating the concept
for other metal oxide systems,
using nickel and tantalum fil-
aments. In both the cases, the
respective metal oxide nano-
wires, that is, NiO and Ta2O5,
were obtained. Representa-
tive SEM images and Raman

spectra of the NiO and Ta2O5 nanowires are shown in
Figure 5. The use of low amounts of oxygen in our synthesis
conditions allowed for longer lifetimes of the filaments. In
the case of tungsten filaments, the filaments typically lasted
over several tens of experiments without causing any hot
spots. The technique described here could easily be extend-
ed to several material systems beyond tungsten, nickel, and

Figure 4. a) Schematic image illustrating the proposed mechanism for the formation of tungsten oxide
nanowires through various solid–vapor interactions. b) Theoretically estimated supersaturation of tung-
sten oxide (WO3 and WO2) species as a function of substrate temperature. c) Theoretically estimated
supersaturation of tungsten oxide (WO2) species as a function of partial pressure of oxygen (at constant
substrate temperature of 823 K and filament temperature of 1950 K).

Figure 5. a) SEM image of NiO nanowires synthesized using the chemical-vapor transport concept with
nickel as the hot filament (filament temperature=1350 8C, 1 sccm O2/100 sccm Ar). b) Raman spectrum
of the as-synthesized nanowires showing a broad peak at 500.5 cm�1 that corresponds to the NiO
phase. c) Ta2O5 nanowires synthesized using tantalum filaments (filament temperature=2000 8C,
100 sccm Ar/0.4 sccm air), and d) Raman spectrum of the as-synthesized nanowire deposit showing pri-
mary modes corresponding to Ta2O5.
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tantalum. Also, the technique could easily be scaled up by
increasing the diameter of the quartz tube used. In the case
of scale-up, the metal oxide nanowires could either be
grown in the form of vertical arrays or could be scraped up
easily for bulk quantities of nanowires. In either case, the
resulting metal oxide nanowires do not contain any foreign
metal contamination, allowing them to be used readily.

Interestingly, the as-synthesized nanowires exhibited
stable dispersions in both organic and aqueous solvents such
as dimethyl formamide (DMF) and water. The sedimenta-
tion studies of nanowire dispersions showed that the nano-
wires remain in the solution for longer periods of time and
no sediment or any kind of agglomeration is noticed for
long periods of time. Similar studies using commercially
available, tungsten trioxide nanoparticles with a primary
particle size of 30 nm showed
that they form micrometer-
sized spherical agglomerates
that sediment out quickly.
Typical SEM images (see
Supporting Information)
showed differences in the ag-
glomeration patterns: In the
case of nanowire dispersions,
the sediment shows the ran-
domly placed nanowires, indi-
cating no agglomeration of
nanowires in the solution; the
nanoparticle dispersions show
micrometer-scale, spherical
aggregates containing the pri-
mary nanoparticles. The dif-
ference in their agglomera-
tion behavior seems to be influenced mainly by their shape
(high aspect ratio) as both as-synthesized nanowires and
nanoparticles exhibit the same zeta-potential values.

3. Conclusions

In summary, we have presented a chemical-vapor trans-
port method for the synthesis of large quantities of tungsten
oxide nanowires with different morphologies (nanowire
mats, nanowire arrays, branched structures, and ball-shaped
morphologies containing nanowires) on various substrates.
A thermodynamic model was proposed that suggests that
the gas-phase supersaturation of WO2 is responsible for the
nucleation of WO3�x nanowires and a WO2+y (2+y less
than 3�x) cluster at the tip is proposed to be responsible
for nanowire growth. The proposed model predicted the
large dependence of nanowire density on both the substrate
temperature and partial pressures of oxygen, consistent with
the experimental findings. In addition to tungsten oxide, this
method is applicable in synthesizing nanowires of other
transition metals, as demonstrated using nickel oxide and
tantalum oxide as additional examples. Further, the scalabil-
ity of the concept was also demonstrated and this concept
could potentially be scaled-up further for inexpensively ob-
taining gram quantities of nanowires. The as-synthesized

tungsten oxide nanowires formed stable dispersions in a va-
riety of aqueous and organic solvents compared to nanopar-
ticles.

4. Experimental Section

A hot-filament CVD reactor setup, equipped with the neces-
sary metal-filament source, was employed for the synthesis of
the metal oxide nanowires. The setup, shown in Figure 6a, con-
sists of a 2-in.-diameter quartz tube housed in a tube furnace
heater. For the synthesis of tungsten oxide nanowires, a
0.5-mm-diameter coiled tungsten filament was used as the

source. The tungsten filament was heated to temperatures rang-
ing from 1773–2273 K. The temperatures of both the filament
and the substrate were monitored using a dual-wavelength pyro-
meter (Wilkinson, MA). Quartz boats were employed for collect-
ing the deposition and preventing direct deposition onto the
walls of the quartz tube. Typically, the substrates (quartz and
FTO-coated quartz slides) were placed on the boat, as shown in
the schematic. In the absence of the furnace, the radiation from
the hot filaments directly heated the substrates to a maximum
temperature of about 823 K. In some cases, furnace heating was
employed to achieve higher substrate temperatures while main-
taining the same filament temperature. The feed-gas composition
was controlled using pure oxygen or argon/air mixtures for
oxygen partial pressures ranging from 0.1 Torr to 10 Torr. The
tungsten filament was always heated to a temperature of about
1950 K while maintaining the power (voltage and current used
for heating the filament) constant in all of the experiments. The
typical duration of each experiment was approximately 15 min.
The optical photograph in Figure 6b shows quartz slides coated
with tungsten oxide nanowire arrays uniformly over large areas.

The as-synthesized nanowires were collected in a dry powder
form by scraping it from the quartz substrates. The as-obtained
nanowire powder was dispersed into three different solvents:
water, ethanol and 1-methoxy 2-propanol, and DMF using ultra-
sonication with a horn (UP200S Ultrasonic Processor) for two mi-
nutes, followed by sonication using an ultrasonication bath for

Figure 6. a) Schematic image of the hot-filament CVD reactor using tungsten filaments. MFC: mass-flow
controller. b) Optical image showing the uniform coating of the tungsten oxide nanowire arrays on a
quartz substrate.
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about 15 min. The dispersions were allowed to settle for a few
minutes and the initial sediments were taken out and weighed.
The intermittent sediments were examined using SEM to observe
the agglomeration patterns.
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Abstract
Here, we present the results of the resistive response of tungsten trioxide
nanowire (mat-like, nanowire networks) and nanoparticle thin films subjected
to N2O gas in the temperature range of 373–773 K. The nanowire mats
exhibited an order of magnitude higher response in the resistivity change
compared to that of nanoparticle films at temperatures above 523 K.
Nanowire mats also exhibited relatively faster adsorption and desorption
times. Impedance spectroscopy studies showed that the gas sensing
mechanism for nanowire mats involves changes in both the nanowire and
grain boundary resistances, whereas for nanoparticle films only the grain
boundary resistance governs the sensor properties upon exposure to gases.

1. Introduction

Recently, the nanocrystalline metal oxide materials have
attracted interest for gas sensing applications due to their
increased surface-to-volume ratio and high density of surface
sites [1–8]. The thin film sensors usually work by changing the
surface conductivity of the active material due to the surface
adsorption of the gas species and related space charge effects.
Therefore, the gas detection ability dramatically increases
with decreasing grain size [9] and the surface-to-volume ratio
limits the maximum sensitivity [10]. Porous thin films were
often preferred to overcome this problem because they offer
increased surface-to-volume ratios [11, 12].

Single nanowire devices and nanowire arrays offer great
potential for high sensitivity with their ultrahigh surface-to-
volume ratio. These devices are just beginning to be explored.
For example, single nanowire devices using SnO2, TiO2, ZnO,
In2O3 and WO3 nanowires have been fabricated and their
performances have been investigated in terms of operating
temperature, sensitivity and response time [13–23]. In the case
of single nanowire devices, an excellent review [24] proposed
that a small change in the chemical state of the surface can
cause depletion/accumulation of electron/holes not only near

4 Author to whom any correspondence should be addressed.

the surface but also in the entire volume of the nanostructure.
The fast response and recovery times of these types of device
depend on ultra fast adsorption/desorption kinetics between the
nanowire surface and the gas phase. Recent reports of ethanol
vapour detection by ZnSnO3 nanowires show the response and
recovery time to be as fast as 1 s [25]. However, the fabrication
of single nanowire devices and parallel nanowire array devices
require cumbersome post-growth processing [8, 14, 19, 26, 27].

On the other hand, thin films containing nanowires in a
highly networked fashion could probably be used for making
gas sensing devices with behaviour similar to that of single
nanowire devices without much post-processing effort. This
is possible only when the individual nanowires within the
mat are covalently bonded to each other and the mat closely
resembles that of two- and three-dimensional networks of
nanowires. In a recent paper, synthesis of a nanowire
thin film containing branched tungsten oxide nanowires was
reported that simulated a type of three-dimensional nanowire
network [28]. The sensors made using such films yielded
promising gas detection performances.

In our study, we deposited mat-like three-dimensional
networks of nanowire films and investigated their gas sensing
behaviour and compared it to that of the nanoparticle thin films.
Trace amounts of nitrous oxide (N2O) diluted in nitrogen were

0957-4484/07/285501+07$30.00 1 © 2007 IOP Publishing Ltd Printed in the UK
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(a) (b)

Figure 1. (a) A schematic diagram of the hot-filament chemical vapour deposition (HFCVD) reactor used for synthesizing nanowire mats and
nanoparticle thin films and (b) a schematic diagram of the experimental set-up used for gas sensing studies.

(a) (b)

Figure 2. Scanning electron micrographs of (a) nanowire mat (the inset shows a high magnification image of the nanowire joints) and
(b) nanoparticle samples.

used for determining the gas sensing performance of both types
of sensors.

2. Experimental details

The WO3 nanowire mats and nanoparticle films were
deposited on quartz substrates using a custom-built, hot-
filament chemical vapour deposition (HF-CVD) reactor shown
in figure 1(a). The synthesis concept involves the generation of
tungsten oxide species from tungsten filaments using oxygen
and depositing tungsten oxide nanowires [29] and tungsten
oxide nanoparticle thin films on quartz substrates.

As shown in figure 1(a), the HFCVD reactor is a 32 inch
long, 2 inch diameter quartz tube located inside a tube furnace.
The tungsten filament (99.95% purity, 0.5 mm diameter)
wound over a boron nitride (BN) rod served as the metal
source. The filament temperature and the oven temperature
were maintained at 1700 ◦C and 800 ◦C, respectively. The
pressure was maintained at 200 mTorr with a 100 sccm flow
of argon and a 0.4 sccm flow of air. The temperature was
high (>800 ◦C) owing to the radiation from the filament
yielding low nucleation density on the substrate. Owing to
the high synthesis temperature and low nucleation densities,
the nanowires tend to grow parallel to the substrate making
thin film containing 3D connections of nanowires. Lowering
the temperature resulted in a higher nucleation density and
randomly oriented nanowires forming dense thin films instead

of the networks of nanowires [29]. Nanoparticle films were
also obtained using the same set-up but at a chamber pressure
of 300 mTorr using a 100 sccm flow of argon and a 0.2 sccm
flow of oxygen. Nanowire mats and nanoparticle thin films
were initially deposited onto 50 cm2 quartz substrates and later
cut into small pieces for fabricating gas sensors.

The gas sensing measurements were performed using
a specially designed set-up as shown in figure 1(b). Two
chromel/alumel thermocouples and two additional copper
leads (0.003 inch diameter wires) were attached with small
amounts of silver epoxy to the four corners of the 5 mm×5 mm
square sample. The apparatus was equipped with a turbo
molecular pump capable of evacuating to 10−7 Torr for in
situ studies in the temperature range of 77–600 K using a
tube furnace and liquid nitrogen. The test gas was diluted
with N2 gas to give concentrations ranging from 1–100 ppm.
The four probe resistance was measured using a constant
current source (Keithley 2400) and a nano-voltmeter (Keithley
2182). Impedance measurements of the sensors at different
temperatures were acquired using a potentiostat/galvanostat
(EG&G 273 A) in the frequency range of 10 mHz–100 KHz.

3. Results and discussion

Figures 2(a) and (b) show SEM images of the nanowire
mat and nanoparticle thin film samples. As shown in
figure 2(a), the mat contains nanowires that are several microns
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(a)

(b)

Figure 3. (a) Room temperature XRD spectrum of the nanowire mat
sample showing the presence of both monoclinic and tetragonal
phases and (b) room temperature Raman spectrum of the nanowire
mat sample.

long and are bonded with several other nanowires forming
three-dimensional nanowire networks. This type of mat-like
morphology is different to that of a typical randomly oriented
nanowire thin film (example: figure 5(a)) where each nanowire
is randomly oriented and separated from the others. The
x-ray diffraction patterns shown in figure 3(a) indicate that
as-synthesized nanowires are made of oxygen deficient WO3

phases. The presence of a mixture of monoclinic WO2.9 and
tetragonal WO2.8 phases is evident and consistent with earlier
observations [22–26].

The room temperature Raman spectra shown in figure 3(b)
indicate crystalline phases of WO3 within three main spectral
regions between (i) 900–600 cm−1, (ii) 400–200 cm−1 and (iii)
below 200 cm−1. It has been established that they correspond,
respectively, to stretching, bending and latticemodes [30]. The
Raman spectra for the nanowire sample showed two prominent
peaks corresponding to the O–W–O stretching mode at 778
and 602 cm−1 which were shifted from the 809 and 714 cm−1
nanoparticle thin film values—not shown here—presumably
due to oxygen deficiency in the nanowires. The absence of the
947 cm−1 peak in nanowire spectra indicates that there are no
tungsten oxide hydrates (WO3·nH2O) present in the sample.

Typical sensor responses of both nanoparticle thin film
and nanowire mat samples at 673 K are shown in figures 4(a)
and (b). The samples were heated in vacuum to the set
temperature while monitoring the resistance and were allowed
to stabilize at the chosen temperature. The saturation process
itself took about 30 to 45 min. Then the samples were
exposed to a pre-determined concentration of N2O diluted
with N2 and the change in the resistance was monitored.
At the saturation point of the adsorption, the gas flow was
stopped and the experiment chamber was evacuated to allow
the resistance to recover its original value. Table 1 compares
the results obtained from the sensor experiments at different
temperatures for both types of sensor. Although the nanowire
mat sensor showed some detectable response at temperatures

(a) (b)

(c)

Figure 4. The electrical resistance response data with exposure to different gas concentrations for (a) nanowire mat and (b) nanoparticle thin
films at 673 K. (c) The sensitivity of the nanowire mat is compared to that of nanoparticle thin films as a function of temperature at a 1 ppm
concentration of N2O. The inset shows the sensitivity as a function of gas concentration at 673 K.

3
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(a) (b)

Figure 5. (a) Scanning electron micrograph of a randomly oriented nanowire sample and (b) typical sensor response of the nanowire film
sample shown in figure 5(a) at 673 K and 1 ppm gas exposure.

Table 1. Comparison of gas sensing performance between nanowire mat and nanoparticle film samples at different temperatures.

Temperature
(K) Sensor type

Gas
concentration
(ppm)

Per cent
sensitivitya
Rgas−Rvac

Rvac
× 100

T90
response
time (min)

T90
recovery
time (min)

300 Nanowire mats 1 1 — —
10 3 — —
100 5 — —

Nanoparticle films 1 0 — —
10 0 — —
100 0 — —

373 Nanowire mats 1 1 — —
10 2 — —
100 8 — —

Nanoparticle films 1 0 — —
10 0 — —
100 0 — —

523 Nanowire mats 1 14 6.0 39.0
10 38 28.0 36.5
100 68 33.3 37.0

Nanoparticle films 1 10.8 12.0 72.0
10 12 31.0 51.2
100 20 38.3 55.4

673 Nanowire mats 1 254 4.95 20.0
10 393 10.5 37.0
100 719 7.0 36.0

Nanoparticle films 1 69 6.2 26.0
10 86 11.4 38.0
100 112 10.2 26.0

723 Nanowire mats 1 341 2.92 8.0
10 2130 4.20 15.9
100 2690 5.90 18.0

Nanoparticle films 1 88 5.5 11.0
10 144 5.63 10.4
100 316 6.8 12.2

aRvac: resistance measured at vacuum; Rgas: resistance of the sample after gas exposure.

below 523 K, the response and recovery time was quite
high (∼3 h). The nanoparticle film sensor did not show
any significant response at these temperatures. T90, the
time required to reach 90% of the total change in resistance,
response and recovery times were investigated for both types
of sensor. For nanoparticle thin films, the recovery was slow

and always led to overshooting. In order to get back to the base
resistance, the operating temperature was always increased by
20–25◦ for a few minutes to obtain the response shown in
figure 4(b).

Figure 4(c) clearly shows that higher sensitivity values
were obtained with nanowire mats than with nanoparticle
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Table 2. Parameters obtained from the fit of the nanowire sensor spectrum with equations (2) and (3). Time constants could be calculated
from the first-order rate constant values.

Response zone Recovery zone
Operating Gas [θ] = a − be−ct [θ] = θ0 + θ1e−ct

temperature concentration
(K) (ppm) a b c θ0 θ1 c

673 1 337 231 0.42 110 119.3 22.97
673 10 905 730 0.22 98 632 14.08
673 100 2374 2036 0.2 102 629.47 13.87
523 1 917 107 0.41 789 118.35 15.13
723 1 3720 2938.4 0.79 927 2444.4 6.18

films. The nanowire mats also exhibited much improved
response and recovery times (see table 1). The lowest
detectable concentration limit was estimated by extrapolating
the sensitivity as a function of gas concentration to be about
100 ppb.

The sensing mechanism for N2O involves the formation
of electron accepting adsorbates on the surface of metal oxides
as described elsewhere [31, 32]. The rate of increase in
the electrical resistance in the response spectrum should be
proportional to the steady state adsorbate concentration on the
surface which could be estimated through a balance equation
involving first-order kinetics of adsorption and desorption.

d[θ ]
dt

= Ka[C] − Kd[θ ] (1)

where Ka and Kd are adsorption and desorption rate constants
respectively. The above equation can be solved for a given gas
phase concentration, [C], for steady state adsorbate coverage,
[θ ].

[θ ] = a − be−ct (2)

where a, b and c are constants that depend on the adsorption
and desorption rates. The constant, a, is proportional to
the adsorption rate and hence is directly proportional to the
gas phase concentration. The constant, c, represents the
rate constant involved with desorption and hence the time
constant in the response curve. On the other hand, the rate of
desorption would be dominant during recovery and the solution
to equation (1) is of the form:

[θ ] = θ0 + θ1e
−ct (3)

where θ0 and θ1 are constants. The experimental response
and recovery curves follow the trends given in equations (2)
and (3). For networked nanowire sensors the response
and recovery time constants were found to be 75 s and
6 min respectively at 723 K. Estimated rate constants of the
nanowire sensor for different operating conditions are listed
in table 2. The activation energy calculated from the slope of
the time constant–temperature plot was∼26 kcal mol−1 for the
nanowire device.

In order to understand the differences between different
types of nanowire thin films for gas sensing, we deposited
randomly oriented nanowire thin film as shown in figure 5(a).
The typical response using such a nanowire film shown in
figure 5(a) for detection of N2O gas is shown in figure 5(b).
The results show that the sensitivity of such a randomly
oriented film is lower compared to that of the interconnected
networked nanowire thin films but is similar to or better

than that of nanoparticle thin films. These results, with
modest improvements in sensitivity when using thin films
containing randomly oriented nanowires, are consistent with
earlier observations [22, 33]. For example, the performance
of sensors made using a randomly oriented WO3 nanowire
film is improved in terms of sensitivity compared to that made
using sol–gel processed tungsten oxide thin film [33]. But,
both types of sensor seem to be significantly less sensitive
than the interconnected networked nanowire mats reported in
the present work. The main difference is with the extent
of networking and sintered joints between the nanowires
throughout the film.

Single nanowire devices on the other hand are known for
their high sensitivity and extremely fast response and recovery
time. In such cases, the active nanowire sensor element can
act as a resistive element whose resistance can be changed
by the charge transfer process occurring at the surface or as
a field-effect transistor whose properties can be monitored by
varying the gate potential. Single and multiple In2O3 nanowire
based transistors have been shown to detect ppb levels of
NO2 and NH3 [23, 34]. Although the response timescales for
single metal oxide nanowire sensors depend on active sensor
materials—as low as 40 s was reported for CO detection with
SnO2 nanowires [35]—the desorption kinetics of these single
nanowire devices were found to be similar to that reported
here. The response times (as well as recovery times) of the
nanowire mats could possibly be improved further by reducing
the distance between the contacts to several microns making
them behave similar to single nanowire based sensors.

While the DC measurement gives information on the
global sensor response, the alternating current (AC) approach
offers a powerful tool to examine the nature of conduction
processes and the mechanism of gas/solid interactions. For
an applied AC signal under appropriate conditions, individual
contributions from both the grain and grain boundaries to the
overall sensor’s resistivity can be resolved. A simple equivalent
circuit comprising an R–C network [36–40] can be used to
analyse the data and is shown in figure 6(a) along with its
Nyquist plot. The impedance of the considered circuit is given
by

Z = Rg +
[

1

1/Rgb + jωCgb

]
(4)

where Rg is the grain resistance, Rgb is the grain boundary
resistance and Cgb is the grain boundary capacitance. The
DC impedance is given by (Rg + Rgb) and the intercept of
the impedance curve at high frequencies with the real axis
equals Rg. By fitting the experimental response with that

5

Reference No 30

125



Nanotechnology 18 (2007) 285501 B Deb et al

Rg
Rgb

Rg+RgbRg

Cgb

Real Z

Im Z

ω

(a)

(c)(b)
0 minutes

Figure 6. (a) The equivalent circuit model for analysing the impedance behaviour of thin film gas sensors. (b) The Nyquist plots of the
impedance data obtained with the nanoparticle sensor before and after exposure at 673 K and (c) the Nyquist plots of the nanowire sensor
before and after exposure at 673 K.

of the equivalent circuit, quantitative information about each
contributing region can be obtained.

Figure 6(b) shows the transient response for the
nanoparticle thin film sensor upon exposure to 10 ppm
N2O at 673 K. We constantly monitored the changes in
the impedance spectrum with time after the introduction
of gas species. The analysis of the data is presented in
figure 6(b) for various contributions from grain resistance,
grain boundary resistance and grain boundary capacitance. The
grain boundary capacitance remains unchanged throughout
the response period. The analysis shows that the grain
resistance (Rg) does not vary considerably and the grain
boundary resistance (Rgb) contributes mainly to the overall
increase in the sensitivity. The impedance results with
nanoparticle thin film sensors compare fairly well with the
literature which established that the surface conductivity of
a solid state metal oxide sensor is modified by adsorption
of gas species and related space charge effects, and that the
gas adsorption/desorption predominantly takes place at grain
boundaries [37, 39, 41]. The sensitivity to the adsorbates at the
grain boundaries also explains the slow timescales for recovery
of sensing behaviour, i.e., the rate of desorption from grain
boundaries is only equal to the ratio of grain boundary area
to total surface area.

The transient impedance data were also obtained for
nanowire mat samples as shown in figure 6(c). The
analysis of the impedance data as summarized in table 3
clearly indicates that both grain resistance (in this case bulk

Table 3. Change in grain and grain boundary resistance of the
nanowire mats for exposure to different concentrations of gas. The
data was obtained by performing semicircular fits on the
corresponding Nyquist plots.

Gas concentration
(ppm) Gas exposure Rg (�) Rgb (�) Rtotal (�)

1 Before 8.4 16.85 24.85
After steady state 14.82 43.98 58.8

10 Before 9.7 20.93 30.63
After steady state 69.51 167.59 237.1

100 Before 9.94 36.75 46.69
After steady state 268 459 727

nanowire resistance, Rg) and grain boundary resistance (certain
nanowire/nanowire boundary resistance, Rgb) contribute
significantly to the total resistance. These results indicate that
highly networked nanowire thin film could behave similarly
to a single nanowire or parallel nanowire array between two
contacts as shown for SnO2 nanowires by Kolmakov et al
[35]. The results suggested that a sharp change in the bulk
conductance of the nanowires occurs due to electron transfer
from a surface state into the nanowires interior when it is
exposed to trace gas. In our case, the results suggest that
initially there exists a partially depleted state and that the
conducting channel in the nanowires narrows or widens upon
exposure to the oxidizing or reducing gas species.
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4. Conclusions

The highly networked nanowire mats are shown to be effective
gas sensing materials with an order of magnitude higher
sensitivity values compared to that of both the randomly
oriented nanowires and nanoparticle films. The nanowire
mat-like films have the potential to be integrated into sensors
with few post-processing steps and also have the potential
to achieve a performance closer to that of single nanowire
devices. The impedance data showed that both grain boundary
resistance and grain resistance change with exposure to gases
for nanowire mats whereas only the grain boundary resistance
changes for nanoparticle films.
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ABSTRACT
Using various nanomanipulating instruments, solvated polymers are simultaneously formed into fibers, adhered to solid supports, and
interconnected in real-time to create suspended fiber bridges and networks of specified geometries. Fibers from 50 nm to 20 μm diameter
have been drawn individually and in parallel using single tips and tip arrays. The speed and ease of producing suspended three-dimensional
structures recommends the method for application to custom fabrication of prototype microfluidic and microoptical devices.

In the field of micro- and nanostructure fabrication there is
as much an emphasis on simplifying fabrication as there is
on making smaller structures. Recently developed fabrication
methods that are noted for their ease of use (as compared to
conventional planar microfabrication methods) include soft
lithography and microcontact printing with self-assembled
monolayers (SAM), nanoimprint lithography, self-assembly
of colloidal crystals, dip pen nanolithography with SAM inks,
and electrostatically driven self-assembled texturing of melted
polymers.1-5 We have found that polymer fibers can be spun
and drawn, both individually (Figure 1A,B) and in parallel
(Figure 1C), and simultaneously positioned and intercon-
nected as they are drawn, resulting in fibers and fiber net-
works suspended in air that span lengths from a few microns
to several centimeters with diameters from tens of microns
to under 50 nm. We believe that these fabrication processes
are comparable in terms of ease of use to the fabrication
methods mentioned above. For comparison, other fiber spin-
ning methods for which nanoscale diameters have been
reported include electrospinning to uniform diameters as
small as 50 nm6 and beaded fibers with neck diameters as
small as 3 nm.7 However, electrospun fibers have not been
directly patterned into individually drawn and suspended
strands. Rather, they are collected as mats. Also, individual
fibers of 100 nm diameter have been electrospun between
oppositely charged droplets of liquid polymer separated by
only about 15 μm.8 The reported fibers appear to be resting
on the substrate rather than suspended.

Herein we focus on demonstrating that our methods of
direct fiber drawing (Figure 1A,B and Figure 1C) are capable

of patterning suspended structures with micro- and nanoscale
diameters. The novelty of this process is not the drawing of
fibers but our proposal of directly forming and patterning
suspended fibers into useful nanostructures and three-

Figure 1. Fabrication methods for forming and using polymer
fibers. Basic method of (A) drawing fiber from liquid polymer
droplet and (B) attaching drawn fiber into second droplet to
complete a suspended beam. Modified method of (C) drawing
multiple suspended fibers in parallel. Increased fabrication com-
plexity is demonstrated by (D) overcoating a polymer network
followed by (E) dissolution of the polymer to produce a suspended
capillary network.
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dimensional geometries. Compared to making suspended
structures by planar lithography (which requires many hours
for sacrificial layer deposition, bridge layer deposition, resist
spin-on, photopatterning, development, etching of the bridge
layer, and etching of the sacrificial layer to release the
bridge), our one-step method is fast (requiring a few seconds
drawing time per fiber) and one which we consider poten-
tially useful for custom fabrication of laboratory device
prototypes.

�rior to describing our fabrication studies, it is worth
comparing our fiber forming processes (Figure 1A,B and
Figure 1C in which a sharp tip pulls a fiber from a droplet
of solvated polymer) to related known processes of fiber
spinning. �ur process is somewhat comparable to the solution
spinning method referred to as dry spinning except that,
unlike dry spinning, the polymer is not extruded from a
spinneret.� More representative than dry spinning of the
physical processes involved in our method of forming fibers
is the experimental methodology for determining rheological
properties of polymers that is referred to as capillary breakup
rheometry (CBR).10 In CBR, a gap between two parallel
circular plates is filled with a liquid. The plates are quickly
separated to a predetermined distance and then the diameter
at the midpoint between the two plates is optically monitored
over time. (�ote that for plate separation speeds that exceed
the rate of mass transport due to capillary flow, the initial
diameter of the midpoint is independent of separation speed.)
Capillary forces due to the surface tension of the liquid lead
to capillary thinning and breakup of the resulting filament.
According to the model of Tripathi et al�11 for CBR of a
polymer in a volatile solvent, a fiber, rather than breaking,
will thin to an equilibrium diameter �f if the evaporation
rate (described by the thermogravimetric constant h) and
viscosity (ηo) are large enough and the surface tension of
the liquid polymer (σ) is small enough. These tendencies
are summari�ed in the single parameter � ) ηoh�σ, which
predicts an equilibrium diameter of �f ) �i exp(-0.035��)
where �i is the initial radius found upon separating the plates.
For �) 0.05, the equilibrium radius is one-half of the initial
radius, for �) 0.01 the equilibrium radius is 3� of the initial
radius, and � ) 0 corresponds to capillary breakup.
Therefore, to obtain small diameter fibers while minimi�ing
the risk of breakup, it is preferable to reduce the value of �i

rather than the value of �. While the model, through the
parameter �, does provide substantial insight into how the
material properties control fiber diameter, the CBR model11

would need to be extended to the more complex geometry
of using a sharp tip, a rounded polymer droplet and the
contact area between the tip and droplet. The smallest
diameter fibers reported in this study appear to have formed
through this process of capillary thinning, which, as described
above, is independent of (adequately fast) separation speeds.
Alternatively, for dry spinning in which the plate separation
can be considered to be infinite and the fiber solidifies along
most of its length prior to reaching infinite separation, the
speed may have a more direct effect on diameter. However,
the assumptions for the CBR model (fast separation over a
finite distance, followed by capillary thinning) seem to best

describe our typical drawing conditions, especially those
conditions that produced the smallest diameter fibers.
Therefore, we will refer to the CBR model10,11 throughout
the paper to qualitatively explain our experimental results.

The basic (serial) fabrication concept is presented in Figure
1A,B. Fibers are formed at room temperature from polymers
dissolved in volatile solvents. The tip is dipped into the
polymer drop a number of times while it is viewed through
an optical microscope. When the polymer drop reaches a
consistency, through solvent evaporation, such that a fiber
can be seen between the tip and the drop, the tip end of the
fiber is pulled into a second drop of liquid polymer (as shown
in Figure 1B) or adhered directly to the surface. The fiber
dissolves from the tip and is absorbed into the second drop.
Additional fibers can be drawn between the two drops
without removing the tip or the tip can be detached from
the second drop by retracting the tip a small distance from
the drop, followed by capillary breakup freeing the tip. The
entire structure continues to dry and solidify, resulting in a
two-point supported beam. The cartoons in Figure 1A,B can
be compared with Figure �A-C. Figure �A shows an optical
image of six suspended fibers between two polymer drops
that have been formed in this way. The tip used to draw the
fibers (which has a tip radius of 50 μm) together with its
reflection in the silicon substrate are also shown. The tip is
positioned in three dimensions (using the micromill described
below) to form the fiber network shown in the scanning
electron microscope (SEM) images in Figure �B. The inset,
which is a closeup of Figure �B shows that these fibers of
a few microns diameter are smooth and uniform in diameter
over the viewing window. Figure �C shows a single polymer
drop and the well-formed conical tapers that result from
drawing the upper fiber from the polymer drop and from
connecting the (lower two) fibers from a distant drop.

The fibers shown in this report are formed from a poly-
(methyl methacrylate) (�MMA) electron beam resist formu-
lation (C�which is �� �MMA of molecular weight �50 000
and �1� chloroben�ene, from MicroChem Corp., �ewton,
MA). �ote that SEM imaging has been observed to break
fibers (through e-beam exposure)�however, we seldom
observe fiber breakage when the gold sputter coating used
for viewing the fibers is thicker than 10 nm. We have briefly
tested several other liquid polymers1�and have been able to
form them into similar geometries and dimensions with
comparable ease as with C��MMA. For a drop of �MMA
of diameter 10 mm, we observe that the first fiber will form
on a tip about 5 min after the polymer drop is applied to the
surface, and fibers can continue to be pulled for ap-
proximately another 5 min before the polymer dries out.

Arrays of fibers up to several centimeters in length and
down to 130 nm in diameter have been drawn one fiber at
a time and organi�ed into networks using either a nanometer-
resolution positioning micromill under interferometer con-
trol13,1� or an atomic force microscope (AFM).1� The AFM
scanner only has a translation range of 100 μm�however,
translation in excess of 50 mm in �, y, and �is achieved by
the stepper motor stages that move the AFM sample stage.
We have also hand-drawn both single fibers on the end of
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various tips down to �00 nm diameter (though without the
placement accuracy provided by the nanomanipulators) and
also arrays of fibers to under 50 nm diameter.

The tips used in the AFM include noncontact silicon
cantilevers (�0 nm tip radius) and electrochemically sharp-

ened tungsten wires (typically used for scanning tunneling
microscopy, STM). These STM tips, micrograin tungsten
carbide tips (50 μm tip radius, shown in Figure �A) and
cleaved glass optical fibers (100 μm diameter) are used in
the micromill. Tip sharpness is not critical, since usually the
tip is wetted with a polymer droplet with a radius of curvature
that significantly exceeds the tip radius.

The fiber drawing process is well-controlled in the sense
that the fibers produced are circular and uniform in diameter
over substantial lengths. Also, the pulling rate, by itself, does
not appear to be critical, since we have formed fibers at rates
from 10 μm�s to 100 mm�s under varying experimental
conditions. The amount of time the polymer solution dries
prior to pulling (which increases viscosity) principally
controls fiber diameter.11 This has been tested by program-
ming the micromill to execute a series of tip motions over
time on the same polymer droplet followed by SEM
examination. Fibers resulted that were as small as 130 nm
diameter15 and with lengths of nearly 1 cm. As expected11

the fibers of the narrowest diameter occur early in the
drawing process when little of the solvent from the polymer
drop has evaporated.

However, the current fiber drawing process is not well-
controlled in that there is a limited period of time over which
fibers can be pulled. Also, repeated pulling with the same
tip results in an increasing accumulation of polymer on the
tip that reduces repeatability. There is the further complica-
tion, for fibers of diameter smaller than the resolution of
the observation microscope (∼�50 nm for the highest
magnification optical microscopes), that the operator cannot
be certain when or if a fiber is pulled, which increases the
time and effort required to fabricate desired structures.

There are various technical improvements to refine control
that we believe are plausible. A capillary delivery system
for liquid polymer and solvent could be devised to maintain
uniform quantities of polymer on the tip at a fixed degree
of solvation. Also, it should be possible to interactively sense
fibers with diameters below the optical resolution limit, using
a fluorescent polymer that would enable the identification
of fibers (though their diameter would be observed to be
the same as the resolution of the observation microscope),
or it may be possible with a haptic-interfaced atomic force
microscope16 to identify a force signature that indicates to
the operator�s hand that a fiber is being drawn.

In order both to demonstrate the broader applicability of
polymer fiber drawing for device fabrication and to further
evaluate dimensional limits and repeatability, we also have
produced suspended fibers in parallel. We demonstrate
parallel fabrication using the modified method indicated in
Figure 1C. Here a bead of liquid polymer is applied to the
edge of a stiff sheet of plastic (which is insoluble in the liquid
polymer), a glass microscope slide, or thin paper cardstock.
The bead is allowed to dry from 10 s to 1 min. The applicator
sheet is quickly dragged (in our experiments, by hand) at a
rate of between 10 and 100 mm�s over a sharp array of silicon
tips (Bionic Technologies, ��C, Salt �ake City, �T). While
most of the polymer solution is squee�ed off the tips during
the rapid brushing motion, the remaining polymer solution

Figure 2. �MMA fibers. (A) �ptical image of fibers formed
between two drops by the micromill tip. (B) SEM image of network
drawn by the micromill. Inset� Close-up of a crosspoint in the
network. (C) Tapered �unctions between a droplet and three drawn
fibers (SEM image). (D) Array of fibers formed on a sharp tip array
by the modified method of Figure 1C (SEM image). (A close-up
of the fiber array is included as Supporting Information.)
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forms into a series of parallel suspended fibers, typically
under 10 μm in diameter (Figure �D) and with diameters
constricting to as small as 670 nm near the reattachment point
on some of the tips. �ver the 1 cm�area of this tip array we
have been able to routinely suspend aligned fibers over nearly
50� of the array as per Figure �D. �sing our own custom
fabricated silicon tip arrays,17 which have sharper tips of ∼1
μm tip radius, we have produced fibers of similar dimensions
as those in Figure �D.

While sharp tip arrays help to precisely locate and orient
the fibers, fibers can also be fabricated with a blunt array of
silicon tips17 by the modified method of Figure 1C. Figure
3A shows suspended fibers a few hundred microns long,
several that can be seen in Figure 3B to be submicron in
diameter. Fibers as small as 150 nm were found in experi-
ments with a similar array that has 80 μm spacing between
pillars. In a typical experiment, from 30� to �0� of the
array is produced having aligned, suspended fibers. Applying
the modified method to a tip array with ∼1 μm diameter
pillars on a 3 μm pitch,17 we find numerous sub-100 nm
oriented fibers that are suspended between the tips (Figure
3C). A number of fibers are found that in SEM images
measure between 50 and 70 nm. These diameters include
the thickness of the gold coating15 which varies between 10
and �0 nm for the sputtering conditions used with this
sample. We also identified a single fiber of 3�nm (including
the coating thickness) on this sample. At other locations of
the sample greater amounts of polymer adhere (Figure 3D).
As a result, thicker fibers are formed in the direction the
applicator moves. However, it is interesting to note that in
regions where greater amounts of polymer were applied,
smaller diameter fibers also have formed in the direction
perpendicular to the thicker fibers. Also note that Figure
3C,D shows significant polymer wetting on sidewalls of the
tips. This wetting has apparently pulled the brushed-on
polymer below the surface and drawn polymer from the
fibers (according to the CBR model), resulting in the fibers
being supported below the top surface at roughly the
midpoint of the sidewall wetting.

Additional manipulations and resulting structures that were
produced with tip arrays are summari�ed in Figure �. Figure
�A shows results of using a polymer bead on the edge of
the applicator sheet that are of larger volume than used for
the result in Figure 3A. The SEM image (a top down view
of a blunt tip array) shows that a suspended membrane has
formed that spans the gaps of several pillars. �ote that,
similar to Figure 3C,D, the structure is supported on the
sidewalls of the pillar. However, in Figure 3A,B there is
negligible sidewall wetting. We attribute the increased
sidewall wetting in Figure �A to having applied the polymer
solution that had dried less than the solution used for Figure
3A,B. In Figure �B the fibers are produced by dipping only
the edge of array (with the sharp edge rotated normal to the
polymer surface) into an ∼1 mm thick layer of solvated
�MMA (formed by flattening a drop of the �MMA between
two glass substrates and sliding the substrates apart) and then
withdrawing the array (which is attached to the �motor of
the AFM) in the vertical direction away from the substrate

Figure 3. Suspended and oriented �MMA structures formed
using the modified method (Figure 1C) with arrays of tips
(SEM images). (A) �riented fibers formed on a blunt array of
tips. (B) Close-up of the fibers in A. While the fibers differ in
diameter, each fiber is smooth and uniform in diameter along
its length. (C) �riented sub-100 nm fibers formed on a smaller,
more closely spaced array of tips than in A,B. The uppermost
fiber measures ∼57 nm, which includes the thickness of the
gold sputter coating.15 (D) Fibers in another region of the same
sample as C. Smaller diameter fibers also formed in the direc-
tion perpendicular to the thicker fibers (and the applicator di-
rection.)
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at a rate of 10 mm�s to a separation of 50 mm. The fibers
dry in an unbent position. Then, while still attached to the
pool of polymer, the fibers were bent by hand for examina-
tion in the SEM. It is notable that the array edge, while sharp
in only one direction and long in the orthogonal direction,
still constrains the polymer flow to form tapered fiber bases
that are all quite similar in appearance.

However, if a tip with no sharp edges (e.g., the hori�ontal
surface of a blunt tip array) is contacted to a layer of liquid
polymer and then withdrawn vertically away from the
substrate (for identical translation speed, state of cure,

separation as in Figure �B) the structures show forms of
increased complexity and variability (Figure �C.) Most
notably the bases of many of the fibers are bifurcated, at
least at two scale si�es suggesting a fractal process of self-
assembly. (In CBR theory this process is referred to as
endplate instability, which is indicative of the process of
decohesion.10) Many of the fibers in Figure 3 likely resulted
from the breaking up of membrane films of polymer through
bifurcation and evolution into individual fibers. Drawing
fibers with sharp tip arrays (or even sharp edges as in Figure
�B) reduces the occurrence of bifurcation of the polymer
fibers (Figure �D.) The drawn fibers in Figure �D are quite
similar in diameter, except for the outer rows of the array
(in foreground of image) where more of the polymer
accumulates.

Figure 5A-C shows long fibers that were drawn by
hand on the end of a cleaved multimode glass optical fiber
of 100 μm diameter. These polymer fibers, without breaking,
have been repeatedly manipulated, bent, and twisted by
manually translating and rotating the attached glass fiber.
The polymer fibers are formed by dipping and retracting
the cleaved end of the fiber from the �MMA until the fiber
is observed to form under a low power microscope. A
fiber of �μm diameter and several centimeters length was
drawn and then manipulated into a loop having a bend
radius of under 8 μm without breaking or kinking (Fig-
ure 5A and inset). Figure 5B,C shows laser light radiating
from a glass fiber into one end and out the other end of
the attached polymer fiber. �n occasion, drawn fibers are
observed to curl up into spirals of even smaller bend radius
if they break or detach prior to completion of drying (Figure
5D).

If coiled fibers (e.g., those in Figure 5A and Figure 5D)
can be made controllably with submicron diameters in air
(or even larger diameters in higher dielectric media), then
such structures, through evanescent coupling between turns
of the fiber, offer the possibility of resonant cavities18,1�which
can be utili�ed as narrow band optical filters and sensors.
Consider that air-clad fibers remain single mode for diameters
up to 0.68λ (for a typical refractive index of 1.5), where λ
is the wavelength of light, which corresponds to a diameter
of �30 nm for a 633 nm wavelength.�0 A preliminary
demonstration of a single-mode microring resonator made
from a thermally drawn silica fiber coil was recently
reported.�1

Custom drawn fiber structures can be used as complex
three-dimensional templates or scaffolds in subsequent
fabrication processing. This claim is demonstrated in part
by the fabrication of capillary networks by the process
illustrated in Figure 1D,E. The �MMA structures are
overcoated with a second material, and then the polymer core
is dissolved in acetone to leave hollow structures. To prevent
the collapse of the thin-walled structures due to capillary
forces, the acetone is removed by critical point drying in
carbon dioxide. Figure 6 shows a succession of structures
of increasing complexity. The simplest example is to overcoat
single distinct fibers resting on a surface. A fiber is sputtered
with chromium (from several directions to improve unifor-

Figure 4. �MMA fibers drawn with tip arrays (SEM images). (A)
Top down view of a membrane formed between the pillars of a
blunt tip array. The membrane was produced similarly to the fibers
in Figure 3A except that a greater volume of polymer was applied
to the applicator sheet. (B) Fibers drawn normal to the edge of a
blunt tip array and a layer of polymer. (C) Bifurcated fibers drawn
vertically between the top surface of a blunt tip array and a layer
of polymer. (D) Fibers drawn vertically between a sharp tip array
and a layer of polymer.
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mity), followed by dissolution of the polymer to produce
the surface supported capillary in Figure 6A. The uncoated
region is the surface of the silicon substrate. The capillary
was cleaved by fracturing the substrate, which probably
caused the break in the sidewall. We also have fabricated
suspended capillaries by vapor depositing the solvent-
resistant and transparent polymer parylene C over �MMA
fibers (Figure 6B).���unctions of two capillaries result when
two fibers that cross are sputter coated with �0 nm of gold
(Figure 6C). �art of the capillary (also visible in Figure 6C)
is broken from the �unction to reveal the hollow crosspoint.
The thin, modestly transparent gold may be useful in

developing surface plasmon waveguides for optical biosen-
sors.�3 The most complex hollow structure in this succession
of demonstrations is the network of suspended borosilicate
glass capillaries shown in Figure 6D, which has been
templated by sputter coating of glass onto a suspended
network of �MMA fibers.

The above results demonstrate the capability of polymers
to be quickly and simply drawn and interconnected into
custom three-dimensional networks of suspended, mechani-
cally flexible structures. �rocessing is easily done at room
temperature, and polymers (compared to metals and glasses)
are quite tough and resistant to fracture, as demonstrated by
the hand drawing and manual manipulation of the �MMA
fibers. �atterning of fibers by these drawing methods could
be developed into practical alternatives to planar lithographic
processing for the fabrication of micro- and nanodevices,
especially for users outside of the conventional microfabri-
cation disciplines. The combination of fiber geometries
together with the wide variability in chemical, mechanical,
optical, and electronic properties of polymers is especially
well-matched to the rapid fabrication of experimental device
prototypes that integrate numerous functions together, and

Figure �. Hand drawn �MMA fibers. (A) �olymer fiber that was
drawn on the end of a glass communications fiber. Inset shows an
enlarged image of the hand twisted loop inside the ring in A (SEM
images). A polymer fiber illuminated by 633 nm laser light from
a 100 μm diameter glass fiber at (B) the end of the ∼3 mm long
�MMA fiber and (C) the �unction of the glass and �MMA fiber
(images from optical microscope). (D) A 0.�μm diameter fiber
that has curled into a multiloop spiral of ∼�μm radius after the
end snapped free from the polymer pool (SEM image).

Figure �. Microcapillaries made by overcoating �MMA fibers and
then dissolving the �MMA core (SEM images). (A) Chrome
capillary on a silicon substrate. (B) �arylene capillary. (C) Cros-
spoint of a gold capillary network. (D) Suspended glass capillary
network.
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which are envisioned for smart textiles, wearable electronics,
and biocompatible implantable microdevices.
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Su��or�i�g ���or���io� A��il��le�Close-up image of
the fiber array shown in Figure �D. This material is available
free of charge via the Internet at http���pubs.acs.org.
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M
any recent nanomaterial device
proposals and experimental
studies call for the nanomaterial

to be suspended as a two-point beam, or
“air bridge”. This three-dimensional geom-
etry simultaneously creates a nanomechan-
ical element and isolates the element from
various substrate effects (except at the sup-
ports), e.g., surface adhesion and strain
forces, substrate temperature, reduced sur-
face area in contact with the atmosphere,
substrate conductivity, and parasitic capaci-
tance. Not only are bridges accessible along
the length of such structures, but near-
field probing, manipulation, and actuation
of suspended nanostructures have
provided1–3 and will continue to provide in-
teresting physical properties and device
possibilities.

The typical approaches for fabricating
air bridges either (1) disperse nanomateri-
als in solvents, followed by mapping, litho-
graphic patterning, and undercutting,1 or
(2) selectively grow nanomaterials in high-
temperature reactors.4 The first approach is
laborious, and the second requires that an
appropriate growth recipe exist for the ma-
terial of choice.

Previously we, and recently others,
showed that suspended nanofibers, as
small as 50 nm diameter, are formed by
hand brushing of solutions of polymer in
volatile solvent onto micrometer-scale cor-
rugated surfaces.5,6 Figure 1A–C illustrates
the method. Here we show that this single-
step method can be extended to suspend-
ing a variety of nanomaterials by similarly
forming fibers from solutions of nanomate-
rials and polymer. The additional step is il-
lustrated in Figure 1D, where the sus-
pended nanomaterial-composite fiber is
thermally decomposed to leave an air
bridge of the nanomaterial.

Of course, the decomposition step could
also be applied to nanofibers formed by
processes other than brushing. For instance,
Figure 2A shows a composite fiber of multi-
wall carbon nanotubes (MWNTs) in
poly(methyl methacrylate) (PMMA, 996 000
g/mol, Sigma-Aldrich) that has been elec-
trospun onto the tops of micrometer diam-
eter pillars from a chlorobenzene solution
containing 1 wt % MWNTs and 4 wt %
PMMA. The solution also contains less than
1 wt % of nanotube functionalization and
residuals (which are analyzed by TGA, EDS,
and Raman as described below.) The nano-
tube functionalization is an adsorbed or-
ganic (trade name Kentera, Zyvex Corp.,
Richardson, TX) that consists of an alkane
group connected to a phenyl end group
that adsorbs to the nanotube and an end
group that enhances the solubility of the
nanotubes in chlorobenzene.7 The func-
tionalized nanotubes and PMMA are both
easily dispersed in chlorobenzene, leading
to a well-mixed nanotube–PMMA solution.
The electrospun fiber shown in Figure 2A is
then placed on a preheated hotplate in air
at 450 °C (i.e., the sample is heated rapidly;
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ABSTRACT In a two-step method, carbon nanotubes, inorganic nanowires, or graphene sheets are connected

between two anchor points to form nanomaterial air bridges. First, a recently developed method of forming

directionally oriented polymer nanofibers by hand-application is used to form suspended composite polymer–

nanomaterial fibers. Then, the polymer is sacrificed by thermally induced depolymerization and vaporization,

leaving air bridges of the various materials. Composite fibers and bundles of nanotubes as thin as 10 nm that span

1 �m gaps have been formed by this method. Comparable bridges are observed by electrospinning solutions of

the same nanomaterial–polymer composites onto micrometer-scale corrugated surfaces. This method for

assembling nanomaterial air-bridges provides a convenient way to suspend nanomaterials for mechanical and

other property determinations, and for subsequent device fabrication built up from the suspended nanosubstrates.

KEYWORDS: nanofabrication · nanostructures · polymer composites ·
nanomaterials · nanotubes · nanowires · graphene
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if instead the sample is heated gradually, the bridges

usually sag and fall onto the base of the pillars). The

temperature is maintained for 1 h to ensure thorough

removal of the polymer. The MWNTs that remain after

decomposition form the bridges shown in Figure 2B.

The tapered shape of the nanotube bridge is probably

due to capillary thinning of the melted PMMA fiber prior

to decomposition, while the broad spreading of the

nanotubes on the top of the pillars is probably due to

rapid wetting of melted PMMA prior to decomposition.

Also note that the bridge shown in Figure 2B is across

different pillars than that shown in Figure 2A. In fact, the

portion of polymer viewed under the scanning elec-

tron microscope (SEM) in Figure 2A did not completely

decompose. Apparently the electron beam, which nor-

mally scissions the polymer chains when used for elec-

tron beam lithography, is also causing the polymer to

bond to the nanotubes. The region shown in Figure 2B

was not imaged under the SEM prior to decomposition.

If the fibers are formed using the brush-on method

(Figure 1A–C), the fibers can be well oriented in the di-

rection of brushing (sometimes with smaller fibers

found in the cross direction.) Also, the fibers can be sus-

pended either from the tops of the pillars or from the

sidewalls of the pillars. Figure 3A shows sidewall-

supported MWNT–PMMA composite fibers formed by

brush-on. These were formed by applying a thin bead

of solution from a pipet to the edge of an applicator

(e.g., a microscope coverslip, flexible plastic sheet, or

copper wire) and manually brushing it across the corru-

gated substrate at a velocity of around 15–35 mm/s.

The solution concentration used was 15 wt % PMMA

and 0.85 wt % MWNT in chlorobenzene, which results

in a solution thin enough that it can strongly wet the

pillars and sidewalls. Thick liquid bridges initially form

between adjacent sidewalls and then thin due to capil-

lary forces, finally reaching a stable diameter after

Figure 1. Nanomaterial air bridge fabrication technique. (A)
The composite solution on the applicator is (A–B) brushed
across the array. The solution wets to the pillars and forms
liquid threads between them. The threads thin as they dry
(C) until they solidify, leaving suspended composite fibers.
(D) The polymer in the fibers is removed by thermal decom-
position, leaving air bridges of the nanomaterial.

Figure 2. Suspension of MWNTs by sacrificial decomposi-
tion of a suspended PMMA–MWNT fiber. (A) An air bridge
of the composite fiber and (B) the resulting MWNT air bridge
following thermal decomposition of the PMMA in the com-
posite fiber. For electrospinning, the solution was pumped
at 0.6 mL/h to a needle 5 cm long � 0.7 mm inner diameter,
with 13 kV applied between the needle and pillar array at a
separation of 5 cm. The sidewall roughness and particulates
on the pillars are due to the conditions used during the
plasma etching of this (n-type, 4 �-cm) silicon substrate.
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enough of the solvent evaporates.6,8,9 Increased solu-
tion concentrations (up to 40 wt % PMMA in this study)
lead to the formation of thicker fibers that are attached
closer to the top surface.

Figure 3B shows an isolated fiber from the brush-on
experiment processed similarly to the one shown in Fig-
ure 3A. This fiber varies between 20 and 30 nm diam-
eter along its length, which is about half the diameter
of our previously reported smallest fiber.6 The nano-
tubes appear to provide additional reinforcement
against the fibers breaking during the process of capil-
lary thinning and fiber solidification. Certainly, we fre-
quently observe that fibers of pure PMMA break (due to
melting or decomposition) under the same SEM imag-
ing conditions as used for either image in Figure 3. It
should be noted that the SEM images (which are taken
without any conductive coating) show only slight
charging. Apparently the nanotubes are bridging the
pillars, providing a discharge path.

A new sample was prepared by hand brush-on un-
der the same conditions as in Figure 3 (including the
same solution and the same substrate, which is cleaned
of all organics prior to reuse). The suspended struc-
tures shown in Figure 4A,B result after thermal decom-
position of the composite fibers at 540 °C. (This same
temperature is also used for decomposition of all hand-
brushed-on fibers reported below.) In Figure 4A, loose
bundles of suspended MWNTs are connected between
pillars both in the brushing direction (from upper left to
lower right in the image) and orthogonal to the brush-
ing direction. The bundles also show a somewhat ta-
pered appearance, with the minimum diameter mid-
way between the supports. A close-up of one of these

bundles is shown in Figure 4B. It has an appearance

that reminds one of the children’s string art figure called

“Jacob’s ladder”. The nanotubes appear to be roughly

aligned between the supports, as a result of the brush-

ing and fiber thinning (which can occur both during

brush-on and as the polymer melts.)

Another sample was made by hand brush-on onto

the same substrate, this time using a solution of

Kentera-functionalized single-wall carbon nanotubes

(SWNTs, 0.08 wt %) and PMMA (25 wt %) in chloroben-

zene. Figure 4C shows that the resulting array of SWNTs

is aligned in the direction of brushing. Figure 4D shows

a close-up of one bridge from the array that is �10

nm in diameter. The SEM cannot resolve whether the

bridge consists of a bundle of well-aligned SWNTs or

Figure 3. Suspended PMMA–MWNT composite fibers made
by hand-brushing. (A) An array of fibers and (B) an isolated
20 –30 nm diameter fiber which appears to result from a re-
duced quantity of solution being applied in this region of the
pillar array.

Figure 4. Nanotube air bridges following decomposition of
(A,B) MWNT–PMMA and (C,D) SWNT–PMMA fibers.
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contains other residuals. So far, transmission electron

microscopy studies to answer this question have not

been successful. Thermogravimetric analysis (TGA), re-

ported below, shows that most residues are removed,

but it cannot reliably measure fractional weight

changes much below 0.1 wt %. Even without a com-

plete knowledge of the nanomaterial purity, we do con-

sider the ability to form 10 nm suspended nanotube fi-

bers, starting with only hand application of the

composite polymer fibers, to be quite remarkable.

TGA of solutions (from 50 to 280 mg) in air was

used to identify the decomposition temperatures and

residuals. Figure 5 reports on the solution of 15 wt %

PMMA and functionalized 0.85 wt % MWNTs in chlo-

robenzene (thick line), together with reference curves

for 15 wt % PMMA in chlorobenzene (thin line) and the

Kentera-functionalized 1 wt % MWNTs in chlorobenze

(medium line). The Kentera and PMMA peaks (thicker

dotted line and medium dotted line, respectively) lie on

top of each other. The tails of the PMMA and MWNT

barely overlap at 450 °C.

Raman spectroscopy (1.7 mW at 632.8 nm) of

samples spun onto a planar SiO2 substrate further sup-

port the composition analyses. (Plots of the Raman

spectra of these samples are presented in the Support-

ing Information.) The removal of Kentera and PMMA

changes the intensity ratio of nanotube D (disordered

at �1330 cm�1) to G (ordered at �1590 cm�1) bands.

The appearance of the disorder peak at �1330 cm�1 is

known to be associated with a decrease in symmetry

of the sp2 structure due to nanotube defects, includ-

ing the presence of functionalized groups.10 The

change is most evident when SWNT solutions are used.

The ratio of D/G intensities (specifically, the inte-
grated area of the intensity peaks) changes from
0.0715 to 0.0292 after heating of the SWNT– chlo-
robenzene sample, and for the SWNT–PMMA–
chlorobenzene sample the ratio changes from
0.0525 to 0.0099 after heating. For the MWNT–
chlorobenzene sample, the ratio of D/G, rather
than decreasing (as with the SWNTs), increases
from 0.4638 to 0.7107 after heating, and that for
the MWNT–PMMA– chlorobenzene sample in-
creases from 0.4357 to 0.6623. The reason for the
increase in disorder of MWNTs after heat treat-
ment is not clear without further study. However,
we do note that the disorder is much larger than
for SWNTs, and the relative change in D/G is much
less, as might be expected for a material with less
accessible surface area.11 Also, compared to the
changes in SWNTs, the overall changes before and
after heat treatment are much less for MWNTs.
Also note that both functionalized SWNT and
MWNT samples (whether dispersed in PMMA or
not) show a peak for Kentera at �2190 cm�1 that
completely disappears after the sample is heated
to 540 °C.

Additional composition information is available
from these TGA and Raman measurements. A very small
residue of reddish-brown oxidized iron is found after
complete decomposition of the functionalized MWNTs
in chlorobenzene. TGA shows that the mass of all resi-
dues remaining above 650 °C totals only 5% of the
weight of pure (i.e., Kentera-free) MWNTs. Since
electron-energy dispersive spectroscopy (EDS) of the
residue shows only oxygen and iron, we believe that re-
sidual iron catalyst from the growth of the nanotubes
was likely present in the MWNT– chlorobenzene solu-
tion. Raman spectroscopy of this residue confirms it to
be Fe2O3, and peaks from other materials were not evi-
dent in the spectra. Also, the Kentera peak in the TGA
accounts for only 10% of the weight of the pure MWNT.
This is close to the percentage of Kentera reported in
the material data safety sheet for the functionalized
nanotube–solvent solution. In summary, the mass frac-
tion of MWNT:Kentera:Fe2O3 is 1:0.1:0.05. TGA of the
SWNTs shows similar responses (though noisier due to
lower fractions of SWNT), giving a ratio of 1:0.8:0.1 in
SWNT:Kentera:Fe2O3.

The brush-on method also can be used to form air
bridges from other nanomaterials. We present ex-
amples of suspending GaAsP nanowires (grown by a la-
ser ablation technique12) and graphene sheets (made
by exfoliation of powdered, highly ordered pyrolytic
graphite (HOPG)). These materials are mixed at �0.03
wt % GaAsP and �0.3 wt % HOPG into separate 18 wt
% solutions of PMMA in chlorobenzene. The GaAsP sus-
pension was sonicated for 20 min, while the HOPG so-
lution was ultrasonicated for 5 h to promote exfoliation
of graphene sheets. No functionalization is used to dis-

Figure 5. Thermogravimetric analysis of solutions of PMMA and functional-
ized MWNTs in chlorobenzene (CB). All measurements are performed in air at
a heating rate of 5 °C/min. The two dotted lines are derivatives with respect
to temperature (dm/dT) of the corresponding sample mass curves. The deriva-
tive curves are plotted on a linear scale. The braces indicate the extent of
the peak of each species as determined from derivative curves. All the curves
have been smoothed substantially to aid in discussion.
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perse the nanomaterials, so they rapidly settle. As a re-

sult, the solution applied to the applicator has less than

0.01 wt % nanowires and 0.1% graphene. Suspended

structures produced by brush-on of these suspensions

are shown in Figures 6 and 7.

Figure 6A shows a composite fiber in which at least

one GaAsP nanowire is visible. Figure 6B shows a

bundle of two nanowires formed after thermal decom-

position of PMMA. In Figure 6C, for a fiber that was im-

aged by SEM prior to decomposition, two features are

evident. First, the bridge is tapered in a similar way as

the nanotube bridges in Figure 4, which again suggests

that the shape is caused by surface wetting and capil-

lary thinning as the polymer melts, prior to decomposi-

tion. Second, residues of the PMMA are present, as a re-

sult of having imaged this fiber in the SEM prior to

thermal decomposition.

Figure 7 shows an assortment of graphene bridges.

These sheets are rather thick (typically around 15 nm or

44 atomic monolayers thick, as determined by atomic

force microscopy) due to limitations in the exfoliation

process.13 However, thinner steps between layers are

also evident. Also, the samples show different degrees

of curling and delamination from the edges, even roll-

ing up into an isolated tube in Figure 7D.

A brief comment on the reliability and controllabil-

ity of making nanomaterial air bridges is in order. While

no detailed yield studies have been performed, in our

casual observations of SEM images of 30 nanotube

brush-on experiments with MWNT solution, pillar ar-

rays, and processing conditions similar to those used

in Figure 3A, we observed a local area of sometimes as

many as 30 nanotube air bridges without a single miss-

ing bridge. For much larger areas (300 pillars), in the

worst case, we found as many as 75% of the bridges

missing (starting from 95% nanofiber composite

bridges.) However, for this worst-case sample, most of

the nanocomposite fiber bridges had diameters be-

tween 50 and 150 nm (as compared to diameters

around 200 – 400 nm for most typical samples). For the

graphene and GaAsP nanowires, we have much less

material available, which has limited us to only a few ex-

periments with much lower concentrations compared

Figure 6. Suspended bridges of (A) PMMA–GaAsP fiber (with
a nanowire somewhat visible in PMMA) and two GaAsP
nanowire bridges after thermal decomposition, resulting in
(B) two nanowires that are closely bundled and (C) a network
of nanowires plus residual ebeam-carbonized/cross-linked
PMMA.

Figure 7. Suspended graphene formed by fiber brush-on
and thermal decomposition. Step edges and curling of
delaminated sheets are evident in each SEM image, with
the degree of curling increasing from (A) to (D).
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to the concentrations of available nanotube solutions.

Even with these low concentrations, we frequently

found three or four consecutive bridges (similar to Fig-

ure 6B) for the GaAsP nanowires formed from a single fi-

ber, and two consecutive bridges for graphene (similar

to Figure 7A).

In developing control of the process, two condi-

tions need to be kept in mind. These are that the poly-

mer fibers must span the supports and that the nano-

materials in the polymer also must span the supports. A

further condition (as pointed out above) is that the

polymer must be heated rapidly enough so that it de-

composes before it begins to fall apart due to reflow.

Related to these conditions, as the nanomaterial con-

centration decreases or the polymer fiber diameter de-

creases, the probability of a nanomaterial spanning a

gap decreases. Also, it is not required that a single nano-

wire or nanotube span the entire gap, but clusters and

bundles of shorter length nanomaterials promoted by

wetting and adhesion (e.g., suggested by Figures 4B

and 6C) can span the gap. The two above conditions

also are related to controlling the dimensions of the re-

sulting air bridges. That is, the diameter of the initial

nanocomposite polymer fiber8,9 and its concentration

of nanomaterials will strongly affect the resulting diam-

eter after thermal decomposition of the polymer. Fur-

thermore, densification due to wetting and adhesion

would need to be considered.

In summary, micro- and nanoscale polymer fiber

bridges reinforced with nanostructures such as nano-

tubes, nanowires, and graphite sheets were successfully

drawn using manual brush-on and electrospinning

techniques. Composition analysis seems to suggest

near-complete removal of residues. Some alternatives

to the processes reported here that can be considered

are the use of lower temperature decomposition poly-

mers or conditions that favor nanotube decomposition

at higher temperatures (e.g., decomposition under an

atmosphere of nitrogen.) We also had attempted sol-

vent dissolution of the polymers with limited success.14

While suspended fibers could be produced, organic

residues, most likely Kentera, were present and in fact

appeared to be essential for maintaining the structural

integrity of the air bridges. The process of brush-on fol-

lowed by thermal decomposition provides a new tool

for fabricating test structures for the evaluation and

characterization of suspended nanomaterials, which

supports the development of new nanoelectronic de-

vices and nanoelectromechanical systems.
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Abstract
Raman spectra of ordered carbon nanomaterials are quite sensitive to surface perturbations,
including trace residues, structural defects and residual stress. This is demonstrated by a series
of experiments with carbon nanotubes and graphene. Their spectra change due to subtle
changes in preparation and attachment to the substrate and to each other. Differences are most
clearly seen by forming a material into an air bridge and probing it in the air gap and at the
anchor points. A monolayer graphene sheet, shows a larger disorder band at the anchor points
than in the air gap. However, a bundle or rope of parallel-aligned single-wall nanotubes shows a
larger disorder band in the gap than at the anchor points. For the graphene sheet the substrate
surface deforms the graphene, leading to increases in the disorder band. For the rope, the close
proximity of the nanotubes to each other appears to produce a larger stress than the rope resting
on the substrate.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Ordered all-carbon nanomaterials such as carbon nanotubes
(CNTs) and graphene monolayers have unique electrical,
optical, thermal and mechanical properties [1, 2] that can
be strongly affected by local environmental conditions.
Interactions with the supporting substrate [3, 4] and surface
adsorbates can obscure the intrinsic properties of these
materials [4]. One way to eliminate substrate interactions is to
suspend the material above the substrate, which also enables
evaluation and application of their nanoelectromechanical
properties [5, 6]. If the nanostructure is composed of multiple
nanomaterials, van der Waals type interactions in some cases
might be greater than substrate–nanomaterial interactions. In
this report we use Raman spectroscopy to evaluate these type
of interactions.

Raman spectroscopy is a sensitive probe of defects in
carbon materials through defect-related changes in the D, D′
and G′ peaks. In a perfect sp2 graphene network, the G band,

which corresponds to the in-plane E2g zone center phonon
mode, is found at ∼1580 cm−1. The disorder-induced D and
D′ Raman features are generally related to defects such as
curved graphite sheets, tube ends and finite-size crystalline
domains and other carbonaceous (amorphous carbon) species.
The G′ band (the overtone of the D band), which is always
observed in defect-free graphene samples, arises due to the
double-resonance (DR) Raman process, involving phonons
within the interior of the first Brillouin zone of graphite. Here
Raman spectroscopy is used to probe suspended monolayers
of graphene and clusters of a few identical nanotubes (either
single-or multi-wall) at their anchor points on the substrate and
in the gaps.

Sample preparation may also introduce impurities and
stresses which can influence the Raman spectra. In the
method used to make nanotube air bridges, first a composite
polymer–nanotube air bridge is formed, then the polymer is
thermally decomposed [7]. We show there are significant
differences in the Raman spectra of the nanotubes before and
after decomposition, with stress and impurities contributing to

0957-4484/08/195708+06$30.00 © 2008 IOP Publishing Ltd Printed in the UK1

Reference No 40

148



Nanotechnology 19 (2008) 195708 A N Sidorov et al

spectral features. Monolayer graphene is patterned between
anchors without using any carrier material by an electrostatic
deposition method [8].

Previously reported methods of suspending nanomaterials
include (i) postgrowth assembly on pre-defined patterns [9],
(ii) in situ CVD growth of SWNT networks over SiO2 pillars,
(iii) growth of CNTs on carbon nanofiber tip arrays [10] and
synthesis of suspended SWNTs on Si inverse-opal templates
by a chemical vapor deposition process [11]. These techniques
have allowed systematic study of the effects of strain on
the Raman properties of nanostructures, especially SWNTs,
due to the interactions with the substrates. Previous studies
of SWNTs by Raman spectroscopy show that the spectra
change dramatically when they are (i) in bundles compared
to isolated tubes [12], (ii) sitting on substrates compared to
suspended between pillars as air bridges or in solutions [13]
or (iii) contained in polymer composites [14–16]. None
of these methods have addressed the situation where both
nanotube–substrate and nanotube–nanotube interactions (in the
absence of substrate) are simultaneously present, e.g. when a
single rope of nanotubes is suspended. Also, recent Raman
studies of graphene adsorbed on a substrate found that disorder
bands become especially apparent for single monolayers, and
that the strength of the disorder band is indicative of the
thickness of graphene sheets up to several tens of monolayers
thick [8, 17, 18]. Here we show that the magnitude of
the disorder band in the suspended region is significantly
reduced over the magnitude on the substrate, and the level is
comparable to ∼7 layers of graphene [8] on a substrate.

2. Experimental details

Both SWNTs and MWNTs are non-covalently functionalized
with an organic compound (trade name Kentera, Zyvex Corp.,
Richardson, TX) consisting of an alkane group connected
to a phenyl end group that attaches to the nanotube and to
an end group that enhances the solubility of the nanotubes
in chlorobenzene. These functionalized nanotubes (which
we refer to as f-nanotubes, or specifically f-SWNTs and f-
MWNTs) are delivered dispersed in chlorobenzene, which is
also a good solvent for poly(methyl methacrylate)—PMMA.
Nanotube–PMMA solutions are made by adding PMMA
(∼996 K) (15 wt%) to the nanotube solution (0.85 wt%
in chlorobenzene) followed by sonication until a well-mixed
suspension results. These nanotube and nanotube–PMMA
solutions are used to make evaluation samples in the form of
spun-on thin films on planar substrates and suspended fibers
on a silicon micromachined array of pillars and air-dried. The
composite solutions are hand brushed across the arrays of
silicon pillars, following [7], which forms oriented, suspended
nanofibers. Then, the polymer is thermally decomposed at
540 ◦C leaving air bridges of nanotubes. Suspended graphene
bridges of from one to a few monolayers are fabricated
by the method of electrostatic deposition from a freshly
cleaved HOPG surface [8]. The Raman spectra are taken
at room temperature with a Renishaw Invia Micro-Raman
spectrometer in back-scattering geometry with laser excitation
of wavelength 632.8 nm at a power level of 1.7 mW. The

Figure 1. Raman spectra of SWNT thin films before and after
thermal decomposition of the PMMA and functionalization. The
peak corresponding to Kentera functionalization is identified by the
symbol ∗.

laser spot size at the sample is ∼1 μm2. Raman spectra
were obtained from 10 different locations for each material
(SWNTs, MWNTs and graphene sheets) and each location was
scanned five times to check for reproducibility.

3. Results and discussion

3.1. Raman spectra of the carbon materials

3.1.1. Raman study of nanotube thin films. Raman spectra
are first collected of nanotube thin films on planar substrates.
The purpose of this preliminary study is to demonstrate that
the Kentera and PMMA are removed after heat treatment,
leaving pure nanotubes, which are desired for the studies of
the suspended nanotube air bridges. The f-nanotube and f-
nanotube–PMMA suspensions are spun down onto substrates
and the chlorobenzene evaporates to form thin films.

(i) SWNT–polymer composites. Figure 1 shows the Raman
spectra of SWNT samples spun onto planar Si substrates before
and after the removal of functionalization and PMMA. Each
spectrum shows the D band at ∼1324 cm−1, the G band at
∼1590 cm−1 and the G′ band at ∼2620 cm−1, characteristic
of SWNTs. The presence of a peak at ∼2190 cm−1 is
associated with the Kentera since it disappears after thermal
decomposition and the removal in thin films spun down with
and without polymer. Lorentzian lineshape analysis [19] of the
Raman spectra is used to calculate the ratio of areas of the D
and G bands, D/G.

Table 1 shows that all the G and G′ modes upshift by
∼3 cm−1 when dispersed in Kentera and PMMA, presumably
due to the compressive deformation inside the composite
causing compression of the C–C bonds. Compression is also

2
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Figure 2. Raman spectra of functionalized MWNT and
functionalized MWNT–PMMA before and after thermal
decomposition. The peak corresponding to functionalization is
identified by the symbol ∗. The inset shows an expanded view of the
G, D and D′ bands with the best fits to multiple Lorentzians.

Table 1. Raman properties of SWNT thin films taken from the
curves in figure 1.

Sample
D band
(cm−1)

G band
(cm−1)

G′ band
(cm−1) D/G ratio

f-SWNT 1324 1591 2626 0.07
SWNT after Kentera
decomposes

1323 1588 2618 0.03

f-SWNT in PMMA 1324 1591 2628 0.05
SWNT after Kentera and
PMMA decomposes

1323 1588 2619 0.01

consistent with the observed decrease in the D band to G band
intensity ratio when Kentera and PMMA are removed by heat
treatment. Interestingly, after heat treatment of the f-SWNT–
PMMA, the intensity of the D band decreases even more than
by heat treatment of the f-SWNT alone. This suggests that
the defects in tube walls are mostly responsible for the D band
compared to the amorphous carbon present in the sample. This
is further supported by the presence of the narrower D′ band in
the spectrum compared to all other spectra, presumably due
to the changes in the resonance conditions for the double-
resonance process. This phenomenon is not well understood
at the moment and needs further investigation.

(ii) MWNT–polymer composites. Figure 2 shows the Raman
spectra of MWNT samples spun onto planar Si substrates
before and after the removal of functionalization and PMMA.
Each spectrum shows the D band (∼1334 cm−1), the G
band (∼1588 cm−1), the D′ band (∼1615 cm−1) and the
G′ (∼2656 cm−1) band characteristic of MWNTs. We
also observe the peak at ∼2190 cm−1 corresponding to
functionalization for samples prior to thermal decomposition.

Figure 3. Raman spectra for suspended and anchored regions of the
SWNT rope shown in the right inset. The left inset shows an
expanded view of the RBM.

As shown in table 2, none of the peak positions show any
appreciable systematic shifts due to the functionalization.

But the intensities of the G band, D band and D′ bands
show systematic differences for the MWNT composites and
polymer-free MWNTs. The MWNTs in both functionalization
and PMMA show an intense G band compared to both D
band and D′ band. After the removal of functionalization and
PMMA, both the D band and D′ band become more intense
than the G band. The formation of amorphous carbon residues
during the thermal decomposition is believed to be responsible
for the increased disorder band intensities.

3.1.2. Raman study of suspended nanotubes.

(i) SWNT air bridge. Raman signals from suspended
individual SWNTs are shown to be easily measurable [20]
since the signal intensities from nanotubes lying on the flat
region of the Si pillar substrates are much weaker than those
from the suspended SWNTs [13].

Figure 3 compares Raman spectra obtained from the
regions of SWNTs on the top of the Si pillar (A) and in the
gap (B) as shown in the inset. This structure is believed
to be a single rope of SWNTs. The left inset to figure 3
shows the expanded view of the radial breathing mode (RBM)
for the anchored and suspended SWNTs within the rope.
The emergence of multiple RBM peaks in both spectra is
indicative of the presence of several individual SWNTs in the
rope as the RBM frequency (ωr) is inversely proportional to
the tube diameter (d). The tangential G band is observed
at ∼1583 cm−1. The disorder-induced D band, as well as
the G′ band due to the double-resonance process, are seen at
1320 cm−1 and 2640 cm−1, respectively. Figure 3 shows that
the D/G ratio dramatically increases for the suspended portion
of the rope compared to the SWNTs on the substrate. The
D/G ratio for the suspended and non-suspended SWNTs are
0.18 and 0.01, respectively, presumably implying symmetry
changes induced by the bending of the SWNTs. Other
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Table 2. Raman properties of MWNT thin films taken from the curves in figure 2.

Sample
D band
(cm−1)

G band
(cm−1)

D′ band
(cm−1)

G′ band
(cm−1) D/G ratio D′/G ratio

f-MWNT 1333 1588 1613 2656 0.73 0.60
MWNT after Kentera decomposes 1334 1589 1617 2657 2.02 1.29
f-MWNT in PMMA 1334 1588 1615 2657 0.67 0.59
MWNT after Kentera and
PMMA decompose

1333 1587 1617 2656 1.92 1.58

factors such as growth inhomogeneity of the SWNTs can also
lead to similar results. Interestingly, the D/G ratio for the
suspended region of the rope is higher than that of the thin
films of f-nanotubes and f-nanotube–PMMA studied earlier.
But the anchored part of the nanotube rope and the heat-
treated thin films exhibit almost the same values of D/G.
The Raman spectra indicate that the suspended SWNTs have
higher D/G ratio than the SWNTs sitting on the flat substrate
surface, consistent with the observations by Kobayashi et al
[13]. This anomalous behavior is further accompanied by
the upshifting of the most intense RBM in the suspended
part of the SWNT rope (220 cm−1) compared to that of
the anchored part (213 cm−1). It has been theoretically
predicted that, in bundled SWNTs, van der Waals interaction
between the SWNTs in the bundle causes ∼10% upshift of
RBM frequencies compared to isolated ones [13]. This is
consistent with the fact that the tube–tube interaction within
the suspended part of the rope is stronger compared to that in
the anchored part. The decomposition process used to remove
polymer from the bridge may also tend to cause differences
in the Raman spectra. The heating first melts the polymer,
causing the nanotubes in the air gap to be drawn together
by capillary thinning forces. However, the polymer wets the
surface in the anchor regions, causing the nanotubes to be
spread against the substrate surface, decreasing the nanotube–
nanotube interactions. Some evidence of capillary thinning
is also evident in the tapered waist of the MWNT bridge in
figure 4. The effects of the SWNT–substrate interaction and
the laser heating can also play a role in the anomalies of the
Raman spectra.

(ii) MWNT air bridge. Figure 4 shows the Raman spectra
from the regions of the MWNTs suspended across Si pillars
(A) and sitting on the substrate (B) as represented in the
inset. The Raman spectra exhibit typical structure of MWNTs
containing the Raman line at ∼1580 cm−1 corresponding
to E2g modes (G line) and additional lines at ∼1325 and
∼1612 cm−1 corresponding to the D line and D′ line.
Interestingly, the G band and the D′ band are well resolved
for the suspended MWNTs with comparable D′ and G band
intensities, but enhanced D/G intensity ratio (∼20). It can be
seen that both the D band and the G′ band are narrower for the
suspended MWNTs compared to their anchored counterparts.
We again interpret this larger D/G ratio in the suspended
MWNT network as due to the bending of the MWNTs and the
stress arising due to the enhanced van der Waals interactions
among individual nanotubes within the network.

Figure 4. Raman spectra for suspended and anchored MWNTs
across a Si pillar structure. The inset shows the MWNT network.

3.1.3. Raman study of suspended graphene. At first,
suspended graphene bridges were fabricated by brushing
graphene–PMMA solutions, followed by thermal decomposi-
tion of PMMA. Due to the limitations in the exfoliation pro-
cess, this technique results in sheets that are several monolay-
ers thick. However, for a sheet of n monolayers on a substrate,
a single monolayer (n = 1) is known to have the largest D/G
ratio [8]. Therefore the electrostatic deposition method, which
can pattern a single monolayer, was used to produce a single
monolayer that was probed by Raman spectroscopy.

The micro-Raman spectra of the graphene sheet are taken
from three different locations as shown in the inset of figure 5.
The presence of a single G′ band confirms that this is a
monolayer of graphene [8]. It is interesting to observe that
the D band intensity is minimum for the completely suspended
graphene layer and maximum on the pillar. As expected, when
the laser probe is centered on the edge of the pillar the D
band is between the intensity of the suspended and anchored
graphene. Further, the presence of a peak at ∼1620 cm−1
is observed for the graphene sheet lying on the pillar. This
peak is seen to disappear for the suspended graphene. This
band has been observed previously for monolayer graphene [8]
and vapor grown carbon fibers [21] and has been attributed to
the maximum in the phonon density of states associated with
midzone phonons [22, 23]. The D/G ratio of the suspended
monolayer is comparable to that of an n = 7 monolayer thick
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Figure 5. Raman spectra of suspended monolayer sheet of graphene.
Spectra are shown for three different locations on the sheet indicated
by (A), (B) and (C) in the inset. The D/G ratio of the suspended
monolayer is comparable to that of an n = 7 monolayer thick sheet
of graphene on a substrate in [8].

sheet of graphene on a substrate [8]. Note that in [8], with
increasing numbers of monolayers, the D intensity became
undetectable. The reason for the opposite trend of the D/G
ratio for suspended and anchored parts for the nanotubes and
the graphene sheets could relate to a different outcome of the
surface interaction versus stress competition. A single-atom-
thick sheet is thinner than a tube, and so much less stress
across the structure is expected. It would also be interesting to
see if the D band could be reduced further on the suspended
graphene monolayer by further stressing or relieving stress,
e.g. by bending or twisting the substrate.

4. Conclusions

The ability to make nanomaterial air bridges was used
to enable side-by-side comparisons of the differences in
Raman spectra due to whether the material is suspended
or anchored. Compared to polymer-free SWNTs, the
SWNTs dispersed in polymers show an upshift of the G
and G′ bands and increased D/G ratio, which is consistent
with compression of the C–C bonds of the SWNT by the
polymer and increased disorder. The thermally decomposed
MWNTs reflect increased disorder in the intensities of both
D/G and D′/G ratios, implying the presence of amorphous
carbon is responsible for the enhanced disorder. The
suspended structures show intriguing Raman properties in
relation to their structural variations. It is shown that both
a suspended SWNT rope and an MWNT network show
increased defect band intensities in the gap than on the
anchor. This enhancement of the defect density in both
suspended SWNTs and MWNTs is attributed to the stress
arising due to the enhanced van der Waals interactions between

suspended individual nanotubes In contrast, suspended
graphene shows less disorder compared to the graphene
adhered to a surface as the conformation of the monolayer
graphene to the roughness of the surface produces structural
defects.
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Several proteins, including actin and fibrin, polymerize in vivo to form nanometre diameter fibers. These

processes can be duplicated in vitro using only the essential enzyme and protein precursors. These same

protein solutions are directed to self-assemble into oriented arrays of air-bridges using only the crude

operation of hand brushing them over textured micron-scale surfaces. The creation of these suspended

structures could be used as nanomechanical elements in various sensors and actuators, and their

fabrication by this rapid directed self-assembly method would be useful, especially during the early

phases of prototype device development. The fabrication method extends earlier studies (Harfenist

et al., Nano Lett., 2004, 4, 1931) in which an organic polymer dissolved in a volatile solvent forms

nanofiber air-bridges through a combination of capillary force driven thinning of liquid bridges and

evaporation driven solidification of the polymer solution. However, in the current study polymerization

is initiated when a monomeric solution of soluble protein is brushed over the micro-textured surface.

When fibrinogen solutions are brushed over a thrombin primed surface, or monomeric actin over

a KCl primed array, fiber air-bridges are formed, sometimes reaching diameters as small as 16 nm. The

uniformity in diameter of one hand-brushed array of 358 parallel fibrin air-bridges was 36.4 nm (6.8 nm

standard deviation), with no more than 3 broken fibers. The fibrin bridges are shown to be both highly

elastomeric and adhesive through demonstration of the construction and stretching of a three point

bridge using a micromanipulator. Also the brush-on method produced ordered arrays of suspended

fibrin membranes, which sometimes were anchored perpendicular to the vertical sidewalls of the

textured surface and other times were anchored parallel to the sidewalls. The demonstration of air-

bridge formation by biopolymerization suggested that air-bridges might also be formed during initiated

polymerization of organic monomers. Even though the monomer of norbornylene has a much smaller

molecular weight than fibrinogen, hand brushing of norbornylene in toluene with Grubbs’ catalyst

resulted in the self-assembly of fiber air-bridges as small as 4 nm diameter over nearly 6 microns length.

Introduction

In living systems there are a number of proteins, including actin

and fibrin, that self assemble into long nanometre diameter

filaments. The processes can be remarkably fast and robust as in

the case of actin polymerization that drives locomotion of single

cell organisms and in the case of fibrinogen polymerization into

a fibrin scaffold that captures platelets as part of the blood-

clotting sequence. These materials have been the subject of

numerous biophysical studies on their formation processes,1,2

structure3 and mechanical properties.4,5 We are interested in

using biopolymerization-driven self-assembly for the bottom-up

fabrication of well organized arrays of nanostructures. We are

especially interested in assembling suspended air-bridges that are

easily accessible for mechanical properties testing and that could

serve as key elements in nanomechanical sensors and actuators.

These structures can be compared with tissue-engineering

scaffolds, which are often made from polymers6 and biopoly-

mers7 by electrospinning. Normally the fiber of an electrospun

fiber mat crosses itself randomly, though improved organization

has been achieved by synchronizing the rotation of the collector

plate or drum with precession of the fiber as it is ejected from the

spinneret.8

A much higher degree of organization has been demonstrated

by the directed self-assembly of polymeric liquids into fiber air-

bridges that span the raised areas of a micron-scale textured

silicon or glass substrate.9 In this procedure a bead of polymer

dissolved in a volatile solvent is hand applied to the substrate in

a single-pass brushing motion (see Fig. 1). Surface tension drives

the liquid membrane to first break up into liquid threads and

then into narrow fibers through capillary thinning. Solvent

evaporation drives solidification, which enables stable fibers

to form prior to capillary break up of the thread. Fibers are

typically oriented in the direction of brushing and their ends are

often found below the top surface of the substrate, anchored on

the sidewalls of substrate pillars.

Instead of brushing a liquid bead over the substrate, fibers

have also been formed by dipping the raised portions of the

substrate into a solution and then removing the substrate

by a tilting motion that sets up a dewetting flow away from the
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raised edge that is somewhat similar to the flows driven by

brushing.10

The tilting method has been used to form air-bridges of

DNA.10 Also, suspended polymer air-bridges have been used as

sacrificial templates to pattern air-suspended capillaries of

polymers, glass and metals.11 Composite nanomaterial–polymer

air-bridges have been formed similarly, and the polymer has been

sacrificed through thermal decomposition to leave air-bridges of

carbon nanotubes, monolayer sheets of graphene and inorganic

nanowires.12

This current report on using the materials of fibrin and actin

for directed self-assembly of nanostructures was motivated by

our atomic force microscopy (AFM) measurements related to

mechanical characterization of freshly drawn blood cells. During

one measurement in which a special constant diameter AFM

tip13 was repeatedly inserted and retracted from the plasma,

a nanofiber was found to be forming. Images of the fiber that

formed together with repeated AFM force–distance (F–D) scans

taken as the fiber formed are presented in the ESI†.

We assume that the fiber is due to the formation of fibrin from

fibrinogen. Under physiological conditions and temperature

(37 �C) soluble fibrinogen converts to insoluble fibrinogen upon

activation by the enzyme thrombin. However, these fibers were

formed at room temperature so it is possible that evaporation is

instead causing saturation of the plasma solution and aggrega-

tion of fibrinogen. To confirm that fibrin itself can be induced to

form nanoscale diameter fibers, rather than perform a composi-

tion analysis on this small quantity of material that was mixed

with the numerous other constituents of blood, we instead chose

to assemble fibers by the brush-on method using purified extracts

of fibrinogen and thrombin (as illustrated in Fig. 1). The extracts

when processed at the physiological temperature form fibers (and

other nanostructures) in a matter of seconds. Various combina-

tions of brush-on applications that include fibrinogen, thrombin

and the cross-linking enzyme factor XIIIa are used to help

distinguish between simple aggregation due to drying and actual

polymerization (as summarized in Table 1 and discussed in detail

below).

As will be shown, during brush-on fibrin does indeed poly-

merize from monomers of (albeit, high molecular weight 340

kDa) fibrinogen, as do actin filaments from monomeric G-actin.

Several novel suspended membrane structures are also observed

to form. These results for fibrin and actin further suggest that

organic monomers might also be brushed on followed by rapid

polymerization and the formation of stable fibers, and this

possibility is also experimentally demonstrated below.

Materials and methods

Materials

The fibrin precursors were human fibrinogen (340 kDa depleted

of plasminogen, fibronectin and factor XIIIa, product no. 448),

a-thrombin (37 kDa, product no. 470HT) and the cross-linking

agent factor XIIIa (320 KDa, product no. 413a) all obtained

from American Diagnostica (Stamford, CT). Samples were

prepared with and without factor XIIIa. The supplied vial of

powder when reconstituted in 2 ml deionized water gives a 10 mg

ml�1 fibrinogen solution at pH 7.4 in 20 mM HEPES, 100 mM

NaCl, 5 mM EDTA and 7.5% Trehalsoe. The solution is heated

in a bath at 37 �C until a clear solution is observed. A concen-

tration of 5 NIH units per ml of the thrombin is mixed in equal

volume with 20 mMCaCl2. Factor XIIIa was obtained as a stock

solution in 50% (v/v) glycerol–water with 0.5 mM EDTA. It was

diluted 100-fold in 20 mM CaCl2. The final solution is 1 ml of the

diluted factor XIIIa mixed with 200 ml of the fibrinogen solution.

The final concentration of factor XIIIa corresponds to 0.4 units

per ml activity (where 1 unit corresponds to the activity of 1 ml of

pooled normal human plasma.) The factor XIIIa solution is only

mixed into the fibrinogen solution immediately before brushing.

A brief evaluation of fiber drawing with half the manufacturer

recommended concentration of fibrinogen resulted in smaller

Fig. 1 Directed self-assembly of air-bridges by brushing on of a liquid

over a textured substrate that has been primed with a polymerization

initiator. The illustration specifically shows a primed array of thrombin

initiator converting a brushed-on solution of fibrinogen into solidified

fibrin. The paper also presents actin polymerization initiated by a primer

of KCl, and norbornylene polymerized by priming the pillar array with

Grubbs’ catalyst. For the original brush-on approach,9 a single solution

of solvated polymer was brushed over an unprimed array with the fibers

solidifying through evaporation alone.

Table 1 Nanostructures resulting from brush-on of combinations of the principal constituents of fibrin

Process type Brush pillars with solutions of Resulting structures Mechanical properties

1 Thrombin No bridges form N/A
2 Fibrinogen or Fibrinogen + factor XIIIa Sparse array of fiber bridges Fibers dissolve instantly in buffer
3 Thrombin followed by Fibrinogen Arrays of: || fiber air-bridges, || and t fiber

bridges, trampolines, vertical membranes
Strain to break fiber: up to 150% in

buffer, up to 10% dry in air
4 Thrombin followed by Fibrinogen

+ factor XIIIa
Arrays of: || fiber air-bridges, || and t fiber

bridges, trampolines, vertical membranes
Strain to break fiber: up to 350% in

buffer, up to 10% dry in air
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diameter fibers, with most of the fibers being broken. At one-

tenth the concentration no fibers were observed, even when the

thrombin concentration was increased 5-fold. As a result, all

experiments were performed with the manufacturer recom-

mended concentrations given above.

G-actin monomer (43 KDa, product no. A3653) derived from

bovine muscle was obtained from Sigma-Aldrich (St. Louis, MO)

as a dried powder in 2 mMTris, pH 8.0 containing 0.2 mMATP,

0.5 mM b-mercaptanol and 0.2 mM CaCl2. The supplied vial

of powder when reconstituted in 1 ml of deionized water gives

a 1 mg ml�1 G-actin solution. The G-actin is then mixed 1 : 1

(by volume) with a solution containing 50 mM KCl and 2 mM

MgCl2. A 0.6 M KCl solution is used as the array primer that

initiates polymerization of the actin.

Norbornylene monomer (94.16 Da) is polymerized by the

well known ring-opening metathesis polymerization (ROMP)

using 2nd generation Grubbs’ catalyst (Sigma-Aldrich) as the

initiator.14 Norbornylene monomer in powder form (Sigma-

Aldrich) is dissolved in anhydrous toluene to a concentration of

0.3 g ml�1. An initiator solution is prepared by mixing the

Grubbs’ catalyst to a concentration of 3 mg ml�1 in anhydrous

toluene. The solution was mixed in a nitrogen atmosphere to

avoid oxidation of the catalyst.

Different micro-structured surfaces are used as mechanical

supports for the self-assembled nanostructures. High-resolution

arrays of vertical pillars were fabricated by deep reactive ion

etching of photo-patterned silicon. Lower resolution substrates

were made using a diamond dicing saw to cut grooves into glass

substrates. Also, inexpensive transmission electron microscope

(TEM) grids were used as substrates for a few of the experiments.

Methods

The fabrication of nanofiber air-bridges consists of priming the

microstructured pillar arrays with an enzyme or catalyst followed

by brushing the array with a protein or monomer solution

(Fig. 1). The applicator used for brushing can be a thin sheet such

as a glass or microscope cover slip; however, to minimize the risk

of breaking microscopic pillars on the substrate, a flexible plastic

sheet (which is the backing material from a roll of parafilm) of

�40 mm thickness is used. All brushing operations reported apply

a 1 cm long bead (of volume between 2 and 5 ml) to the edge of the

applicator. In some experiments the drop is applied by pipette

and in others the applicator is dipped into a large drop on a glass

slide. Generally, a uniform bead is easier to obtain by dipping of

the applicator. Loading the applicator with the solution, by

either method, takes about 5 s. This applicator is gently brushed

by hand over the top of the pillar array (which is secured to

a microscope slide by double-sided tape) at speeds ranging from

1 to 10 mm s�1. The monomer (on a second applicator) is applied

within 5 to 10 s after the initiator is brushed on. All solutions,

substrates and applicators are maintained at room temperature

except the reservoir of fibrinogen solution, which tends to

aggregate over long times at room temperature.

Alternatively, it is also possible to perform the substrate-

tipping method to form fibers, as reviewed in the Introduction.10

A few experiments with fibrin produced quite similar results as

performed by brushing. However, this method was avoided

because dipping the primed pillar into a solution of fibrin

polymerizes the entire solution. With the brush-on method

a much smaller volume of solution is used.

Scanning electron microscopy. A Supra 35VP SEM in high

vacuum mode was used for imaging the air-bridges. The SEM

operating system includes dimensional measurement software,

which enables direct measurement of the diameters of the fibers.

Micromanipulator. A micromanipulator (Cascade Microtech

DCM 210 Series) with eyepiece and video microscope viewing

was used to manipulate individual fibrin fibers in air and under

buffer in order to evaluate elastic and adhesive properties of

the fibers. The manipulator tips were tapered tungsten probes of

25 mm tip radius (Cascade Microtech tungsten PTT-24/4-25).

Resulting fibrin structures

Numerous applications of fibrinogen were performed resulting in

oriented fiber air-bridges and membranes formed both parallel

and perpendicular to the substrates. This section presents several

of the resulting patterns along with confirmation of the

requirement for using a thrombin initiator for mechanical

integrity of the suspended structures and a discussion of the

processing conditions that affect which type of structures form.

Fibrin nanofiber air-bridges

Brushing the fibrinogen over a thrombin-primed substrate at

speeds in the range of 5 to 10 mm s�1 produces arrays of parallel

fibers (�380 nm diameter) along the brushing direction

(Fig. 2(A)) in some parts of the substrate and in other parts of

the substrate (Fig. 2(B)) the fibers, now of greater diameter

(�700 nm) are found both along and perpendicular to the

brushing direction. The fibers are also anchored lower on the

pillar than in Fig. 2(A). Based on these two differences with

Fig. 2(A) we believe that the local brushing speed was slower in

the area of Fig. 2(B), which led to the liquid thread wetting

further down the pillar and to less liquid draining in the

orthogonal direction, which enabled the perpendicular fibers to

resist capillary break up.

Even though the processing conditions change in some way

over the array leading to variations in the structures that

assemble, there can be a surprisingly long range order produced,

even when the liquids are hand applied to the substrate. This is

well illustrated by the array of fibers in Fig. 3. The air gap

between pillars is �1 mm. The sidewall roughness is quite

apparent and is due to limitations in the reactive ion etching

process. Even with this coarse substrate the brush-on method

produces a well ordered and uniform diameter parallel array of

fibrin fibers, as shown in Fig. 3(A). Casual visual examination

of SEM images of the entire sample suggests that this degree

of order and uniformity is maintained over an area of 111 �
128 mm. The ESI†includes an annotated image of a 48 � 62 mm

area of this same sample. It shows 361 air gaps in the brushing

direction. Only three gaps, as annotated on the image, contain

broken fibers and two of these were observed to break when the

SEM scan was focused at high magnification on these fibers.

(Extended exposure to electron beams does appear to induce

breakage of fibrin, as well as many other synthetic polymers.)
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Also, there are only two fibers, also annotated on the image, that

form perpendicular to the brushing direction. Close-ups were

taken of 33 randomly selected fibers from this area and measured

using the SEM metrology software. The fibers have an average

diameter of 36.4 nm with 6.8 nm standard deviation. Also indi-

vidual fibers as small as about 20 nm (including the �5 nm thick

gold–palladium sputter coating) are found on the same sample

(Fig. 3(B)). Note that this diameter represents the thickness of

2 to 3 fibrin monomers.15

Fibrin membrane air-bridges and septums

The brush-on method produced novel two-dimensional struc-

tures when fibrinogen was brushed at a somewhat lower rate (2 to

4 mm s�1) than the rates used for producing the fibers. In some

cases (Fig. 4), suspended membranes parallel to the substrate

surface form that resemble trampolines. The anchoring fibers in

Fig. 4(A) have diameters ranging from 320 to 530 nm. Side views

of the membranes show that the edges are around 180 nm thick

but it is unclear from these measurements if the central portion of

membrane is the same thickness as the edge or if it is thinner.

Membranes were also formed by brush-on over TEM grids.

These membranes completely seal the openings in the grids

and then can fracture during SEM viewing. The edge of these

fractures revealed thicknesses as small as 168 nm.

Note that the array of membranes is not only periodically

spaced over the pillar array, but the membranes do not form

between every group of four neighboring pillars. Instead, the

membranes form between alternate groups of four pillars.

Equivalently, only two fibers (instead of 4 if there were no

alternation) are anchored on each pillar. We assume that one

factor in the formation of a membrane is the slow brushing

speed, which tends to thin the liquid applied to the substrate at

the same rate along and perpendicular to the brushing direction.

Fig. 3 Hand brushed nanofiber air-bridges. (A) A parallel array of fibers

and (B) a single fibrin fiber from the same sample (including metal

coating) that is the same thickness as the (vertically oriented) 20 nm scale

bar. The coating is used to avoid breakage during SEM. No conductive

coatings are on the sample in A.

Fig. 4 Four point suspended membrane trampolines obtained by the

brush-onmethod. SEM images of (A) an array of trampolines and (B) the

zone at the edge of the trampoline arrays that switches between tram-

polines, fibers in the brushing direction and fibers perpendicular to the

brushing direction.

Fig. 2 Suspended arrays of (A) parallel aligned and (B) parallel and

perpendicular aligned fibrin fibers obtained by brush-on. The pillars on

the silicon substrate are 6 mm in diameter by 50 mm tall on a 34 mm pitch.

Arrows are used in A and B (and all subsequent SEM images) to indicate

the direction of brushing.
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It is possible that polymerization perpendicular to the brushing

direction keeps the membrane from breaking up into fibers (as in

Fig. 2).

The alternation pattern on this sample persists over an area of

296 � 227 mm. At the edge of this region is a transition zone

(Fig. 4(B)) where the structures appear to randomly or chaoti-

cally switch between trampolines, fibers along the brushing

direction and fibers perpendicular to the brushing direction.

At an even slower brushing rate than for the horizontal

membranes (1 to 2 mm s�1) arrays of vertical membranes having

the appearance of septums form along and perpendicular to the

brushing direction (Fig. 5.) The membranes in Fig. 5(A) are

6.6 mm in height and span 14 mm between the sidewalls of adja-

cent pillars. Top views of the membranes show that their edges

are around 750 nm thick. The center of the membrane appears

somewhat thinner, but due to low contrast of the SEM, it has

not been possible to determine how thin the membranes might

be. Fig. 5(B) shows a similar array of membranes between 30 mm

tall vertical membranes spanning 10 mm gaps between adjacent

rectangular pillars. The membranes in Fig. 5(B) developed

vertical cracks while they were being imaged in the SEM. The

ESI† provides an SEM image that demonstrates long range

order of this array over an area of 550 � 400 mm (excluding the

annotated boundary region where the membrane pattern ceases).

Out of a total of 767 air gaps along the brushing direction there

are 741 horizontal membranes. (Due to the perspective in this

image, it was not possible to count the number of membranes in

the perpendicular brushing direction.) The remaining defects

include 4 fiber air-bridges and 13 trampolines (including the

4 trampolines found at the edge of the membrane pattern).

In Fig. 5(A), especially, it appears that the membranes are

anchored both to the sidewalls of the pillars and the plane that

supports the pillars. At these slowest of brushing speeds it seems

that the liquid thread between adjacent pillars formed far

enough down the pillars that it touched and wet the substrate

plane. The additional wetting to the plane caused capillary

thinning both along and perpendicular to the liquid thread,

which resulted in the formation of a stable membrane septum

instead of a fiber.

Elastomeric and adhesive properties of fibrin air-
bridges

Fibrin is a notable elastomer, being able to be strained up to

500% without breaking.4 Fibrin also readily adheres to itself,

which is not surprising given the non-covalent, but nonetheless

strong bonds that form between fibrin monomers on polymeri-

zation. Using identical solutions as those used in producing the

arrays shown above, large (from 1 to 2 mm) diameter fibrin fibers

were individually fabricated across a 500 mm wide trench on

a glass slide using a pipette tip (tip size �750 mm) as a brush. The

fibers were then mechanically stressed using the micromanipu-

lator. Each fiber was fabricated by pipetting 1 ml of thrombin

and 1 ml of fibrinogen into a single drop on one side of the trench.

The same pipette is then used to drag a liquid thread (at a rate of

10 mm s�1) from the droplet to the opposite side of the trench

groove, resulting in the formation of a stable fiber air-bridge. The

process is repeated along the length of the groove to produce an

array of parallel fibers.

A micromanipulator probe is then brought into contact with

a single fiber bridge at its midpoint and the fiber is stretched

laterally. The dry fiber (whether or not factor XIIIa is included in

the solution) elongates by no more than 10% strain before

breaking. Rehydrating the fibers by immersing the fibers in

a pipetted drop of 20 mM HEPES buffer resulted in an elasto-

meric fiber that was strained up to 150% before breaking. When

factor XIIIa was included in the fibrinogen solution, fibers were

strained up to 350% before breaking. These extensibilities are

comparable to those in previous reports.4

Fibrin’s adhesiveness is demonstrated by using it to construct

a more complex structure—an air-bridge anchored at three

points. One of the submerged fibrin bridges (made without factor

XIIIa) was contacted by a manipulator probe at its midpoint and

pulled until it broke free from one side of the trench. The tip

remained connected to the fiber midpoint, and over time the free

end floated into contact with the probe and became adhered to it.

Further pulling detached the fiber from the other side of the

trench. The newly freed end of the fiber was then brought into

contact with a second fibrin bridge resulting in the structure in

Fig. 6(A). The structure is then pulled with increasing force in

Fig. 6(B,C) without losing adhesion.

In Fig. 6(C), the adhered segment between the tungsten probe

and the fiber that spans the groove is strained 33%. Fiber 1 is

strained by 38% and upon removal of the force it returned

instantly to its original unstressed shape. However, Fiber

2 remained at its stretched length when the force was removed.

Apparently, when the fiber was broken free from the substrate

it was strained beyond its tensile limit destroying its ability to

recover.
Fig. 5 Fibrin septums. Arrays of vertical membranes between (A)

cylindrical and (B) square pillars.
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Discussion of fibrin nanostructure formation

Our experiments with fibrinogen and thrombin extracts

demonstrate that fibrin air-bridges form by polymerization

initiated by the enzyme thrombin. The reasoning can be under-

stood by review of Table 1. For Process 1, in which only

thrombin is applied, no bridges appear after brush on. For

Process 2, in which only fibrinogen is brushed on, air-bridges that

are generally smaller and less uniform in diameter do appear.

These dissolve instantly when the fibers are submerged in the

buffer solution. We are led to conclude that these fibers solidify

as a result of precipitation and aggregation of the fibrinogen as

the liquid bridges dry. For Process 3 and Process 4 (which is

Process 3 with the addition of factor XIIIa cross-linking enzyme)

the fiber and the more complex membrane air-bridges form. Not

only are these structures insoluble in the buffer, but they are both

elastomeric and adhesive. Therefore, we conclude that either

Process 3 or Process 4, both of which are initiated polymeriza-

tions, are responsible for the formation of the fibrin air-bridges.

The reliable formation of the air-bridges is due in large part to

the robust nature of biological processes.

There is an unresolved question as to the dynamics of the

formation of the fibrin bridges. Our current experimental setups

are incapable of observing the formation process due to limited

abilities to monitor the high speed of fiber thinning at sub-

microscopic nanoscale dimensions. The air-bridges could form in

at least two ways.

One possibility is that the fibrin filaments form, drift to the

center of liquid bridge and produce an air-bridge spanning

two pillars. Liquid surrounding the pillars drains to the large

(compared to the fibrin bridges) pillars through capillary

thinning, leaving a solid fibrin air-bridge behind.

A second possibility is that the fibrin filaments are distributed

throughout the liquid thread. The filaments at some point form

a network completely spanning the liquid thread. A resulting gel

of large enough modulus can resist further thinning due to

capillary forces. The thread can continue to thin from this point

by evaporation. Then below a certain diameter the capillary force

can overwhelm the gel modulus leading to a sudden thinning

due to capillary forces.

The two models are similar enough that they could simulta-

neously be at play, or either one might occur for differences in

fibrin concentration or thread diameters present in a particular

experiment.

Self-assembly of other monomers into polymer
nanostructures

Since fibrin as it is polymerizing can self-assemble during brush-

on into organized nanostructures, it suggests the generalization

that other materials undergoing polymerization could form

similar structures during brush-on. One question is can other

filamentary proteins undergoing polymerization form nano-

structure air-bridges? A second question is can much lower

molecular weight monomers form air-bridges as they are

undergoing polymerization? We had assumed that the formation

of air-bridges using organic monomers would be more chal-

lenging than using protein monomers because protein monomers

are already large enough to be considered polymers. For indi-

vidual proteins and increasingly as even a few protein monomers

bind, the solution can become very viscous due to increasing

chain entanglements. This increased viscosity then reduces the

rate at which liquid threads thin and break up immediately

following brush-on. For a much lower weight organic monomer

the initial viscosity might be so low that the liquid thread breaks

prior to the solution achieving adequate viscosity through

polymerization. A limited set of experiments with actin and

norbornylene indicate that other protein, as well as organic

monomers undergoing polymerization can be patterned into

air-bridges by brush-on.

Actin fibers

Hydrolysis of the ATP molecule in each G-actin monomer

to ADP drives a stepwise ligation or polymerization of actin. In

Fig. 6 A three point bridge constructed from two fibrin fibers as viewed

through the micromanipulator’s video microscope. Fiber 1, which spans

the groove is (A) unstrained, (B) strained by 12% and (C) strained by 38%

by continuous retraction of Fiber 2, which is attached to the tungsten

probe.
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solutions of actin, Mg and K ions at sufficient concentrations

activate the polymerization process.2 In our experiments the

addition of a high concentration of KCl (see Materials and

Methods) is used to initiate polymerization of actin. First, we

prime an array of grooves in silicon of �1.5 mm width with KCl.

Then the actin solution is applied in a second brushing. Two

representative structures produced in the same application are

shown in Fig. 7. Note that neither the initiator nor the monomer

solutions by themselves were observed to form stable fibers. In

Fig. 7(A) an air-bridge forms that is 246 nm at its waist. The

tapered waist is suggestive of the shape that would be expected

due to capillary thinning. Therefore, it may be possible that this

structure formed as a result of several individual actin fibers

fusing together during simultaneous polymerization and thin-

ning. Fig. 7(B) shows an isolated individual actin fiber that is

1.46 mm long by about 16 nm wide. The cubic structures are

crystals of the dissolved salts originally in the solution.

Poly(norbornylene) nanostructures

Polymerization of norbornylene by Grubbs’ catalyst is fast

enough with the small volume of solution used that stable fibers

do indeed form, as shown in Fig. 8. However, the individual

initiator and monomer solution by themselves did not produce

fibers. In Fig. 8(A) the fibers are 25 nm to 400 nm wide by 12 mm

long. Note that these fibers, compared to the fibrin fibers, form at

the top of the pillars. This result is consistent with the higher

evaporation rate of toluene compared to water, which rapidly

depletes the volume of solution available to wet the sidewalls.

Fig. 8(B) shows an isolated set of parallel fibers formed between

two pillars that are 12 mm long. A magnified view in Fig. 8(C) of

one of these fibers shows that the diameter of this fiber, as

measured by the SEM, is 4 nm over at least 6 mm of length. It is

possible that during the thinning process a single membrane

bridged the two pillars. If the membrane was not dry, perhaps the

edges due to their increased surface area dried and solidified

before the membrane solidified. The membrane between the

edges then broke apart leaving solidified nanofibers. Alterna-

tively, perhaps the membrane solidified and then broke apart due

to residual stress, which is known to be present in norbornylene

polymerized by ROMP.14 If this second formation process is

in play, then other remnants of the broken membrane would

be expected to be visible. In Fig. 8(D) we did see evidence of

a membrane that had torn apart into numerous strings resem-

bling the lacing of an old fashioned corset. Whatever the actual

formation process might be, it is remarkable that intact fiber

air-bridges of 4 nm diameter by 6 mm long can exist following

manual brush-on.

Fig. 7 Actin nanostructures produced following the sequential brush-on

of KCl and actin monomer over a 1.46 mm wide groove in a silicon

substrate.

Fig. 8 Poly(norbornylene) air-bridges on a silicon pillar array. The

pillars are 7 mm diameter with a gap between each pillar of 12 mm. (A) An

oriented array of fibers of diameters from 36 � 50 mm. (B) Two fibers

suspended between two pillars. (C) Magnified image of the area indicated

in B. A line that is 4 nm wide is traced over the fiber. (D) A vertical

membrane that appears to have broken up into numerous strings. The

smallest fiber in D is 55 nm diameter.
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Conclusions

Many biological processes are noted for being robust and well

regulated. In the case of filamentary proteins, including fibrin

and actin, we observed the robust self-assembly of macroscopic,

hand-applied films of protein monomers into nanoscale air-

bridges under the combined driving forces of polymerization

and capillary thinning. Moreover, this process was found to be

extendable to organic monomers undergoing initiated polymer-

ization. This assembly method generalizes the earlier process of

brush-on with polymers dissolved in volatile solvents, to admit

monomers in the process of polymerizing. This subtle extension

might be enough of a difference to lead to the richer set of

well organized horizontal and vertical membrane air-bridges

that were observed to form.

Further understanding of the dynamics of the formation of

these structures might be developed by comparing differences in

structure due to whether or not the polymer is initially anchored

to and grows from the surface of the substrate, which is possible

with a step-wise polymerization. For example, perhaps the step-

wise ROMP process is possible both with an anchored16 and

a dissolved Grubbs’ catalyst enabling the comparison of differ-

ence in air-bridge formation when the polymer only grows from

a surface and when it grows in solution only eventually becoming

adhered to the surface.

The ability to start the brush-on process with a monomer,

rather than a polymer, has additional potential applications to

rapid custom patterning of three-dimensional structures.

Specifically, low enough molecular weight organic monomers

could be evaporated and then locally condensed on hydrophobic

patches arranged in a desired pattern on a three-dimensional

substrate. A small brush or array of styluses treated with an

appropriate initiator drawn between a monomer droplet and

a second location could then create an array of air-bridges of

even greater complexity than the periodic arrays presented

above. Considering the problems (e.g. slow flow rates and

clogging) associated with delivering ultrasmall volumes of poly-

mers by nanodiameter capillaries, delivery by condensation of

monomers might prove to be a reasonable alternative.

While proteins would not be viable for the proposed conden-

sation-based patterning method, the ability demonstrated above

to pattern proteins into highly flexible soft structures does

support their use for applications as scaffolds capable of

supporting individual live cells. Organized arrays of the types

presented above might provide a more geometrically controlled

environment for the study of cell–cell communication through

the surrounding liquid medium.
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This first section describes our original observation of the 
biopolymerization of a protein fiber.  We assumed the 
fiber was likely to be fibrin, and this motivated us to 
attempt making fibrin air-bridges from pure extracts of 
fibrinogen and thrombin by the brush on method.  Figure 
S1 shows a portion of the fiber that formed during these 
measurements together with AFM Force-Distance (F-D) 
retraction scans.  For the earliest recorded curve (580 s 
after the drop of blood is placed on a depression 
microscope slide and 2 minutes after being drawn) the 
probe tip breaks free from the surface of the plasma (at 
about 2.7 m extension distance of the scanner) 
producing a clear stair step response as the AFM probe 
returns to a zero force condition.  In later scans there 
continues to be an attractive force beyond the stair-step 
which increases with time.  Eventually this force 
dominates over the stair-step feature indicating a 
thickening and lengthening of a structure on the end of 
the AFM tip.  The scanning electron microscope (SEM) 
images in Fig. 2(A),(B) shows that a fiber of ~ 100 nm 
diameter has formed.  The fiber as observed at lower 
magnifications was about 6 m long, but broke off in 
handling inside the SEM chamber.   

Figure S1. Growth of protein nanofibers from a solution 
of (A, B) blood serum obtained by retracting the constant 
diameter AFM tips. B is a magnified image of A.  (C) 
Force-distance curves obtained as the needle-tipped AFM 
probe is retracted from a solution of human blood plasma.  
In order to simplify interpretation the scans, as plotted, 
have been translated leftwards by increasing amounts (on 
the order of 1 m) with time in order to compensate for 
changes in the surface height due to evaporation.    

(continued on page 2) 
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This second section provides wide-area views that demonstrate the long range order and low defect count 
produced by the brush on process of the thrombin-fibrinogen system.  Due to the excessive detail these 
images would not reproduce well in journal format and therefore are presented here in further support of the 
method.  

Figure S2. Wide field SEM image (48 x 62 m area) of the same sample of fibrin fiber air-bridges as in Fig. 
3(A) including annotation of defects.

(continued on page 3) 
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Figure S3.  Wide field SEM image (550 x 400 m area) of the same sample of fibrin septums as in Fig. 
5(A).  Annotations indicate defects and the edge of the region of septums. 

Trampolines (13 places) Fiber air-bridges (4 places)

No vertical 
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Abstract—Two self-assembly methods, one for growing individual 
metal nanoneedles at selected locations on substrates, and a 
second for automatically assembling arrays of polymer nanofiber 
two-point suspended air-bridges are reviewed.  Complex 
integrated systems are proposed that incorporate these elements, 
including a rare-cell cell sorter, an electrochemical disk 
nanoelectrode and a rather arbitrary point-to-point 3D polymer 
fiber interconnection system.  The last system is envisioned as 
composed of an array of individually actuated nanoneedles that 
can be electrostatically positioned to permit the selective drawing 
of polymer nanofibers air-bridges in 3D.   

Keywords- NEMS, directed self-assembly, 3D patterning, 
microsystems  

I.  INTRODUCTION 
Recently my group has developed two distinct methods of 

directed self-assembly of extremely high aspect ratio 
nanostructures.  In one method a periodic micromachined array 
of vertical pillars is hand-brushed with a liquid polymer or 
nanomaterial-polymer composite leading to the spontaneous 
formation of two-point suspended nanofibers air-bridges and 
trampoline–like membranes (Fig. 1) [1,2].  In some cases, 
fibers as small as 10 nm diameter and exceeding 100:1 aspect 
ratios have been made with these crude methods of application.  
It is the capillary force driven thinning that leads to the fibers 
self-assembling into precise structures.  In a second method, 
surfaces patterned with thin films of silver, when dipped into 
gallium at it melting point, which is near room temperature, can 
spontaneously grow Ag2Ga nanowires of constant diameter on 
the order of 100 nm diameter and up to at least 110 μm in 
length (Fig. 2) [3].  The process is remarkable in that these 
freestanding needles can be grown individually at selected 
locations and with desired orientations with respect to the 
surface.  Additionally the needles are extremely flexible, tough 
and ruggedly attached to the surface (Fig. 2) [4].  These 
approaches enable the rapid, often one step addition, of true 
third-dimensional complexity to substrates, that after initial 
micromachining, are at best 2.5 dimensional.  

This paper will consider several ways to add increased 
functionality to these two types of nanostructures through 

standard additive and subtractive processing.  Because the 
nanostructures already set the limit of resolution, these 
subsequent processing steps are not critically dependent on 
extreme resolution patterning systems, which simplify 
microsystem prototype development.  Both the fabrication 
development of functional elements (e.g. elastomeric and 
electrostatic actuators, capillaries, optical guides, mechanical 
and electrochemical sensors) and their planned incorporation 
into complete bio-microsystems (e.g. microfluidic cell sorters, 
cell-based biosensors and complete single cell probe and 
manipulation stations built into a microscope cover slip) are 
being investigated.  A final example presented here will 
describe a concept for point-to-point drawing of nanofibers air-
bridges in a rather arbitrary 3D interconnection space, which 
uses actuated arrays of nanoneedles as a “smart brush” to draw 
the polymer fibers.   

II. THE BUILDING BLOCKS 

A. Self-assembled polymeric nanofiber air-bridges  
Suspended nanofibers, as small as 10 nm diameter, have 

been formed by simply hand brushing onto micron scale 
corrugated surfaces, solutions of polymer dissolved in volatile 
solvents [1,2], similar to the brushing operation illustrated in 
Figure 1.  The figure specifically shows one of our more recent 
approaches in which an enzyme (a biological catalyst) is used 
to polymerize a biological monomer into parallel filaments.   

The fabrication method consists of priming an array of 
micromachined pillars with an appropriate initiator.  In the case 
of fibrin air-bridges, a solution of the enzyme thrombin is first 
brushed over the array, followed by bushing a solution of 
fibrinogen (as in Fig. 1).  For actin fibers the array is primed 
with a solution of KCl that initiates polymerization and then a 
solution of monomeric actin is brushed over the array in 1-2 
seconds. The applicator sheet is typically a microscope cover 
slip or the very flexible plastic backing material on parafilm. In 
both cases the solution of the monomer is brushed over the 
array before the primer solution dries out.  Detailed methods 
for the fabrication procedure are reported in [5].   

978-1-4244-2485-6/08/$25.00 ©2008 IEEE 134
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Figure 1 also shows typical structures that spontaneously 
form within seconds after brushing the material over the array.  
Fibers usually tend to form in the direction of brushing.  They 
frequently form between the sidewalls but can form across the 
tops of the pillars for more viscous solutions.  The fibrin fibers 
shown are around 300 nm diameter, but as with actin fiber in 
Fig. 1, fibrin nanofibers on the order of 15-20 nm have been 
produced that span somewhat over 1 μm length.  This is on the 
order of the thickess of 2-3 monomeric units of either 
fibrinogen or actin.  In some cases regular arrays of 4-point 
anchored membranes (i.e. “trampolines”) form.   

B. Selectively grown and oriented metal nanoneedles 
Recently we developed a way to selectively grow onto 

mechanical supports, e.g. sharpened tungsten electrodes, 
tapered glass pipettes and atomic force microscope (AFM) 
probes, long metallic nanowires, which we refer to as 

nanoneedles (Fig. 2) [3].  Nanoneedles have been made to date 
with constant diameters from 25 nm to 500 nm, with typical 
diameters around 100 nm, and lengths typically a few tens of 
microns up 110 μm.  The length of the nanoneedles, together 
with their metal alloy composition, gives them low stiffness (so 
far measured below 1 mN/m, compared to as low as 20 mN/m 
in AFM cantilevers) making them ultraflexible and the alloy 
material has substantial tensile strength (greater than 0.66 GPa 
[6] and close to that of steel or silk) giving the needles 
substantial resistance to breakage. Very few groups have 
demonstrated practical ways to securely and precisely attach 
individual nanowires of any kind onto macroscopic supports. 
The nanoneedles can be more than 10X longer than other 
reported probes of such small diameter (e.g. FIB milled AFM 
probes).   

The key features of ultraflexibility, resistance to breakage 
and constant diameter (as illustrated in Fig. 2) immediately 

Figure 1.  Hand brush on method of directed self-assembly of nanofiber air-bridges and trampolines.  The particular reaction shown is for thrombin enzyme-
initiated polymerization of fibrin from fibrinogen precursor.  SEM images on right show the fibrin nanofiber and nanotrampoline air-bridges formed about half-
way down the sidewidells of the silicon pillar arrays.  The SEM image lower left shows a 16 x 1460 nm actin air-bridge formed by brush on.  

Figure 2.  Selectively self-assembled metal alloy nanoneedles.  (Left two images) Nanoneedle growing from a room temperature gallium melt on the end of an
AFM probe.  The probe was coated with silver then dipped into and withdrawn from the gallium to form the Ag2Ga needle on the end of the probe with the 
selected orientation.  (Right two images) These images show that theneedle can be elastically buckled without breaking or fatiguing.  When the force is removed 
the needle recovers its undeflected shape.   
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suggest their use for minimally perturbing probing of complex 
fluids and soft materials, and minimally invasive intracellular 
probing of live cells, which are composed of complex fluids 
and soft materials. These capabilities can be seen by 
considering that:  

(1) The long, constant diameter needles can be inserted to 
great distances into cells.  Most other intracellular probes are 
tapered and increasingly open up the cell plasma membrane 
with increasing penetration depth.  However the nanoneedle 
can be inserted through the entire length of the cell while 
maintaining the same ~100 nm diameter access through the 
entrance point through the cell membrane.   

(2) The constant diameter enables forces (e.g. those due to 
surface tension, viscosity, friction, viscoelasticity) to be more 
easily interpreted from AFM force-distance curves, as well as 
directly from the observed bending of the needles in a light 
microscope. (The needles, while narrower than the diffraction 
limit, because of their super-microscopic length and high 
opacity, are visible in light microscopes, though at the 
resolution of the microscope optics.)       

(3) The long needles can be inserted through a liquid 
medium into a live cell while the support (e.g. the supporting 
AFM probe) remains outside the liquid, reducing the strong 
perturbing effects of wetting forces and turbulence that can 
produced by the larger support on the liquid medium.  

 (4) The needles are so flexible that they deform around and 
conform to objects without breaking and also strong enough to 
withstand large tensile forces. For our measured tensile 
strength of at least 0.66 GPa, a force of at least 5 μN would be 

needed to break a 100 nm diameter needle.  This combination 
of flexibility and strength make the needles especially suitable 
for microfluidic cell sorting.  The drag force on a 50 μm long x 
100 nm diameter needle in water would equal the force to 
break the needle at a fluid velocity of 100 M/s.  In glycerine, 
which is nearly 1000X more viscous than water, the needle 
would not break at flow rates under 1 M/s.   

Additionally, the nanoscale diameter needles can be used as 
template to increase the functionality and complexity of needle-
based devices.  An example of this is illustrated in the process 
flow for our recently demonstrated electrochemical disk 
electrode (Fig. 3) [7].  The insulated end can even be opened up 
by a simple nanomanipulation in which a controlled buckling 
shape is used to induce a fracture towards the free end of the 
needle.   

These various features of the self-assembled polymer and 
metal nanostructures motivate their integration into the systems 
that are proposed in the next section.    

III. FROM BUILDING BLOCKS TO SYSTEMS 
The flexibility and resistance of the needles to breakage 

(largely due to their flexibility) appears to be well matched to 
the softness of liquids, polymers and biological materials, 
which suggest interesting nanosystems for probing, 
manipulating and processing these soft materials.     

A. Proposal for a microfluidic cell sorter/screener  
The drag force estimated above for a typical 100 nm x 50 

μm nanoneedleis nearly the same as the drag force on a  single 
spherical cell of 5 μm.  This is about the width of a red blood 
cell (Fig. 4).  It is also the typical diameter for the smallest 
blood vessels — i.e. capillaries, which admit all white and red 
blood cells.)  Figure 4 shows a concept for screening blood in 
which an array of needles serves as a flexible screen in a flow 
channel.  The spacing is chosen to enable the cells to squeeze 
between the needles, but always be forced in contact with the 
needles.  Bending of the needles that conforms to the cell, 
would increase contact time and increase the chances for 
specific binding between antibody coated needles and an 
antigen specific to the test.  A rare cell, such as a the first 
cancer epithelial cell entering the bloodstream could be 
detected by specific binding, providing the earliest warning of a 
cancer metastasis.  Better than 1 cell capture in 1 billion is 
currently of interest to the medical community.     

Readout can be done in a number of ways.  One way is to 
view the ends of the needles in a light microscope and look for 
captured cells.  Needle deflection can be viewed from the side. 
The bending of the needle can be used to determine changes in 
drag force, such as due to the capture of a cell. The needle also 
could be electrically sensed if it were overcoated (as in Fig. 3) 
with a piezoelectric or elastomeric polymer coating and a 
second electrode.  Large deformations in a soft elastomer can 
provide a capacitive readout of needle deflection.  The coating 
could also be used to mechanically actuate the needle for a 
number of other applications in microfluidic and 
nanomanipulation.  One application to direct write patterning 
of soft materials is considered  in the next subsection.    

Figure 3.  Process flow for templated fabrication of an electrochemical 
nanoelectrode [7].  The polymer parylene has been conformally coated on the 
needles as thin as 10 nm. 
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An additional application of microfluidics, in which an 
electrically driven capillary flow cells are templated on 
sacrificial polymer fiber air-bridges is presented in reference 
[8].  

B. Proposal for a 3D fiber drawing and interconnection 
The elements of arrays of metal nanoneedles and their 

potential for being actuated can be combined with the concepts 

for forming fiber arrays (as in Fig. 1) to create system that can 
come much closer to arbitrary drawing and interconnection of 
nanofibers air-bridges in 3D, than has been possible to date.  
One interesting feature is that the concept admits a degree of 
self-alignment that reduces the requirements for extreme 
precision of placement of the drawing system.       

The system concept is as follows (Fig. 5):  A patterning 
method can be envisioned in which long flexible nanoneedles 
are used as an array of brush bristles. Each bristle would be 
individually actuated and brought into contact with individual 
monomer droplets and then deform and stretch the droplets 
across air gaps to form liquid air-bridges.  The brush bristles 
are very flexible, allowing them to conform to and deflect 
around substrate features with minimal application of force and 
negligible damage to the surface.  The droplets would be 
condensed from a vapor phase at selected locations and then a 
polymerization initiator is used to solidify the liquid bridges —
as was done with thrombin initiator to solidify fibrin from 
fibrinogen in Fig. 1.     

Capillary forces that force the liquid bridge to thin, can 
reliably produce fiber bridges that are 100X narrower than the 
diameter of the initial monomer droplet.  There are polymer 
chemistries that permit selective depolymerization, as well.  
Thus a fiber contacted by a catalyst enabling depolymerization 
can be converted to monomer and then evaporated from the 
substrate, thereby permitting rework for errors or rerouting of 
interconnects.   

The process permits forming bridges across the top surface 
of a substrate or between sidewalls, with the anchor points even 
at different elevations. Force sensing of monomer and substrate 
adhesion can be used to help locate the tips in the monomer and 
provide information on bridge diameter.  Also, the droplet 
wetting forces are envisioned to help self-align the position of 
the needles, while tip height is envisioned to be somewhat 
forgiving given the extreme flexibility of the needles (1 

Figure 4.  Immmuno-specific cell sorting concept based on ultraflexible 
nanoneedles. The upper drawing shows a proposed array of freestanding 
nanoneedles that are coated with antibodies specific to rare cells (less than 1 
per billion) in blood. Each cell pumped through the microflow cell (bottom 
schematic—exploded view) will brush against at least one of the needles, and 
coatings can be designed to avoid non-specific binding of blood serum to the 
needles and of the needles to each other.  The erythrocyte inset is shown 
approximately to the scale of the needle array.  The center image shows a 
number of cells in the blood including various white blood cells involved in 
the immune system and platelets that participate in clot formation. 
Metastasized epithelial cells are another rare cell type that can be found in 
blood and if found would provide earlier detection of cancer metastasis than 
achieved with current blood-based cancer screening tests.     

Figure 5.  SmartBrush array of individually actuated brush bristles.  The 
drawing specifically illustrates a sequence of steps 1-6 for writing nanofiber 
air-bridges with rather arbitrary orientations in 3D.  The steps include 
approach to a droplet, drawing between droplets and flexible deformation 
around obstacles.  Additional details on the steps are incuded in the text panel.
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mN/m).   In fact, it is possible for the needles, due to Brownian 
motion to explore the space and even find the droplets without 
any additional deterministic actuation. Also the needles can 
easily deform around high aspect substrate features without 
damaging them.   

Note that the method circumvents several more traditional 
micro/nano writing methods in which liquid polymers are 
delivered through microcapillaries [9] (which can become 
clogged and difficult to clean).  Some of the issues with regard 
to patterning complexity have been pushed off onto defining 
hydrophobic sites on a hydrophilic substrate, where organic 
monomers would preferentially condense.    

A final note is that the surface or tips should be treated with 
a surface-anchored catalyst to ensure that the catalyst is not 
transferred to unintended locations on the substrate.  A possible 
polymer system is ROMP (ring-opening metathesis 
polymerization) based polymerization.  As an example, 
norbornene has a boiling point of 96 oC, and could be volatile 
and could be vaporized under a somewhat reduced 
pressure.  Either a Grubb's catalyst could be templated to the 
substrate, or a monomer precursor could be used to template 
the hydrophobic site.  ROMP also is a potential candidate for 
this application because of its possibility to depolymerize or 
decompose with ring-closing metathesis.   

I envision that the elements of needle and fiber formation 
described above can be combined to create such a “smart 
brush” array of individually controllable bristles.  Perhaps each 
bristle can be moved a few microns in 3D by a piezo-
cantilever, as is currently available from AFM probe 
manufacturers, or by the elastomeric actuation and sensing 
concept mentioned briefly above.    

IV. STATUS AND CONCLUSIONS 
Development of the system concepts will require further 

fabrication and process developments.   We are continuing to 
look for simplified bottom up fabrication processes that rely on 
self-assembly and self-alignment.  Four areas requiring further 
development to achieve the proposed systems are the 
controlled growth of parallel arrays of nanoneedles, controlled 

thickness coating of soft elastomeric coatings onto the needles, 
a low cost way of patterning of electrode sense points on the 
elastomer and a way to electrically connect to the sense points.      
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Selective self-assembly at room temperature of individual freestanding
Ag2Ga alloy nanoneedles
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Liquid gallium drops placed on thick Ag films at room temperature spontaneously form faceted
nanoneedles of Ag2Ga alloy oriented nearly normal to the surface. This observation suggests that
single nanoneedles can be selectively grown by drawing silver-coated microcantilevers from
gallium. Needles from 25 nm to microns in diameter and up to 33 �m long were grown by this
method. These metal-tipped cantilevers have been used to perform atomic force microscopy �AFM�
and AFM voltage lithography. © 2005 American Institute of Physics. �DOI: 10.1063/1.2060930�

INTRODUCTION

The liquid metal gallium �Ga� rapidly dissolves many
metals at and even below1 its bulk melting temperature
�29.8 °C�. Liquid Ga can be supercooled to at least 58 °C
below its melting point for extended periods of time.2 At
elevated temperatures and pressures gallium melts have been
supersaturated with chemical vapors from which nanowires
can nucleate and grow as vertical carpets,3,4 which in some
cases are composed of the vaporized elements alone,3,5 and
in other cases form oxide5,6 and semiconducting7 compounds
with Ga. A number of metals have been reported to interdif-
fuse and react with Ga at room temperature, resulting in
intermetallic compounds and ordered crystalline phases.8,9

We have observed at and even below room temperature that
Ga placed in contact with gold �Au� thin films reactively
alloys forming crystallites of AuGa2 surrounded by Ga-rich
alloy.10 The Ga-rich liquid continues to react and a wave
front of the alloyed material is observed to spread over and
continuously alloy with the Au film beyond the original Ga
source. Above room temperature with the spreading rate ac-
celerated, fractal-shaped, interconnected networks of Au-rich
nanowires can form on the surface of the substrate.11 From
our ongoing experiments of Ga alloying with other metal
thin films we have observed self-assembly processes that re-
sult in a number of other unusual morphologies.

Herein we report on the most intriguing of these results,
which is the alloying of Ga with films of silver �Ag� at room
temperature which results in rapid nucleation and growth of
long crystalline alloy needles of nanometer diameter. Of
greatest significance is that an individual needle can be di-
rected to grow in a desired direction. An example of this
concept and its experimental demonstration is presented in
Fig. 1 where a silver-coated atomic force microscopy �AFM�
tip12 is dipped13 into a liquid drop of Ga at room
temperature.2 The Ga readily adheres to the Ag coating,
forming a meniscus on partial retraction of the tip. With fur-
ther retraction, the tip, with a freshly grown needle attached,
breaks free from the Ga. In some experiments a longer initial
retraction distance creates a longer meniscus that thins over

time, draining away the Ga to expose a single needle. Im-
mersion of the tip in the Ga for 2 min usually results in the
formation of a needle, and even a few seconds of immersion
frequently results in the formation of a needle.

Qualitative observations of and assumptions about the
process of forming needles are summarized in the schematic
illustration in Fig. 1. We assume that the localization of the
needle to the tip is associated with both the presumed longi-
tudinal concentration gradient of Ag that is dissolved from
the tip �Fig. 1�b�� and the transverse localization of the nar-
row meniscus �Fig. 1�c��. Figures 1�c� and 1�d� indicate the
possibility of a number of needles forming with a single
needle extending past the others. A small number �as in Fig.
2�a�� to a large number of needles have been observed to
form in different experiments �with more needles being pro-
duced when the Ag films are thicker.� The cartoon portion of
Fig. 1�d� shows another feature, which is the large amount of
Ga that can adhere to the tip. Over time the Ga continues to
reactively spread and alloy with the Ag of the cantilever
forming a grainy pattern of Ag2Ga crystallites over the can-
tilever surface. The continued spreading of the Ga eventually
removes the excess unreacted Ga, which eventually uncovers
and makes visible all the nanowires formed at the tip. We
have also formed freestanding needles at the end of tipless
cantilevers and produced single needles of both parallel and
normal orientations to the cantilever surface.

Before describing additional details of the process for
forming alloy needles on AFM cantilevers and demonstrating
their applicability to scanning probe microscopy, it is helpful
to consider our original observations of spontaneous needle
formation when Ga is placed on top of thin and thick films of
Ag. It was these observations that originally suggested the
single-needle fabrication process.

NEEDLE FORMATION FROM SILVER FILMS

We first observed spontaneous growth of alloy needles
when we placed lines of liquid gallium on sputtered Ag thin
films �thicknesses from 15 to 305 nm� on silicon substrates.
A sharpened tungsten probe �7 �m tip radius� mounted in aa�Electronic mail: rwcohn@uofl.edu
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micromanipulator13 is dipped into liquid Ga until a drop of
the metal adheres to it. The hanging drop is touched to the
Ag film surface and scanned laterally, forming a line of liq-
uid Ga of width from 30 to 100 �m and from 0.5 to 10 �m
thick. Within seconds surface-oriented alloy needles appear
within the liquid Ga, first nucleating near the edges and
growing in toward the center of the line. Thereafter, needles
form near the center and parallel to the line of Ga. The
needles continue to nucleate and grow until the Ga is de-
pleted by the formation of needles inside the line and
through lateral diffusion and alloying of Ga outside the line.
The Ag film outside the Ga line transforms to a grainy tex-

ture due to the formation of alloy nanocrystals. The reaction
can proceed from 1 to 3 days until Ga is no longer visible
around the needles.

Figure 3�a� shows scanning electron microscopy �SEM�
images of the needles for Ag film thicknesses of 30, 127, and
305 nm, respectively. Needles as small as 35, 90, and 95 nm
are found in the respective trials. For a 15-nm-thick film,
needles as small as 25 nm diameter were found. Figure 3�a�
�30 nm� shows that the needles are still surrounded by a layer
of Ga. The openings through the Ga show the chromium �Cr�
underlayer on the substrate. The Ga can be completely de-
pleted over time by continued reactive spreading through the
surrounding Ag film. Any remaining Ga can be removed
with 1.0M HCl at 60 °C or 0.57M HF at room temperature.
In Fig. 3�a� �127 nm� the Ga has been completely reacted
with the thicker Ag film resulting in a number of layers of
needles and thicker needles. In Fig. 3�a� �305 nm� the
needles are even thicker and faceting is evident on the thick-
est needles. A noticeable minority of the needles that cross
grow together, making it difficult to release a large fraction
of the needles by HCl etching. When ultrasonication is used,
segments of the full needles can be broken from the mass of
needles.

When liquid Ga that is 50–100 �m thick is similarly
placed on a much thicker film �99.9% Ag foil, 127 �m thick
from Alfa Aesar� needles again form. The Ga reaction can
take from 2 to 7 days until all the Ga is consumed and pro-
duces the textured line in Fig. 3�b�. The central portion of the
line forms directly under where the Ga had been originally
placed. The closeup of this central region �Fig. 3�c�� shows
that the nanowires are decidedly vertical in orientation. It
appears to us that the needles grow parallel to the direction
of movement or flow of the Ga and that at the center of the
line, the Ga is moving downwards through the foil.

Additional evidence of vertical growth of needles on
thick foils is observed prior to the complete depletion of the
Ga. Specifically, Figs. 3�d� and 3�e� show individual needles
that have grown through an �3-mm-thick layer of Ga after 1
day. If the same experiment is performed at 240 °C instead
of room temperature, faceted vertical needles again form
though this time of larger diameter �Fig. 3�f��. The increased
diameter appears to be related to the effect of increased dif-
fusion rate as described by nucleation theory.14 It is these

FIG. 1. �Color online� Process for freestanding needle fabrication: �left col-
umn� schematic and �right column� demonstration as recorded in time-
sequential SEM images. �a�An AFM probe that is Ag coated �50–200 nm� is
positioned over a melted or supercooled liquid drop of Ga between 15 and
25 °C. The nominally 10-nm-thick Cr underlayer is included to promote
adhesion of the resulting needle. �b� A portion of the cantilever is dipped
into the drop dissolving Ag into the Ga. �c� The cantilever is retracted and
held from 2 s to 2 min �in the experiment shown 5 s was used� while the
needles form. �d� Then the cantilever is either retracted further or the Ga
recedes to free the needle-tipped cantilever from the Ga drop.

FIG. 2. Needles formed on cantilevers by the process of Fig. 1 �SEM im-
ages�. �a� Closeup of the cantilever tip and attached needle from Fig. 1 and
��b�–�d�� closeups of single needles formed on three different tips. The scale
bar in �b� also applies to �c� and �d�.
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various observations related to Fig. 3 that suggested the pos-
sibility of obtaining oriented single-needle growth by confin-
ing the growth to a thin meniscus of Ga �as illustrated in Fig.
1�c��.

X-ray-diffraction �XRD� analysis with the Cu K� line
��=1.54 Å� is performed on needles grown under conditions
similar to those in the samples shown in Fig. 3�a�.15 The
XRD �Fig. 3�g�� identifies the crystals as the ordered 	�
phase of the Ag–Ga phase diagram.9,16 From the XRD we
calculated the lattice parameters of 7.75 and 2.87 Å for a and
c, respectively, for this hexagonally close-packed crystal.
The parameters are within 0.2% of the values reported by
Gunnaes et al. for their 10-�m-diameter faceted needles of
the 	� phase with stoichiometry of Ag2Ga that they grew by
slow cooling from a Ga-rich melt.9 Their crystals are similar
in appearance to the needles in Fig. 3�f�. Additionally, Simic
and Marinkovic noted from the XRD the stable formation of

the 	� phase at room temperature when sandwiches of the
thin films of Ga and Ag were brought into contact with each
other.17 Several single freestanding needles formed on AFM
cantilevers were examined by energy dispersive x-ray spec-
troscopy �EDS� in a SEM and found to be 2:1 Ag:Ga sto-
ichiometry, even though the Ag–Ga phase diagram shows
that the stoichiometry of the 	� phase is not single valued.
Also, the needles formed by the Ag–Ga reaction are highly
crystalline, as demonstrated by the selective area electron-
diffraction �SAD� pattern shown in the inset of Fig. 3�g�
from a single needle of 200 nm diameter.18 The SAD of the
needle in Fig. 4 also produces a diffraction pattern with nar-
row diffraction peaks, indicating that this freestanding needle
is crystalline, as well. While it was not possible to tilt the
10°-tilted AFM tip and needle into the same orientation as
the needles on transmission electron microscopy �TEM�
grids, we are convinced that the freestanding Ag2Ga needles

FIG. 3. Spontaneous needles that form when Ga is applied to sputtered Ag films. �a� Needles formed on 30-, 127-, and 305-nm-thick Ag films after a thin line
of Ga is drawn over Ag on the end of a tungsten needle. When the film is much thicker �127 �m Ag foil� the Ga reacts to produce �b� needles of a nearly
vertical orientation at the center of the line of Ga. �c� Closeup of the nearly vertical needles in the center of line in �b�. �d� Needles that protrude through the
Ga early in the reaction, before the Ga completely reacts with the Ag foil. �e� Closeup of one of the needles in �d�. �f� The thicker needles that form when the
reaction is performed at 240 °C instead of room temperature. �a�–�f� are SEM images. �g� X-ray-diffraction pattern from needles grown on a thin film of Ag.
�Inset� SAD �selected area diffraction� pattern from a single needle that shows that single needles are highly crystalline.
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are identical in composition to surface-grown needles �based
on the EDS analyses of each� and that both are crystalline
�based on SAD analyses�.

SELECTIVE GROWTH AND ORIENTATION OF SINGLE
NANONEEDLES

At this point we resume and complete the description of
the selective formation of individual freestanding alloy
needles. Orientation of the needles is controllable as illus-
trated by forming needles that are oriented normal to the
AFM tip �Figs. 1 and 2�, parallel to the cantilever surface
�Fig. 4�, and normal to the surface of a tipless cantilever
�Fig. 5�. The needles in Figs. 1 and 2 were drawn from a
spherical drop of Ga that is resting on a silicon substrate.
This shape occurs after the Ga drop is immersed in 1.0M
HCl at room temperature for 1 min or 0.57M HF at room
temperature for 2 min. Then the sample is blown dry with
nitrogen and immediately inserted into the SEM chamber.
Without the acid treatment, the Ga has a low contact angle
on the order of 25° or less and a somewhat irregular bound-
ary �e.g., in Figs. 5�a�–5�c��. The change in contact angle
with etching is attributed to the removal of a nanometer thick
Ga2O3 layer

19 that grows on the Ga surface under ambient
conditions. The oxide is thin enough that it does not seem to

affect the ability to penetrate the surface or the formation of
the needles on retraction. A patch of the oxide film can some-
times be detached from the pool and transferred to the end of
the needle.

The needle in Fig. 4�a� was grown parallel to the surface
of a Ag-coated �10 nm Cr and 90 nm Ag� cantilever by
immersing the tip and the flat surface of the cantilever in a
drop of Ga �as in Fig. 1�. Then immediately afterwards, the

FIG. 4. Single needle that was selectively grown parallel to the surface of
the cantilever. �a� SEM image of the �250-nm-diameter needle showing
that it protrudes 14 �m beyond the end of the cantilever. Closeup TEM
images of �b� the entire length of the needle beyond the cantilever and �c�
the end of the needle. These images show that the needle is of nearly con-
stant diameter.

FIG. 5. Demonstration of the single-needle fabrication process on a tipless
cantilever. ��a�–�c�� A sequence of SEM images that show the fabrication of
the needle. �d� A closeup of the cantilever in �c� that shows that most of the
Ag film has been removed around the base of the needle. �e� A further
closeup of the needle formed on the cantilever. The end of the needle is 55
nm in diameter.
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cantilever was pulled laterally along the drop, forming a me-
niscus between the drop and the end of the cantilever. After
holding the needle in this position for 2 min the needle was
released from the Ga pool through further lateral pulling.
This produces a freestanding needle of 250 nm diameter that
extends 14.1 �m past the end of the cantilever. It is remark-
able that the needle is of nearly constant diameter over its
entire length, as shown in the TEM images in Figs. 4�b� and
4�c�.

We also produced a needle of even higher aspect ratio
�Fig. 6� which was 130 nm diameter over approximately half
of its 33 �m length using the geometry of Fig. 1. The needle
resulted after inserting the end of the tip inside the Ga and
pulling up a meniscus. This was held for 2 min during which
time the meniscus receded back into the drop leaving an
exposed needle of about 200 nm diameter. The cantilever
was further retracted to expose 10 �m of the needle, leaving
an additional length submerged in the Ga. After another 8
min the needle was completely removed from the drop ex-
posing the thinner portions of the needle. Note that the
needle length greatly exceeds the length of the meniscus.
That is, the meniscus sets the conditions to initiate single-
needle growth, but then the needle can continue to grow well
beyond the meniscus region. Also, adhesion of the needle to
the Ga is weak enough that long needles can usually be re-
moved without breaking them.

Figure 6 shows the flexibility of 29 �m of the same
needle as it is pushed against Ga droplets �Fig. 6�a�� and then
released �Fig. 6�b�� to a nearly unbent position. This flexing
was repeated several times without destruction and even
more severe beam bending and buckling was achieved in
Fig. 6�c�. However, the first attempt to bend the needle �in
the identical configuration as in Figs. 6�a� and 6�b�� did pro-
duce plastic deformation, kinking, and breaking off of 4 �m
of the needle. The broken section is shown in Fig. 6�d�.

A needle also was formed nearly normal to the surface of
a tipless cantilever coated with 90 nm of Ag �Fig. 5�. Figures
5�a�–5�c� show the time lapse images. The end of the canti-

lever was immersed in the Ga and then retracted to form the
meniscus in Fig. 5�b�. Note the strong adhesion of the Ga to
the underside of the cantilever. After holding the cantilever at
this position for 2 min, the cantilever is retracted further until
the needle snaps free from the Ga, resulting in the needle in
Fig. 5�c�. The closeups of the needle in Fig. 5�d� show that
the Ag has been dissolved from the end of the cantilever, and
additional interaction of the Ga with the Ag is noted in that
the film is roughened in the vicinity of the needle. The fur-
ther closeup in Fig. 5�e� shows that the diameter of the
needle is 55 nm.

POTENTIAL APPLICATIONS OF THE SELECTIVELY
GROWN NEEDLES

We have begun evaluating needle-tipped AFM cantile-
vers for AFM profiling and AFM voltage lithography. The
needles were grown by the method of Fig. 1 on tipped and
tipless AFM cantilevers and used both in contact and tapping
modes. Initially, when the needles were grown directly on a
silicon �Si� cantilever, the needle could easily be detached
during scanning. With the addition of the 10 nm Cr under-
layer, the needles usually adhere to the tip indefinitely. For
example, continuous scanning in both contact mode20

�3-�m-long needle of 400 nm diameter� and tapping mode21

�120-nm-diameter needle tip of 4 �m length� was performed
for 14 h without dislodging the tip and with no change in
resolution. Needles with lengths of less than 5 �m are used
due to their improved stability and resistance to buckling. To
further reduce the possibility of a needle buckling in tapping
mode, the z-piezo set point is adjusted to go into feedback
with 10% damping of the cantilever oscillation amplitude,
instead of the manufacturer recommended set point at 20%
damping.

Figure 7�a� is a tapping-mode topography scan22 of a
sputtered Au thin film �nominally 50 nm thick� that shows
the individual film grains. Figure 7�b� shows the image of a
similar area on the same film as recorded in a field-emission-

FIG. 6. Mechanical properties of the highest aspect ratio needle from this study �SEM images.� �a� Needle that has been forced to buckle by pressing it against
the Ga droplet from which it was originally drawn. �b� Recovery of needle to its nearly linear form after removal of the force. �c� The same needle flexed to
an even greater degree than in �a�. The needle, shown on a different droplet than in �a� and �b�, also recovers its linear form upon the removal of the applied
force. While �a�–�c� show the needle to be 29 �m long, the original needle was 33 �m long. In our first test of buckling with this needle there were �d� elastic
failures which kinked and broke off 4 �m of the needle. The needle is shown on the same droplet as in �a� and �b�. The textures on the surface of the spherical
Ga droplets are due to reformation of the surface oxide after chemical removal of the native oxide.

073510-5 Yazdanpanah et al. J. Appl. Phys. 98, 073510 �2005�

Downloaded 06 Oct 2005 to 136.165.40.207. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

Reference No 43

174



SEM �FE-SEM, 1 nm beam diameter�. Autocorrelations of
the topography image corresponding to Fig. 7�a� and the
grayscale image in Fig. 7�b� are calculated to estimate the
average grain sizes and from this data determine the loss in
resolution due to the finite diameter of the needle. The grain
size and resolution loss are reported at 0.707 times the full
width at half maximum of the autocorrelation peak. The av-
erage diameters for the AFM scan and the SEM image are 28
and 21 nm, respectively. The autocorrelation function of the
SEM is best fitted to the AFM autocorrelation function when
a Gaussian function with spread corresponding to a 14 nm
�i.e., this width is 0.7 full width at half maximum �FWHM�
of the Gaussian� is used. Thus, we consider the resolution
loss to be around 14 nm for this particular sample. On an-
other portion of the same sample we profiled with the same
needle and also with a Si cantilever �same probe as Ref. 22�.
In this region the grains were larger and steeper, and the
resulting diameters found by the autocorrelation procedure
were 47 and 32 nm, respectively. The resolution loss as com-
pared to the Si cantilever is 34 nm for this sample.

Conductive AFM probes are useful for voltage
nanolithography.23 The nanoneedle and the silver coating on
the cantilever form a highly conductive path that is suitable
for applying constant current through an insulating resist. In
our experiments �in a Veeco M5 AFM� we spun on a 123-
nm-thick film of electron-beam resist PMMA �4 wt % poly-
methyl methacrylate in Anisole solvent, MicroChem Corp.,
Newton, MA� onto a Si substrate that is sputter coated with a
20-nm-thick Au coating and a 5 nm Cr adhesion layer. The
sample was prebaked at 150 °C for 5 min in a convection
oven. The 120-nm-diameter needle on a tipless cantilever

�same as Ref. 20� was used in tapping mode �average height
above surface of �12 nm� and scanned at a tip velocity of
300 nm/s. The tip was biased to apply 150 pA constant cur-
rent. The exposed pattern was then developed in a 2:1 me-
thyl isobutyl ketone �MIBK� to isopropanol solution for 90 s.
An AFM topography image24 of the lithography pattern is
shown in Fig. 6�c�. The depth of the exposed trenches mea-
sures 35 nm and the linewidths are as small as 100 nm. In a
second exposure experiment on a 40-nm-thick PMMA film
was exposed with a 60-nm-diameter needle grown on a tip-
less cantilever25 and scanned in tapping mode at a tip veloc-
ity of 200 nm/s with a 200 pA exposure current. The depth
of the exposed trenches measures 9 nm and the linewidth is
as small as 30 nm and no larger than 80 nm �as measured by
AFM �Ref. 24��. Further adjustment of dose and develop-
ment time will be required to completely develop through the
resist. One of the most encouraging aspects of the needles for
use in voltage lithography is the greater stability of the ap-
plied voltage as compared to thin metal-film-coated AFM
tips, which shows up as more uniform control of linewidths
in our exposures. The problem with the thin-film metallized
Si tips is that the metal rapidly wears off the end of the tip
resulting in a poorly defined electrical path from the edge of
the remaining film. With a metallized �5 nm Cr adhesion
layer and 20 nm Au� Si cantilever the initial voltage �at con-
stant current� was 1 V and the voltage rose to 8 V within 10
min. For the needle-tipped cantilever, the initial writing volt-
age �at constant current� was 1 V and the voltage stayed
constant for 10 min and increased to 4 V over 1 h. With the
needle-tipped cantilevers we have continuously written for
over 1 h with no change in resolution.

DISCUSSION: DESCRIPTIVE MODEL
OF THE GROWTH PROCESS

In this section we compare our qualitative observations
of Ag2Ga needle growth with standard descriptive
models26–28 of alloy solidification. This discussion is in-
tended to �1� relate several experimental observations from
this study with the standard models and �2� suggest further
studies that should result in a quantitative model of the
growth process of the single freestanding needles.

Alloy solidification frequently begins with nucleation.26

For alloy melts there is usually an activation energy barrier
to homogenous nucleation. Heterogeneous nucleation �e.g.,
on seed particles, surfaces, and crevices� can reduce or even
eliminate the activation energy barrier. Nuclei that exceed a
critical radius then grow spontaneously, with a maximum
growth rate when feature sizes are around twice the critical
radius. A steady-state model of the longitudinal growth of
needle-shaped precipitates from a supersaturated solution is
presented in Ref. 27. It is based on the Gibbs-Thomson effect
or the increase in free energy at the end of the small needle
as compared to the bulk material. The excess free energy sets
up a diffusive flow of solute towards the end of the needle
that sustains the lengthening of the needle. Also, planar
solid-liquid interfaces can become unstable �under the con-
dition referred to as constitutional supercooling� and evolve

FIG. 7. Evaluations of the needle-tipped cantilevers for AFM applications.
�a� AFM topography image of a thin sputtered Au film using a 120-nm-
diameter needle-tipped cantilever. �b� SEM image of a similar looking area
of the same film. Comparison of the two images, as described in the text,
leads to an estimate that the tip resolution is 14 nm on this sample. �c� AFM
image of pattern written with a needle-tipped cantilever by voltage lithog-
raphy of a thin PMMA film.
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into cellular structures �e.g., lamellae, dendrites, or needles,�
with growth similarly sustained by diffusion to the ends of
the structures.28

In our experiments with tipped AFM cantilevers, needle
growth appears to start after the AFM tip is retracted
�Fig. 1�c��. This produces a low contact angle between the
Ga and Ag coatings. From the tip point, up to the
atmosphere/Ga/Ag triple point, we find that the Ag film is
completely dissolved away to the chrome underlayer. Upon
removal from the Ga, we observe that the needles originate
from the Cr–Ag ledge. Therefore the Cr–Ga ledge could be
considered to be a crevice which lowers the energy barrier to
nucleation. However, it is also possible that nucleation be-
gins prior to the formation of the ledge, and that the low
wetting angle of the Ga on the Ag resembles a crevice.

From a few to many needles can grow from this region
of the AFM tip. As they lengthen they can grow into each
other to form a bundle. As the bundle lengthens further it
usually tapers down to a single needle that continues to grow
well beyond the bundle. This tapering may be related to de-
crease of available solute, together with the instability of this
material system to maintain planar fronts �e.g., illustrated by
Figs. 3�b� and 3�c��. That is, more Ag will diffuse to an
isolated protrusion, enhancing the growth rate of a single
needle over the larger diameter �i.e., more planar� bundle. In
that the growth follows the longitudinal axis of the meniscus
�e.g., in Figs. 1, 4, and 5� and reflects the diffusive flux set up
by the needle tip, but this preferred growth direction may be
further enhanced by longitudinal capillary and diffusive flow
through the narrow meniscus.

The above description of needle growth has many of the
features from standard models of alloy solidification and
growth, with the addition of �eventual� single-needle growth
in a selected orientation. Therefore, we expect that needle
growth rate and morphology follow the mathematical models
used for alloy growth.26–28 These models depend strongly on
temperature and temperature gradients, and thus experiments
as a function of these variables can be conceived to quantify
and optimize the needle growth process.

CONCLUSIONS

In summary, single freestanding nanoneedles of Ag2Ga
�at least as small as 25 nm diameter� can be spontaneously
formed at room temperature by dipping a silver-coated sur-
face into liquid Ga. Needles of horizontal and normal, as
well as arbitrary, orientations have been formed on AFM
cantilevers. Initial experiments show that the needle-tipped
cantilevers can be used to perform AFM topography mea-
surements and voltage lithography. While the resolution of
these needle-tipped probes has not been as high as with sili-
con, the wear of the needles seems to be much less than the
wear of the sharpened silicon tips. Continued studies at pro-
ducing narrower needles should further improve the resolu-
tion of these probes.
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Abstract
A calibrated method of force sensing is demonstrated in which the buckled shape of a long
flexible metallic nanowire, referred to as a ‘nanoneedle’, is interpreted to determine the applied
force. An individual needle of 157 nm diameter by 15.6 μm length is grown on an atomic force
microscope (AFM) cantilever with a desired orientation (by the method of Yazdanpanah et al
2005 J. Appl. Phys. 98 073510). Using a nanomanipulator the needle is buckled in the chamber
of a scanning electron microscope (SEM) and the buckled shapes are recorded in SEM images.
Force is determined as a function of deflection for an assumed elastic modulus by fitting the
shapes using the generalized elastica model (De Bona and Zelenika 1997 Proc. Inst. Mech.
Eng. C 211 509–17). In this calibration the elastic modulus (68.3 GPa) was determined using
an auxiliary AFM measurement, with the needle in the same orientation as in the SEM.
Following this calibration the needle was used as a sensor in a different orientation than the
AFM coordinates to deflect a suspended PLLA polymer fiber from which the elastic modulus
(2.96 GPa) was determined. The practical value of the sensing method does depend on the
reliability and ruggedness of the needle. In this study the same needle remained rigidly secured
to the AFM cantilever throughout the entire SEM/AFM calibration procedure and the
characterization of the nanofiber.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Long slender rods unstably buckle under compressive loads.
Once the rod is in a buckled mode and if the stress on
the material remains in the linear elastic regime, the rod
will repeatedly, reversibly and continuously deflect over a
continuous range of forces. For instance, these properties are
obtained with macroscopic rods used as low stiffness ‘buckling
springs’ for low frequency vibration control [1–3]. In this
report we demonstrate the use of a nanoscale buckling spring as
a force sensor for which force is determined by measurement
of the shape of a buckled nanowire as viewed by a scanning
electron microscope (SEM).

Such a probe would be desirable for contacting and
mechanically probing other nanoscale structures that are in
confined or recessed spaces which can be difficult to reach with
standard atomic force microscope (AFM) probes. For instance,
the schematic in figure 1(a) shows a long slender nanowire

deflecting the fiber well beneath the supports (or recess) while
the AFM cantilever and tip remains well above the supports.
AFM tips, while sharp to 10 nm radius of curvature, are
generally tapered and of the order of 10 μm long. Tapered tips
(e.g. the one in figure 1(b)) can become obstructed if inserted
into micron and sub-micron scale trenches, and for insertion
depths greater than 10 μm, the even wider cantilever can be
obstructed. With a long, high aspect ratio structure on the AFM
probe, the cantilever can stand off at a much great distance
from the nanostructure, enabling the probe to contact (as well
as not visually obstruct) objects that are recessed well below
the top of the support pillars. While the probe can be used
in an AFM, it should be noted that most AFM’s use modest
resolution video optical microscopes: it can be quite difficult
to accurately contact a nanostructure. However, in the SEM
it is much easier to see nanostructures, as well as to view the
entire bending profile of a nanowire that is tens of microns in
length.

0957-4484/08/035502+09$30.00 © 2008 IOP Publishing Ltd Printed in the UK1
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(a)

(b)

Figure 1. Nanoneedle buckling springs for force sensing.
(a) Schematic of buckling spring used to mechanically probe a
suspended nanofiber. (b) Metal nanoneedle (157 nm
diameter× 15.6 μm length) on AFM tip. Inset shows a close-up
view of the end of the tip.

While not experimentally evaluated in this study,
the method might also be practically implemented with
observation under an optical microscope if the needle and the
nanostructure under test are fluorescently labeled. While the
diameter of the objects are below the diffraction limit, the
length of needles are usually orders of magnitude greater than
the diffraction limit, which should enable reasonably accurate
estimates of the buckled shape of the needle when viewed in
profile.

Nanotubes attached to AFM tips have been observed
to unstably buckle [4–6] which limits their use in AFM
topography measurements to very short lengths [7]. Due to
the small wall thickness of single-wall nanotubes, even very
short nanotubes unstably buckle, forming sidewall kinks rather
than a continuous curved shape of an elastically deformed solid
(even though the resulting kinks, which have the appearance
of plastic failure in solid materials, are reversible in single-
wall nanotubes). Most reports on the selective attachment of
nanowires to AFM tips have relied on the use of electrostatic
attraction or adhesives, which do not usually provide a secure
attachment needed for mechanical probing. Focused ion beam
milling of AFM tips has been used to produce well-secured
constant diameter tips, but for commercially available probes
these tips are usually under 2 μm in length [6, 7].

An alternative nanomaterial suited for application to
buckling springs is the long freestanding metal nanowires that
have been individually grown onto the tips of AFM cantilevers
(figure 1(b)) [1]. These ‘needles’ are notable for their high

flexibility, strong and secure attachment to the AFM tip,
and their extreme length, which supports their application as
buckling springs. Of particular note is their near-constant
diameter along their length (at least for a majority of the
needles grown to date), which simplifies modeling of their
mechanical buckling properties.

A single needle is grown by nucleation of a metal alloy
crystal at the tip of the AFM cantilever. The crystals grow from
a room temperature melt of gallium that is supersaturated with
silver resulting in the intermetallic alloy Ag2Ga [8, 9]. Due
to the hexagonal symmetry of the Ag2Ga atomic lattice, the
needles are generally faceted on their sides and, due to their
incoherent solidification from the melt, they are often found
to be rounded on their free ends. The needles that have been
grown to date have diameters anywhere from 25 to 500 nm and
with lengths up to 72 μm.

In this report the needle-tipped cantilever in figure 1(b)
(which is 157 nm diameter and 15.6 μm long) is repeatedly
used as a buckling spring in measurements both to determine
its elastic properties, and to measure the mechanical properties
of another nanostructure, a two-point beam made of a polymer
nanofiber, as schematically illustrated in figure 1(a). These
needles have been flexed numerous times with large scale
deflections (e.g. in figure 6, where the two ends are brought
to within 40% of the unflexed length), without fracturing the
needle and without the needle breaking from the AFM tip.
These properties are significant if needle-tipped cantilevers are
to be realistically used as measurement tools. The particular
needle in figure 1(b) survived its complete set of AFM and
SEM calibrations, followed by its use in characterizing the
bending of another nanostructure.

The next section reviews the generalized elastica method
that is used to describe the buckled shapes of slender, constant
diameter rods in response to forces applied to their free ends.
The technique of reconstructing the applied force from the
shape of a buckled needle will be used as a basic concept for
our method of visual sensing. Then the remaining sections
describe the experimental calibration of the force sensing
characteristics of the needle and then employ these sensing
characteristics to evaluate mechanical properties of a second
nanofiber air bridge (as illustrated in figure 1(a)).

2. The generalized elastica method and its
application to nanoneedle buckling springs

Modeling large deflections of beams. Elastic buckling is
exactly modeled by the Euler–Bernoulli beam equation, which
is a fourth-order nonlinear differential equation written in
Cartesian coordinates. There are a number of efficient methods
used to solve this equation numerically, but only for small
deflections. For large deflections, complications come from
the fact that the coordinates of the free end of the beam
are not constant and boundary conditions for this equation
cannot be defined in Cartesian coordinates. However, the
solution of this problem in terms of elliptic integrals can be
obtained by introducing curvilinear coordinates, as was first
done by Timoshenko in 1953, which is now referred to as
‘Timoshenko’s Method of Elastica’ [10, 11]. The method

2
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Figure 2. Schematic of the buckling geometry for the generalized
elastica model.

models the deflected shape of a cylinder that is fixed on one end
and free on the other end for a force that is applied axially down
the center of the rod. Furthermore, the direction of the force
is unchanged following deflection. Previously, several groups
applied Timoshenko’s elastica method to evaluate Young’s
modulus of gold nanowires [12], WS2 nanotubes [13] and
carbon nanotubes [14]. However, the ability to axially load
a nanowire in experiments can be difficult, and ensuring that
the force direction is unchanged after loading is especially
difficult. These concerns (for structures in general) led
De Bona and Zelenika to propose the generalized elastica
method [15] which can be applied to model buckling with non-
axial loading, as well as buckling of axial loads for which the
reaction force at the free end of the needle can be arbitrarily
directed.

In this report the generalized elastica method is used
to model buckling of an initially straight needle attached

to an AFM cantilever (figure 2). The end of the needle
that is attached to the AFM tip is considered to be laterally
constrained by the cantilever, as is observed in experiments
(figure 3). The model generates the deflected shape of a needle
(e.g. the traces of the elastica curves shown on top of the
needles in figure 3) as a function of five scalar parameters:
needle length L and radius R (which is contained in the
cross-sectional moment of inertia I = π R4/4), Young’s
modulus E and an applied two-dimensional force vector P
(equivalent to two scalar parameters). In the experimental
AFM measurements of force versus distance (i.e. the F–
D curves) reported in this study, the normal force N is
made to coincide with the AFM’s reported force and the
vertical displacement � coincides with the AFM’s reported
displacement. In order to make direct comparisons between
AFM measurements and elastica-based estimates of the needle
response we will interchangeably report the F–D or N–�
response. Also, it is important to stress that the generalized
elastica model is two-dimensional, modeling deformations in
the plane of buckling. Therefore, the model does not admit
torsional buckling (which also was not observed to occur in
these experiments).

The generalized elastica equations describe the mechan-
ical system shown in figure 2. The complete set of symbols
used is defined in table 1. The formulation begins with the dif-
ferential equation for the deflection of a beam loaded with the
force P

E I
dθ

ds
= M = −Py (1)

where M is the bending moment acting at the free end of the
beam, θ is the slope angle of the elastic curve with respect
to force P and s is the length of a section of the beam. The
vertical local coordinate y can be eliminated from equation (1)

Figure 3. Visually observed buckling of nanoneedle for vertical deflections�. The curves are best fits to the SEM images using the
generalized elastica method. The SEM images of needles in (b) and (c) have been traced with white lines to enhance visibility.
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Table 1. Notation used in the generalized elastica model and figure 2.

Point O Free end of needle (origin of x, y coordinates)
Point B Fixed end of needle (origin of X, Y coordinates)
Point A Arbitrary point on elastic curve
P Total force acting at the free end of the needle point O
N Normal force (in the same direction as measured by AFM)
� Deflection of needle in the normal direction N (in the same direction as measured by AFM)
γ Angle between P and N
X , Y Cartesian coordinates referred to point B. The Y axis is the axis of undeflected needle.
x , y Cartesian coordinates referred to point O. The x axis is in the direction of P.

These coordinates vary for each value of �.
α Approach angle of the needle. The angle between the normal N and the Y axis.
β Minimum angle between the x axis and the Y axis
R Cross-sectional radius of needle
L Length of the needle
s Length from O to A of needle along the elastica curve
E Young’s modulus
I Moment of inertia of the cross section of the needle
C2 = P/(E I )
E(k, ϕi) Incomplete elliptic integral of the second kind
F(k, ϕi ) Incomplete elliptic integral of the first kind
k Parameter of integration of the elliptic integrals
ϕi Amplitude of the incomplete elliptic integrals at points O, A, B
n Integer number corresponding to the buckling mode
θi Slope angle of the elastic curve with respect to force P (or x axis)

by substituting dy/ds = sin θ giving

d2θ

ds2
= −C2 sin θ. (2)

The general solution of equation (2) can be expressed as a
linear combination of elliptic integrals [11]

Cs = F(k, ϕ0 + nπ) − F(k, ϕA + nπ), (3)

where k = sin(θ0/2) and sin(ϕ) = sin(θ/2)/k. Equation (3)
represents, in integral form, the mechanical equilibrium
condition for a slender rod. At the lowest levels of applied
force the beam simply bends, which corresponds to the n = 0
solution. The first and second buckling modes of the beam
correspond to n = 1 and n = 2 solutions, respectively. The
needle viewed in the SEM (figures 3(b) and (c)) is in the first
(n = 1) buckling mode, which is the only buckling condition
considered in this paper.

The forward elastica problem is stated: given a beam fixed
on one end with an applied force P on the free end, determine
the (elastica) shape of the buckled beam. Then the procedure
for evaluating the shape of the elastica curve is as follows.
First, equation (3) is evaluated at the fixed end of the needle
where s = L and ϕA = ϕB . In the specified geometry in
figure 2 and because of the fixed end condition, the angle θB is
identical to the angle β . Also, for this end condition sin(ϕ0) =
1, k = sin(θ0/2) and sin(ϕB) = sin(θB/2)/ sin(θ0/2). These
two variables k and ϕB are functions of the single unknown
variable θ0. Equation (3) is numerically solved by iteration to
find θ0. Once this value of θ0 is determined it becomes possible
to solve for each value of ϕA along the length of the needle
s = sA. The solution proceeds using an iteration that is similar
to that used for the calculation of θ0, with θ0 now set to the
previously determined constant. The elastica curve can then

be expressed in x and y coordinates by substituting the now
determined values of L, ϕB , ϕA, ϕ0 and k, s into [15]

x A

sA
= 2

E(k, ϕ0) − E(k, ϕA)

F(k, ϕ0) − F(k, ϕA)
− 1, (4)

xB

L
= 2

E(k, ϕ0) − E(k, ϕB)

F(k, ϕ0) − F(k, ϕB)
− 1, (5)

yA

sA
= 2k(cos(ϕA) − cos(ϕ0))

F(k, ϕ0) − F(k, ϕA)
, (6)

yB

L
= 2k(cos(ϕB) − cos(ϕ0))

F(k, ϕ0) − F(k, ϕB)
. (7)

The solution is most easily solved in the x , y coordinate
system, but note that these coordinates vary for each value of
deflection�. However, once calculated all the x , y coordinates
can be transformed into the common X , Y coordinate system
using

YA

L
= xB

L
cos(β) + yB

L
sin(β)

− sA

L

(
x A

sA
cos(β) + yA

sA
sin(β)

)
, (8)

X A

L
= − xB

L
sin(β) + yB

L
cos(β)

− sA

L

(
x A

sA
sin(β) + yA

sA
cos(β)

)
. (9)

This coordinate system is referenced to point B , which
corresponds to the tip of the AFM cantilever.

Experimental method of determining the F–D response
using elastica. The experimental determination of the F–
D curve from nanoneedle buckling is posed as an inverse
elastica problem in which the elastica shape is known and
the two parameters (P and β) defining the forward elastica
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problem are adjusted to produce an elastica curve that best fits
the experimentally observed shape. SEM images are used to
provide the shape, length and diameter of the needle. This
procedure is repeated for several values of � from which
the F–D curve is constructed. The only free parameter
is Young’s modulus E . The resulting best fit F–D curve
can vary significantly for modest changes in the value of E .
This ambiguity is resolved by adjusting the value of E to
produce the best match between the SEM-measured and AFM-
measured F–D curves, which simultaneously determines the
appropriate value of E .

Once this calibration procedure is completed, SEM-
measured values of � can be directly interpreted as values
of normal force N when using the needle to deflect other
structures—even if the geometry is different from the AFM
coordinates (e.g. the needle approaches the structure at a
different angle than used in the AFM coordinates). If the
geometry is different, then the inverse solution of the elastica
equations can be repeated using the previously determined
value of E .

Also, it should be noted that the needles can be deflected
further in the SEM than the scan range of most commercial
AFM’s (which is limited to a Z-scan of around 16 μm for
recording F–D curves.) However, the nanomanipulator used
in this study scan can be continuously scanned and viewed
in the SEM 11 mm each in the X, Y and Z coordinates.
Testing of nanostructure deflections much larger than 16 μm
can be envisioned. For example, in figure 6, presented
below, a 38 μm needle is deflected 16 μm without breaking,
while a proportionate bending of a 70 μm needle would be
29 μm. If the needle is forcing another nanostructure to
deflect, e.g. the fiber in figures 7 and 8, presented below, the
added deflections of that structure would be added to the scan
range. For instance the fiber in figure 7 is around 200 μm
long. If it were made of a rubbery elastomer it could be
stretched 100% (or even more) without breaking. Deflecting
the fiber at its center and stretching its length by 100% would
correspond to a vertical deflection of 173 μm. To develop
an F–D response for such long ranges would be at best
quite tedious, requiring controlled stage translation (under very
limited viewing conditions) followed by stitching together the
16 μm F–D curves.

Following the report of the experimental calibration of
the needle-tipped probe in figure 1(b), two examples of force
sensing with nanoneedle buckling springs are presented. These
examples demonstrate the use of the needle (1) with an angle
of approach that is different than that used for the calibration
and (2) with a scan range in excess of standard AFM scan
ranges.

3. Experimental conditions

AFM measurements with the needles are performed both as
part of the calibration needed to establish Young’s modulus,
and to verify the validity of the SEM measurements. As
part of this validation, the stiffness of the AFM cantilever
needs to be comprehended as well. The F–D curve of the
needle-tipped AFM cantilever in figure 1(b) is first measured

Figure 4. The AFM F–D curve of the needle in figure 1(b) before
and after the SEM calibration and the measurement of the nanofiber.
These AFM curves were taken one month apart.

in an AFM (MFP-3D, Asylum Research, Santa Barbara, CA).
The cantilever spring constant is determined by pressing the
needle against a rigid surface (a polished silicon wafer) with
forces low enough that the needle acts as a rigid column that
does not buckle. The measurement gives a spring constant
of 3.77 N m−1. In figure 4 the initial steep slope in the
curve corresponds to the deflection of the AFM cantilever
prior to buckling of the needle. The deflection range is
then increased, consequently producing forces (greater than
the critical buckling force of ∼170 nN) that are sufficient to
buckle the needle. (Note: critical buckling for needles of
typical sizes can be appreciated from the standard formula
for the critical buckling force of an axially loaded fixed-free
cylindrical column Fcrit = 15.8 E R4/L2 [16, 17]. This
equation gives identical critical forces for columns of identical
length to cross-sectional area. For nanoneedles of lengths 5–
70 μm and 100 nm diameter the critical buckling force varies
from 1.38 to 270 nN.)

The combined mechanical response of the nanoneedle and
cantilever can be qualitatively described as a system of two
springs connected in series with spring constants kc and kn ,
for the cantilever and needle, respectively. The total spring
constant can be expressed as ks = kckn/(kc + kn). In the
region of high slope dN/d� the AFM cantilever bends, but
the needle does not deform. Therefore, in this interval kn = ∞
and ks = kc. Once normal force N passes the critical value, the
needle goes into the first buckling mode (low slope dN/d�).
Since kc � kn once the needle is buckled, the total spring
constant approximately equals the spring constant of the needle
(ks ≈ kn).

The F–D measurement is cycled until it is repeatable,
which ensures that the needle settles into a stable end
condition. This measurement is performed both before and
after performing the buckling measurements in the SEM. SEM
images (e.g. the ones in figure 3), as well as the F–D curves in
figure 4 (which differ by less than 4%) that are taken before
and after the SEM imaging, demonstrate that the needle is
only slightly changed by its repeated use and other possible
variations in repositioning the mechanical system.
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Figure 5. Elastica-determined F–D curves. (a) F–D curves for
three values of Young’s modulus, compared to the AFM-measured
F–D curve. (b) The angle γ between the total force P and normal
force N as a function of displacement�.

Measurements of needle deflection in the SEM are set up
to obtain the same approach angle (α = 18◦, from normal)
in the SEM (see figure 3(a)) as in the AFM measurements.
The cantilever is securely attached with carbon tape to the arm
of a nanomanipulator (S100, Zyvex Corporation, Richardson,
TX). The nanomanipulator baseplate is mounted on the XYZ
stage of the SEM. The theta stage with sample stub protrudes
through the baseplate, and the sample contacted by the needle
is mounted on this stub. The sample is rotated around and
bringing it into rough alignment with the nanomanipulator
arm and needle, and then the nanomanipulator positions the
needle in X, Y, Z . The needle, cantilever and baseplate are
oriented with respect to the SEM detector so that the plane of
buckling is in the plane of the image recorded by the SEM.
The nanomanipulator is used to push the needle against the
surface (in the vertical direction as indicated in figure 3) to
produce buckling with differing amounts of deflection. Each
deflection is recorded in profile in an SEM image. Figure 3(c)
shows the needle at the largest deflection recorded for the
calibration procedure. Note that the SEM images taken from
several viewing directions confirm that torsional buckling does
not occur.

Figure 6. Elastica-based determination of the F–D curve of a
needle. The needle in (a) minimal and (b) maximal buckling
conditions recorded by the SEM. (c) Reconstructed F–D curve. The
SEM images of the needles have been traced with a white line to
enhance their visibility.

4. Elastica-based fits to needle deflections

Calibration of the buckling response was performed of the
157 nm diameter × 15.6 μm long needle (figure 1(b)). SEM
images for six values of vertical deflection � were recorded.
Two images are shown in figures 3(b) and (c) and the six
values of deflection are plotted on figure 5(a). Note that the
estimated F–D curve depends strongly on the value of the
free parameter E . For E = 68.3 GPa the elastica-estimated
forces are well fitted by the AFM-measured F–D curve (from
figure 3, which is replotted in figure 5(a)). Figure 5(b) also
plots the angular difference in direction γ between the total
force P and the AFM-measured normal force N . The curve
shows an increasing inclination of P with respect to N with
increasing deflection �.

A second needle was evaluated by this same method
using the estimated value of E determined in the experiment
above. In this case the measurement is performed with the
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Figure 7. Nanostructure to be mechanically evaluated using the
nanoneedle buckling spring: PLLA polymer nanofibers suspended
across arrays of silicon pillars.

needle attached to the substrate rather than the AFM cantilever,
with the purpose of presenting a force measurement that is
extremely difficult to perform with AFM optical sighting but
reasonable to perform with the higher resolution imaging
of the SEM. In figures 6(a) and (b) this 107 nm diameter
× 38 μm (visible) length needle is attached to the AFM tip by
van der Waals’ force (and possibly surface charging induced
electrostatic and frictional forces). Therefore, the needle is
considered to be freely hinged at the AFM tip. At the gallium
droplet the needle appears to be approximately fixed in location
and able to tilt only slightly from the vertical for the most
extreme buckling (which is 16.58 μm in �). In our model,
which assumes a single fixed point of contact, the computed
buckling curves extrapolate to a vertically oriented clamp being
located at 2 μm inside the gallium. For this reason we have
selected 40 μm as the effective length which approximates an
ideal fixed-free beam. The elastica-based estimate of the F–

D curve from SEM images of the nine buckled deflections is
plotted in figure 6(c). The greater length and narrower diameter
of this needle, compared to the needle in figure 1(b), leads to
the lower values of stiffness and critical buckling load [16, 17].

In passing, it should be noted that the substrate-attached
needle was unintentionally broken from the AFM tip during
the process of growing it from the gallium droplet. This
begs the question about yield in making nanoneedle tipped
cantilevers. In this study at least 60% of the time nanoneedles
are found attached to the AFM cantilever rather than the
droplet. Sometimes, depending on which researcher makes the
probe, a yield as high as 90% has been observed.

5. Nanoneedle buckling spring used as a force sensor

The nanostructure that is to be mechanically characterized (in
the set-up in figure 1(a)) is one of the suspended polymer
nanofibers from the array of fibers shown in figure 7. The fibers
were made from a solution of the polymer 15 wt% poly(L-
lactic acid) (PLLA) in chloroform by the ‘manual brush-on
method’ in [18, 19]. The silicon support pillars in figure 7
were made by cutting a silicon wafer with a diamond dicing
saw, followed by rounding the features by wet isotropic etching
of the silicon. The fibers in figure 7 are 200 nm diameter
× 225 μm long.

A fiber is deflected by the needle from figure 1(b). As
shown in figure 8(a), the approach angle α is 27◦ instead of
the 18◦ used for the calibration. The needle is positioned
such that the deflected fiber (figures 8(b) and (c)) and the
elastica curve are in the same plane and the SEM view is
oriented perpendicular to this plane. The inverse elastica
problem is solved to determine the force normal to the fiber
for each needle deflection and plotted in curve (3) of figure 9.
The needle at 27◦ requires less force to bend than if the
measurement had been performed at 18◦ (curve (2)) or 0◦
(curve (1)).

Figure 8. Deflections of a polymer fiber with the nanoneedle. (a) Nanoneedle approaching fiber. (b) Minimum and (c) maximum deflections
of the needle as recorded in figure 9. Computed geometries of the needle (dashed lines) are superimposed on top of SEM images of the
needle. Needles are traced with white lines to enhance visibility. The horizontal white line in (b) and (c) shows the actual height of the
undeflected fiber in (a).
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Figure 9. Elastica-calculated F–D curves for the needle in
figure 1(b) at three different approach angles.

The geometry of the deflected fiber is also measured from
SEM images. The length of the unstrained fiber is L f, which
equals to the distance between the pillars. The normal force
N from the needle produces a vertical deflection δt and an
elongation δL f of the fiber. Based on the observed shape of
the deflection, the fiber is reasonably modeled as a string under
tension T as opposed to a beam undergoing bending. For the
deflection in figure 8(c) the 225 μm fiber is found to displace
δt = 6.3 μm which from geometry gives a lengthening of the
fiber δL f = 0.35 μm. For a normal force N = 162 nN, the
tension in the fiber can be found as T = N(L f + δL f)/(4δt) =
1.45 μN.

These results, together with the fiber radius rf = 0.1 μm,
can be used to calculate Young’s modulus of the polymer by
the formula

E = stress

strain
= T/(πr 2f )

δL f/L f
(10)

which gives E = 2.96 GPa. This value can be compared with
reported values for electrospun PLLA nanofibers which had
values of E between 2.7 and 6.7 GPa [20, 21].

In the above analysis only the normal force was
considered, even though there is a considerable component of
force in the lateral direction (specifically, γ = 44◦ or the lateral
force is basically equal to the vertical force). For the above
calculated value of E if all the lateral force were applied axially
to stretch half the fiber it would only produce an elongation of
∼17 nm, which is∼20 times smaller than the elongation due to
the normal force. This confirms that the elongation of the fiber
occurs primary due to the normal force N and the asymmetry
due to the lateral forces is negligible.

A second assumption in the evaluation of the fiber is that
the fiber has negligible residual tension (or compression). This
was experimentally confirmed by breaking several fibers with
a micromanipulator at the point of support near the pillar. No
observable shortening (or lengthening) was observed in SEM
images which have 3 nm resolution or 0.9% of the change
in fiber length δL f produced by stretching the fiber, therefore
suggesting that residual tension, if present, is negligible.
Residual compressional force can even be bounded below this

level, since the fiber does not appear buckled. The critical
buckling force for the polymer fiber modeled as a fixed–fixed
column can be calculated to be 180 pN [16, 17], which is
0.01% of the tension applied during the experiment. However,
for a linear elastic material the elastic modulus and residual
tension can be derived if at least two deflections are performed
producing tensions T1 and T2 and axial elongations δL1 and
δL2. Then the initial elongation of a fiber δL0 can be found
from the equation

T1
δL0 + δL1

= T2
δL0 + δL2

. (11)

The length of unstrained fiber becomes L0 = L f − δL0 and
then Young’s modulus is calculated as

E = T1/(πr 2f )

(δL0 + δL1)/(L f − δL0)
= T2/(πr 2f )

(δL0 + δL2)/(L f − δL0)
.

(12)
With the values of δL0 and E determined by equations (11)
and (12) residual tension is found by substituting these results
into equation (10) to give

T0 = δL0
L0

πr 2f E . (13)

Other possible contributions to measurement error include
offsets in vertical fiber deflection δt due to local indentation of
the fiber and thinning of the fiber diameter as it is stretched.
Since the needle does not puncture the fiber, the offset would
be less than the fiber diameter of 200 nm, which is 3.1% of
the measured value of δt . The offsets are considerably less.
Indentations are not observable at the 3 nm SEM resolution
during the deflection experiment. Also a crude estimate of
the elastic compression of the polymer material gives values
in the nanometer range. Here we model the needle as a 157 nm
diameter flat disk which would produce a pressure of around
8.4 MPa for the 162 nN normal force. The rounded tip would
increase the concentration of the force (and tip offset), but that
the fiber is not resting on a substrate reduces concentration of
the force. Stretching also changes the cross-sectional area of
the fiber. Assuming conservation of volume the radius of the
fiber changes by 0.15 nm or 0.15% of the fiber radius.

For the particular experiment of the long polymer fiber
deflected by the nanoneedle, these various effects associated
with residual tension and tip offset appear to be negligible
compared to the measurement of vertical fiber displacement by
the normal force deduced from the buckled shape of the needle.

6. Summary

The nanoneedle buckling spring represents a new kind of force
sensor that can be used for the measurements of mechanical
properties of individual nanostructures that are not easily
studied with standard AFM probes. The needles provide good
correspondence with AFM measurements and they survive
unchanged through many measurements. The ability to
calibrate a needle in one mechanical configuration and then
to quantifiably measure the forces in other configurations
would be quite useful for studying complex three-dimensional
nanostructures and nanosystems.
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Micro-Wilhelmy and Related Liquid Property Measurements Using
Constant-Diameter Nanoneedle-Tipped Atomic Force Microscope

Probes
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The micro-Wilhelmy method is a well-established method of determining surface tension by measuring the force
of withdrawing a tens of microns to millimeters in diameter cylindrical wire or fiber from a liquid. A comparison of
insertion force to retraction force can also be used to determine the contact angle with the fiber. Given the limited
availability of atomic force microscope (AFM) probes that have long constant diameter tips, force-distance (F-D)
curves using probes with standard tapered tips have been difficult to relate to surface tension. In this report, constant
diameter metal alloy nanowires (referred to as “nanoneedles”) between 7.2 and 67 μm in length and 108 and 1006
nm in diameter were grown on AFM probes. F-D and Q damping AFM measurements of wetting and drag forces
made with the probes were compared against standard macroscopic models of these forces on slender cylinders to
estimate surface tension, contact angle, meniscus height, evaporation rate, and viscosity. The surface tensions for
several low molecular weight liquids that were measured with these probes were between -4.2% and +8.3% of
standard reported values. Also, the F-D curves show well-defined stair-step events on insertion and retraction from
partial wetting liquids, compared to the continuously growing attractive force of standard tapered AFM probe tips.
In the AFM used, the stair-step feature in F-D curves was repeatably monitored for at least 0.5 h (depending on the
volatility of the liquid), and this feature was then used to evaluate evaporation rates (as low as 0.30 nm/s) through
changes in the surface height of the liquid. A nanoneedle with a step change in diameter at a known distance from
its end produced two steps in the F-D curve fromwhich the meniscus height was determined. The step features enable
meniscus height to be determined fromdistance between the steps, as an alternative to calculating the height corresponding
to the AFM measured values of surface tension and contact angle. All but one of the eight measurements agreed to
within 13%. The constant diameter of the nanoneedle also is used to relate viscous damping of the vibrating cantilever
to a macroscopic model of Stokes drag on a long cylinder. Expected increases in drag force with insertion depth and
viscosity are observed for several glycerol-water solutions. However, an additional damping term (associated with
drag of the meniscus on the sidewalls of the nanoneedle) limits the sensitivity of the measurement of drag force for
low-viscosity solutions, while low values of Q limit the sensitivity for high-viscosity solutions. Overall, reasonable
correspondence is found between the macroscopic models and the measurements with the nanoneedle-tipped probes.
Tighter environmental control of the AFM and treatments of needles to give them more ideal surfaces are expected
to improve repeatability and make more evident subtle features that currently appear to be present on the F-D and
Q damping curves.

1. Introduction

The micro-Wilhelmy method is used to determine surface
tension through measurement of the force required to retract a
cylindrical wire or fiber from a liquid.1,2 The method is used in
several commercial tensiometers both for fundamental deter-
minations of surface tension and in the development of industrial
processes for coating of wires and textile fibers with diameters
ranging from tens of microns to millimeters in diameter. The
method is a modified version of the original Wilhelmy force
balance, in which a thin plate is withdrawn from the liquid.3

However, withdrawal of the plate is subject to instabilities that
can cause the meniscus to break up prior to clearly obtaining the
maximum force of retraction that is identified with surface
tension.4 The use of a Du Nouy ring in a force balance does
result in a stable meniscus at maximum retraction force, and the

meniscus can be pulled some distance beyond this point prior
to the ring breaking free from the liquid.4 Similarly, the breakup
for retraction of a cylindrical fiber from liquid also occurs after
the local maximum in the retraction force, leading to stable
determinations of surface tension.1

Commercial atomic force microscopes (AFMs), which have
typical force detection sensitivities in the nanonewton to
piconewton range, provide complete systems for recording
force-distance (F-D) relationships over vertical scan ranges
up to around 16 μm (although commercial AFM probe tips
themselves are usually under 10 μm long.) The most prevalent
AFM probes are tapered in shape: typically pyramidal, rather
than conical. While such probes clearly detect wetting force, it
can be complicated to extract surface tension from the measured
F-D curves. These problems include imprecise knowledge of
the length of the contact line and the angle of the meniscus with
the facets of the tip. While the AFM precisely reports probe
height with respect to a reference surface height, additional
modeling is required to determine meniscus height and shape
with this complicated tip geometry. There are additional
complexities in developing models to extract contact angle and

* Corresponding author. E-mail: rwcohn@uofl.edu. Phone: (502) 852-
7077.
(1) Dee, G. T.; Sauer, B. B. AdV. Phys. 1998, 47, 161–205.
(2) Mackay, M. E.; Carmezini, G. Langmuir 2001, 17, 1708.
(3) Adamson, A.W.; Gast, A. P. Physical Chemistry of Surfaces, 6th ed.; John

Wiley & Sons: New York, 1997.
(4) Lapham, G. S.; Dowling, D. R.; Schultz, W.W. Exp. Fluids 1999, 27, 157.
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contact line length because pyramidal tips are not usually
symmetric, which makes the contact line difficult to infer unless
the tip shape and its angle of entry into the liquid is precisely
known.
Figure 1 compares measured F-D curves for a tapered tip

with a constant diameter tip for the liquid dibasic ester. For the
tapered probe (Figure 1a), the F-D extension curve (red) of the
probe into the liquid and retraction curve (blue) from the liquid
both show a roughly parabolic shape, with near vertical curves
at entry into and just prior to removal from the liquid. With
increasing insertion depth, the attractive force continues to grow,
corresponding to the increasing length of the contact line. This
large and growing wetting force can overwhelm the cantilever
stiffness and result in the unintended immersion of the cantilever
into the liquid. However, for a probe that has a constant diameter
tip, there is a step change in force when the tip first touches the
liquid (Figure 1b). Then the force remains constant as the tip is
extended until the meniscus contacts a second section of the
probe that is larger in diameter. At this point in the scan, the
wetting force increases again in a stepwise fashion. Therefore,
a constant diameter tip has the desirable feature of maintaining
a stable and constant wetting force over a range of insertion
depths.
The problems with using tapered AFM probes for liquid

property measurements are recognized5 and have led to several
studies using customized tip shapes.6 Tipless AFM cantilevers
with attached microspheres have been used to measure surface
tension.7Because of the high symmetry, the equilibriummeniscus
height, contact line, and contact angle all can be deduced. As
with the pyramidally tapered probe tips, the forces in the system
vary dramaticallywith insertion depth. Several groups have used
nearly constant diameter probe tips for measuring wetting forces
on nanoscale structures,7,8 viscosities of liquids,9 andmechanical
properties of living cells.10 The near constant diameter probe

tips used custom-attached carbon nanotubes8,9 and focused ion
beam (FIB)milled cylindrical probes.7,10 FIBprobes are generally
less than 4 μm long, and attached nanotubes are typically made
even shorter since they tend to buckle under the slightest
compressive force.11 In one study, polymer cladding over most
of a nanotube’s length was used to reinforce against buckling.12

Recently, flexiblemetal nanowires of nearly constant diameter
(that we refer to as “nanoneedles”) have been selectively grown
and selectively oriented on AFM probes (Figure 2).13 One of
these needle-tipped AFM probes was used in the measurement
of the F-D curve in Figure 1b, and the stepwise features are
regularly seen with several liquids we have tested. The needles,
which are composed of the alloy Ag2Ga, are from a fewmicrons
up to 110 μm long and from 50 to 500 nm in diameter. A needle
will begin to grow at room temperature from the surface of a
silver-coated AFM probe upon inserting it into a freshly melted
drop of gallium (Figure 3).13,14 This fabricationmethod is briefly
reviewed in Section 4a togetherwith a specification of the various
probes used in the study. The bending and elastic buckling
characteristics of these nanoneedles as they are pressed between
a solid surface and the supporting AFM cantilever have been
measured without breaking the needles or detaching them from
the cantilever.14,15 These forces of buckling and detachment are

(5) Tao, Z; Bhushan, B. J. Phys. D: Appl. Phys. 2006, 39, 3858.
(6) Jai, C.; Aime, J. P.; Mariolle, D.; Boisgard, R.; Bertin, F. Nano Lett. 2006,

6, 2554.
(7) Barrow, M. S.; Bowen, W. R.; Hilal, N.; Al-Hussany, A.; Williams, P. R.;

Williams, R. L.; Wright, C. J. Proc. - Math., Phys. Eng. Sci. 2003, 459, 2885.
(8) (a) Barber, A. H.; Cohen, S. R.; Wagner, H. D. Phys. ReV. Lett. 2004, 92,

186103. (b) Barber, A. H.; Cohen, S.; Wagner, H. D. Phys. ReV. B. 2005, 71,
115443.
(9) Mechler, A.; Piorek, B.; Ratnesh, L. R.; Banerjee, S. Appl. Phys. Lett.

2004, 85, 3881.
(10) Obataya, I.; Nakamura, C.; Han, S.; Nakamura, N; Miyake, J. Nano Lett.

2005, 5, 27.

(11) Snow, E. S.; Campbell, P. M.; Novak, J. P. J. Vac. Sci. Technol. B 2002,
20, 822.
(12) Burt, D. P.; Wilson, N. R.; Weaver, J. M.; Dobson, P. S.; Macpherson,

J. V Nano Lett. 2005, 5, 639.
(13) Yazdanpanah, M. M.; Harfenist, S. A.; Safir, A.; Cohn, R. W. J. Appl.

Phys. 2005, 98, 073510.
(14) Yazdanpanah, M. M. Near room temperature self-assembly of nano-

structures by reaction of gallium with metal thin films. Dissertation, University
of Louisville, 2006; Chapter 8.
(15) Dobrokhotov, V. V.; Yazdanpanah, M. M.; Pabba, S.; Safir, A.; Cohn,

R. W. Nanotechnology 2007, 035502.

Figure 1. Comparison of F-D curves of liquids for AFM tips that are
(a) standard tapered AFM tips with pyramidal cross sections and (b)
constant and/or dual constant diameter (using tip 1 in Table 1). The
liquid is dibasic ester measured at room temperature.

Figure 2. Types of nanoneedle-tipped AFM probes used for measuring
liquid properties in this study. SEM images of (a) a constant diameter
needle (tip 3, Table 1), (b) a dual-diameter needlewith two fused needles
each 228 nm in diameter (tip 4), and (c) a parylene-coated needle that
is also dual diameter (tip 5). Insets show close-up views of the needle-
tips. The tip in panel c is curved as a result of charge buildup on the
insulating parylene, and the needle recovers its normally straight shape
when the needle is removed from the vacuum of the SEM chamber.

Figure 3. Time-lapse SEM images that show the growth of a Ag2Ga
nanoneedle on an AFM tip (tip 2). The images show the cantilever tip
(a) first inserted into the droplet, then retracted (b) 10 μm, (c) 43 μm,
and (d) 67 μm.
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much higher than the forces encountered in the measurements
of the lowmolecularweight, low-viscosityfluidsmeasuredherein.
In Section 2 we present an idealized model of stepwise F-D

curves and show how they can be interpreted to obtain surface
tension, contact angle, equilibriummeniscus height, andmeniscus
height at the point of maximum retraction force. Measurement
of these quantities for several liquids is reported in Section 5.
Additionally, the stepwise change in force provides a clear
measure of the surface height of the liquid that can be used to
evaluate evaporation rate, which also is reported in Section 5.
A constant diameter probe also simplifies viscositymeasurement
over a tapered probe since the insertion depth is known and
controllable, and since the expression for drag force on a cylinder
is awell-known function of viscosity.16Because theAFMscanner
velocity is too low to produce adequately large drag forces, the
alternativeQ-dampingAFMmode,where viscosity is determined
through the viscous damping of the natural resonance frequency
of the cantilever, is evaluated using a needle-tipped probe. This
measurement method demonstrates that damping forces do
increasewith increasing viscosity and increasing insertion depth.
However (to be described in Section 5e), the dynamic range of
the measurement is limited by competition with an additional
damping mechanism, which is apparent upon initial contact of
the tip to the liquid, and which appears to be due to a drag or
squeeze damping force of the meniscus on the sidewalls of the
needle.17

This report will show that, by using constant diameter AFM
probe tips, various physical properties of standard lowmolecular
weight liquids can bemeasuredwith reasonably close agreement
with publishedvalues frommacroscopicmeasurement procedures
and from macroscopic theories. While this report focuses on the
degree of correspondence with macroscopic effects, given
additional departures from the stair-stepped shape of the F-D
curves, it appears that a number of subtle effects are also

observable and (with improved sensitivity and environmental
control) could be studied using nanoneedle-tipped probes, such
as dewetting dynamics, forcedwetting, lubrication and plug flow,
as it relates to polymer chain length entanglements, and defect
pinning and contact angle hysteresis, all as reviewed by deGenes
et al.17 Additionally, the great length and small diameter of the
probe tips could be useful for contacting and performing
measurements on normally hard to reach individual ultrasmall
droplets and bubbles, such as in emulsions, and for probing
ultrathin monolayer and bilayer films on liquid surfaces and at
interfaces.

2. Model of the F-D Curve
This section describes the interpretation of the major features

that are found on the F-D curve for the insertion and retraction
from liquids of a dual diameter needle. These features are
abstracted from F-D curves, e.g., the one in Figure 1b, and
presented in idealized form in Figure 4. This curve is labeled
with points i-Vi, which correspond to insets i-Vi that show the
geometry of a dual diameter needle and its relationship to the
liquid surface at these points on the curve. We first describe the
idealized features in sequence from point i to point Vi and then,
following the same sequence, describe the inherent assumptions
in and possible departures from this model.

a. The Idealized F-D Curve. The description of the F-D
curve in Figure 4 conveniently starts with the extension scan
(red curve) where the probe is in air distant from the surface (far
right). The cantilever is considered to be undeflected corre-
sponding to a zero reference force. Following the curve leftwards,
the probe is extended until the tip touches the surface of the
liquid at point i. As drawn, the force on the probe remains constant
up to point i, which ignores slight deflections due to van der
Waals forces, which, for the probes used in this study, would
only result in added deflections on the order of 1 nm (see
Appendix).Upon touching the surface, ameniscus spontaneously
rises to an equilibrium height he) h(θe) above the planar surface
of the liquid with an equilibrium contact angle of θe.
An expression by James18 for the height of a meniscus on a

cylinder is(16) Tirado, M. M.; de la Torre, J. G. J. Chem. Phys. 1979, 71, 2581.
(17) de Gennes, P. G.; Brochard-Wyart, F.; Quere, D. Capillary and Wetting

Phenomena, 1st ed.; Springer: New York, 2002. (18) James, D. F. J. Fluid Mech. 1974, 63, 657.

Table 1. Specifications of the Needle-Tipped Probes Used in the
Experiments

tip ID # length (μm) R (nm) Δ (nm) H (μm)

1 20 181 55 3.125
2 67 54 65 a

3 15 78 75 a

4 13.6 114 100 1.30
5 14.6 175b 70 3.26
6 20 129 110 3.20
7 20 181b 65 a

8 9 95 90 1.97
9 10 54 50 2.50
10 14.4 75 73 3.20
11 22 80 70 a

12 7.2 122 120 3.18
13 27 127 125 a

14 ∼15 140 130 a

15 ∼15 150 120 a

16 42 181 170 a

17 20 182 60 7.50
19 20 285 200 a

20 22 295 270 a

22 16 500 450 a

23 15 503 650 a

24 10 72 30 0.945
25 20 135 ∼100 a

26 12.7 30 30 9.52
a A single diameter needle. b Coated with 50-100 nm of parylene.

Dimensions include coating thickness.

Figure 4. Idealized F-D curve of a liquid for a constant, dual-diameter
needle-tipped AFM probe. Insets i-Vi show the geometry of the needle
and the liquid surface at the corresponding points i-Vi labeled on the
F-D curve. Separations between the horizontal portions of the extension
and retraction curves due to differences between the advancing and the
receding contact angles are assumed negligible in the idealized model
as described in Section 2a, but are considered in subsequent sections
and in the actual measurements.
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h(θ)) r cos(θ) ln[2.25 κ

r(1+ sin(θ))] (1)

where θ is the angle at the contact line between the air-liquid
interface and vertical. The equation also depends on r, the radius
of the needle and the capillary length:17,19

κ)� γ
Fg

(2)

where g is the gravitational constant, F is the density of the
liquid, and γ is the surface tension of the liquid. Numerical
solutions of meniscus height by Lo20 show that eq 1 gives less
than 4% error in meniscus height for r/κ < 0.15 and, with
submicron needle radii used in the present study andwith typical
capillary lengths for most liquids being of the order of 1 mm,
we consider the formula to be exact.
If θ ) 0, which arises when discussing point V on the F-D

curve, the meniscus height calculated from eq 1 is ho ) h(0).
Expressing eq 1 in terms of ho gives

h(θ)
h0

) cos(θ)[1- ln(1+ sin(θ))h0 ⁄ r ] (3)

which, for ho. r, whichwegenerally observe in our experiments,
gives h(θ) ≈ ho cos(θ).
The wetting force of the meniscus rising to its equilibrium

height on the needle corresponds to the vertical distance between
point i and point ii. This force is known to be

Fe) 2πrγ cos(θe) (4)

where 2πr is the circumference of the air-liquid-solid contact
line around the needle.
For a dual diameter needle, as illustrated in the insets in Figure

4, there is a second step change in the force between point iii
and point iV due to further spontaneous wetting that occurs as
the meniscus touches a wider section of the needle. Comparing
inset ii to inset iii shows that the first constant diameter section
(including a small rounded endcap of length Δ) is of length H
and that distance d is the extension length between the stepwise
changes in force between point ii and point iii on theF-D curve.
Therefore, the meniscus height in inset ii can be directly
determined as

he)H- d (5)

from the horizontal scan distance d on the AFM F-D curve,
together with the length H, which we measure in a scanning
electron microscope (SEM; together with Δ and r).
Beyond point iV, the scan direction is reversed (moving

from left to right), which is plotted as the blue curve. The
F-D curve remains horizontal until the meniscus becomes
pinned at the step change in diameter on the needle, causing
the angle θ to decrease and causing the attractive force sensed
by the cantilever to first increase, then decrease as themeniscus
breaks free from the pinning point at point iV′ and attaches
to the smaller diameter portion of the needle. The meniscus
height again is of height he, causing the force to return to the
same value as found between point ii and point iii. Note that
point iV′ can appear to the left or right of point ii. The larger
the ratio of the larger diameter to the smaller diameter portion
of the needle, the further point iV moves to the right. Similar
features occur (and are discussed in further detail momentarily)

for the F-D curve between point iV′ (on the retraction curve)
and point Vi.

We have chosen to avoid using the F-D curve between
point iV and point iV′ for quantitative interpretation of surface
tension and meniscus heights because the wider portion of the
needle probe is not cylindrical, while the equations used for
wetting force and meniscus height in the model of the
prototypical F-D curve assume a cylindrical probe. Rather,
the shape above the smaller diameter section of the needle is
that of two parallel cylinders that are fused together (see Figure
2b and additional discussions on needle growth in Section 4a).
This omission of data from this region of theF-D is not an issue
for the development of measurement procedures, since there is
sufficient additional information from the F-D curve around
points V, Vi, and i to determine surface tension, contact angle,
he, and ho.

As the retraction scan proceeds (rightwards) from point iV′,
the force remains constant until the meniscus pins on the end of
the needle and the attractive force begins to increase. Point V

(19) Wong, P. K.; Wang, T, H.; Ho, C. M. Proc. Solid-State Sens., Actuator
Microsyst. Workshop 2002, 94.
(20) Lo, L. L. J. Fluid Mech. 1983, 132, 65.

Figure 5. F-D curves for several liquids using (a) a dual-diameter (tip
6) and (b) a parylene-coated, single-diameter needle (tip 7). Thedifference
in diameter between the two needles used in panels a and b is
accommodated by normalizing the AFM force measurements by the
needle circumference (2πr), which converts the vertical axis to the same
units as surface tension.

Table 2. Surface Tensions of Standard Liquids Measured with
Needle-Tipped AFM Probes at 22 ( 2 °C Compared with

Reported Data

Ag2Ga (tip 6) parylene (tip 7) ref 28

γ (mN/m) RSD (%) γ (mN/m) RSD (%) γ (mN/m)

water 74.2 1.6 72.3 2.1 72.8
chlorobenzene 33.2 2.6 34.5 3.5 33.0
vacuum oil 35.6 1.9 36.1 3.0 35.0
dibasic ester 34.1 0.9 35.7 1.2 35.6
isopropanol 24.9 1.0 24.8 1.1 23.0
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corresponds to the position ofmaximumattractive force resisting
the retraction of the needle. In Wilhelmy-type methods, this
force,

Fr) 2πrγ (6)

corresponds to the meniscus becoming parallel to the sidewall
of the needle at the contact line (i.e., θ ) 0) and (according to
eq 1) reaching a height ho ) h(0).
Usually the tips of the needles we grow are flatter than a

hemisphere, i.e., their radius of curvature is greater than the
diameter of the needle. Thereforewe assume that the contact line
is pinned17 at a distanceΔ from the end of the needle (see insets
i and V), where the needle begins to flatten out.
With further retraction, the force is reduced through thinning

of the meniscus until the needle is retracted a distance δ beyond
the point of maximum force, where the liquid bridge between
the tip and the reservoir spontaneously breaks apart and the
cantilever returns to the zero force position at point Vi. The tip
of the needle would then be found at the height

c) ho-Δ+ δ (7)

above the liquid. As indicated on the F-D curve in Figure 4,
the scanner would need to be extended to a distance c between
point Vi and point i to contact the liquid. Therefore, one way to
measure the meniscus height ho is to measure c and δ from the
F-D curve andΔ fromSEM images, which enable themeniscus
height to be found by rearranging eq 7 as

ho) c+Δ- δ (8)

b. Assumptions in the Model of the F-D Curve. In
developing this model of the F-D curve, numerous simplifying
assumptions have been employed. Starting with the transition
between point i and point ii the deflection of the cantilever was
ignored. When the meniscus rises on the needle, the wetting
force also deflects the cantilever downward a distance of

εe)Fe ⁄ k (9)

where k is the cantilever spring constant. It is this deflection,
scaled by a spring constant, that is plotted as force on the vertical
axis of the F-D curve. The tip position then corresponds to
being slightly offset from the position of the AFM’s z-scan
piezomotor. In our experiments, the cantilever is sufficiently
stiff tomake this offset relatively small compared to themeniscus
height change. In order to simplify the explanation, this small
position offset, togetherwith the cantilever offset for the transition
betweenpointsV andVi,was not included inSection2a.Correction
for the offsets is presented in the Appendix, and offset-corrected
results are reported for the measurements in Section 5c.
Between points ii and iii and from point iV′ rightwards to the

pinning point prior to point V, the F-D curves are drawn as
horizontal lines of equal force. Because of the very small volume
of liquid displaced by a nanoneedle, the low viscosity of the
liquids studied (1-1000 cP), and the relatively low velocity of
the AFM scanner (less than 100 μm/s), buoyancy and drag give
negligible contribution to the force curve. The extension and

retraction curves separate if the advancing and receding contact
angles differ. However, in many of our measurements, the
extension and retraction curves separate only slightly, which
corresponds to the idealized model that only considers a single
static equilibrium angle θe.
In measurements, the analysis equations presented in Section

2a can be used without modification by using the advancing (or
receding) contact angle in place of the equilibrium contact angle
in eq 4, as long as we recognize that the numerical values of
angles (and corresponding meniscus heights) can differ from
each other. Therefore, unless further specified, the term contact
angle, as well as the term equilibrium contact angle, will refer
to the advancing contact angle in actual measurements.
Differences between the advancing and receding contact angles

are usually attributed to “defects” due to chemical or shape
variations on the solid surface.17 The defects can pin the triple
line causing the hysteresis in contact angle. However, for defects
that are small in physical dimension and lowenough inmodulation
of the surface energy, thermal fluctuations of greater than around
20 kBT can surmount the defects and attain the equilibriumheight
and contact angle. An example presented on page 84 of ref 17
estimates the maximum defect size that can be overcome to be
on the order of 20 nm for a liquid of surface tension 20 mN/m,
which decreases (with a square root dependence) to around 10
nm for a 74 mN/m liquid.
This lack of hysteresis is most closely obtained for the liquids

we tested that have the lowest surface tensions. (see Figure 5 and
Table 2) However, for water, which has a high surface tension,
we saw not only an increased separation between the extension
and retraction curves, but large vertical fluctuations that seem
to suggest increased pinning by local defects on the needle.
When the needle is retracted from the liquid between points

V and Vi, some liquid can remain attached to the tip. The additional
thickness increases the end cap thickness Δ and reduces the
value of c in eq 8. Accurate modeling of the thickness of the
residual liquid on the tip would be a complex problem involving
consideration of a number of physical effects. As a simple
estimate, we have calculated the minimal surface on a hemi-
spherically tipped needle as it is retracted to different heights.
On the basis of the shape calculated as the liquid thread begins
to thin, we estimate the volume above the waist that forms a
droplet on the tip. Then theminimal surface shape for the droplet
is calculated,which gives the added thickness. Thiswas calculated
for a 242 nm diameter needle using values of surface tension and
contact angle similar to those found in our measurements (in
Tables 2 and 3). For a liquid of 35 mN/m surface tension and
20° contact angle, a lens-shaped cap 19 nm thick (and 290 zL
volume) forms. For a liquid with a much higher contact angle
(66°) and a surface tension of 72.8 mN/m, a droplet forms that
adds 9 nm (and 2.8 zL volume) to the length of the needle.
Also, the thickness of the residual liquid is thin enough and

the scan rates are slow enough (on the order of 0.1-1 s) that
many liquids can evaporate substantially between points Vi and
i (or similarly between points ii and iii). Fortunately, themeniscus
heights found in this report are 2-3 orders of magnitude larger

Table 3. Contact Angles of Several Liquids Measured with Ag2Ga and Parylene-Coated Needle-Tipped AFM Probes

contact angle with tip 6 contact angle with tip 7

advancing receding advancing receding

θ (deg) RSD (%) θ (deg) RSD (%) θ (deg) RSD (%) θ (deg) RSD (%)

water 59.9 1.3 48.0 3.2 61.7 2.3 49.0 2.7
chlorobenzene 42.4 4.6 36.6 5.2 19.0 4.2 17.0 5.1
vacuum oil 24.9 14.3 21.6 18.4 27.7 8.3 23.4 7.7
dibasic ester 20.6 14.6 18.6 11.6 21.6 12.4 20.0 13.9
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than these estimated thicknesses. Itwould be interesting to attempt
to detect these subtle changes on F-D curves, which would
require a very sensitive and environmentally stable AFM.
The distance c can be further shortened by van der Waals

forces that, just prior to point i, slightly deflect the cantilever,
deform the residual liquid on the tip of the needle, and deform
the surface of the liquid reservoir toward the needle. Each of
these effects is estimated tobeon theorder of 1nm(seeAppendix).

c. Definition of Two Complementary Measurement
Schemes. These equations lead to multiple schemes for
determining surface tension γ, equilibrium contact angle θe,
equilibriummeniscus height he, andmeniscus height atmaximum
retraction force ho.
In scheme 1, Fe and Fr are measured from the vertical changes

in the F-D curve and eqs 6, 4, and 1 are used to determine γ,
θe, he, and ho in succession.
In scheme 2, the lengths c and d from the F-D curves give

ho andhe through eqs 8 and5.The angleθe could thenbe calculated
through eq 3 and γ through eqs 1 and 2. However, because of
the very slowly varying logarithmic dependence in eq 1, the
solution for θe and γ is quite prone to errors. In order to compare
the two schemes with each other, we will only compare the
results for meniscus heights by the two approaches.
Note that scheme 2 requires the use of a dual-diameter needle

to calculate both he and ho, while scheme 1 only requires a single
diameter needle to determine the four parameters. However,
scheme 2 is also applicable with single-diameter needles in the
determination of ho (using eq 8). Also note that, for scheme 1,
the only geometric factor that needs to be known is the needle
radius r, which we measure by SEM. For scheme 2, r, H, and
Δ all need to be known, and all can be measured by SEM.
However, if ho, but not he, is to be determined by scheme 2, then
knowledge of H is not required.
In this report, we will experimentally test the model of the

F-D curve in two ways. The first test is to determine surface
tension γ (together with θe) by scheme 1 and compare these
values with standard accepted values of surface tension found
in handbooks. The second test is to compare the values of ho and
he found by scheme 1 with the values of ho and he found by
scheme 2.

3. Related Liquid Property Measurement Principles

This section describes how constant diameter probes are
well suited for the measurements of two additional liquid
properties: evaporation rate 	 and shear viscosity η. We note
the ability to measure γ (as described in Section 2), 	, and η
with a single probe, which would enable in situ determination
of assorted dimensionless parameters, such as the processing
parameter21

P) η	 ⁄ γ (10)

P is well correlated with the rate of capillary thinning of liquids,
e.g., the thinning of the liquid thread that forms when the needle
is pulled past point V in Figure 4. Much larger values of P,
corresponding to polymeric solutionswithmuchhigher viscosities
than were considered in this study, predict stable fiber formation
in fiber drawing and electrospinning.22-25 The ability tomeasure

P in situ with a single probe could prove useful for process
control of nanomanufacturing with the same needle used as a
brush or stylus, e.g., for transfer of small droplets of controlled
volumes from the tip to a surface, or for point-to-point drawing
of nanofibers.22,24

a. Evaporation Rate. Figure 6 showsF-D extension curves
for a dual-diameter needle that is repetitively inserted and
withdrawn from the volatile solvent chlorobenzene. The stair-
step features are clearly seen in each curve, and from these features
the change in surface height l per scan repetition period t can
be related to evaporation rate 	 (in units of volume loss/surface
area/time). If the surface is planar,

	) l ⁄ t (11)

However, in our studies, we find it easier to insert the needle
into the liquid if the liquid protrudes above the lip of a small
(1 cm diameter) container. In this arrangement, the radius of
curvature of the cap changes, rather than the height of the
cylindrical column of liquid. Consideration of this specific
geometry leads to

	) l ⁄ 2t (12)

which is accurate to within 2% for caps that protrude above the
container less than 10% of the radius of the container.

b. Shear Viscosity. Viscous drag force Fd on a slender
cylindrical rod is proportional to flow rate ν for low flow rates
corresponding to a Reynolds number less than 1. The propor-
tionality for flow parallel to the axis of a cylinder of radius r is16

R)
Fd
ν
) 2πηL
ln(L ⁄ 2r)- 0.2+ 1.8r ⁄ L

; Lg 4r (13)

where, for our measurements, L represents the insertion depth
of the nanoneedle into the liquid, and ν corresponds to the AFM
scanner speed. Equation 13 is nearly linear with insertion depth
L,with only slight departures from linearity due to thedenominator
term. Similarly, the equation is onlyweakly dependent on radius.
With themaximumvertical scan rate of ourAFMbeing around

100 μm/s (which is typical of commercial AFMs), the drag force
produced is near the limit of detection of the AFM. For example,
a needle of radius r ) 200 nm inserted to a depth of L ) 16 μm
produces a drag force of 4.7 pN/cP at themaximum scan velocity.
The limit of detection is set by the thermal noise in the AFM

detector circuitry, which is set by thermal vibration of the
cantilever and the detector electronics themselves. SeveralAFMs
provide access to the noise signal. For our AFM, the noise
equivalent amplitude fluctuation of the cantilever is on the order
of 0.1 nm, depending somewhat on the cantilever used. The
amplitude multiplied by the cantilever spring constant gives the
minimumdetectible force,which is observed as noise fluctuations
in force on theF-D curves (e.g., in Figure 5). For the cantilevers
used in this study, the spring constants are from 2 to 5 N/m, and
the measured noise equivalent fluctuation amplitude is 0.085
nm, giving a force detection limit of 170 to 425 pNand a viscosity
detection limit of 36 to 90 cP, which is well above the viscosities
of several liquids evaluated herein. Also, as described in Section
5a, scan speeds lower than 100 μm/s actually were required to
obtain the most stable F-D curves. In passing, we note that drag
force sensitivity for the softest commercially available cantilevers
have spring constants of 0.01 N/m and an estimated fluctuation
amplitude of 0.06 nm, which would lead to a viscosity detection
limit of ∼0.13 cP at a 100 μm/s scan speed.
Because of the limited sensitivity of the linear drag force

measurementmethod for lowviscosity liquids,we insteadmeasure

(21) Tripathi, A; Whittingstall, P.; McKinley, G. H. Rheol. Acta 2000, 39,
321.
(22) Harfenist, S. A.; Cambron, S. D.; Nelson, E. W.; Berry, S. M.; Isham,

A.W.; Crain,M.M.;Walsh, K.M.; Keynton, R. S.; Cohn, R.W.Nano Lett. 2004,
4, 1931.
(23) Pabba, S.; Sidorov, A.; Berry, S. M.; Yazdanpanah, M. M.; Keynton,

R. S.; Sumanasekera, G.; Cohn, R. W. ACS Nano 2007, 1, 57.
(24) Berry, S.M.; Harfenist, S. A.; Cohn, R.W.; Keynton, R. S. J. Micromech.

Microeng. 2006, 16, 1825. (25) Keun, S.W.; Youk, J. H.; Lee, T. S.; Park,W. H.Polymer 2004, 45, 2959.
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viscosity through the changes to the cantilever vibration spectrum
caused by viscous damping. The cantilevers have a fundamental
vibration frequency of around 70 kHz with a quality factor in
air ofQ ) 200. The AFM has a specific mode that automatically
evaluates theQ of the cantilever resonance from itsmeasurements
of the thermally excited spectrum.26 If a needle-tipped cantilever
is inserted into a liquid, the Q of the resonance decreases to

Q) √Mk ⁄R (14)

where M is the effective mass of the cantilever, and k is the
cantilever spring constant. From eqs 13 and 14,Q can be related
to viscosity η as

1
Q
) 1

√Mk

2πηL
[ln(L ⁄ 2r)- 0.2+ 1.8r ⁄ L]

(15)

Equation 15has twounknowns:Q andM. A calibration is required
to determine the value of M. This is done by measuring Q for
a reference liquid of known viscosity and solving eq 14 for M.
Since this measurement method is performed with extremely

small vibration amplitudes compared to the meniscus heights,
contact angle (and hence,wetting force) can barely change during
the oscillation. As a result, we have assumed that the wetting
force essentially provides a constant tension that does not affect
the measurement of damping changes. However, in actual
measurements, corrections for additional sources of damping
(e.g., air damping of the cantilever and a surface damping
effectsto be discussed in Section 5e,) may need to be included
as well. Since the value of L can be varied, we will use the slope
of eq 15 for large insertion depths to distinguish damping due
to drag force from other sources of damping.

4. Experimental Methods
a. Growth of Needle Tips on AFM Probes. This section briefly

reviews themethod of growing the nanoneedles onAFMcantilevers,
in addition to providing details on the specific geometric features
of and material modifications to the needles used in this report.
Figure 3 shows time-lapse SEM images of the growth of one of

the longest, individually grown Ag2Ga nanoneedles made to date.
The cantilever beingmanipulated is in anSEM,but acceptable needles
for this study have also been grown in air using anM5AFM (Veeco,
Santa Barbara, CA) in which the stage stepper motors and video
microscope optics are used to control the insertion of the cantilever
into the gallium. The needle is grown and oriented with respect to
the cantilever by the method of Yazdanpanah et al.13 First, the
cantilever underside and tip are sputter-coated with silver to a film
thickness of 50-150 nm. Generally, the thicker the coating, the
longer the needle produced. Also note that needles have been

successfully grown from sputter-deposited films from two different
sputterers, but to date, no needles have be observed to grow from
films deposited by thermal or e-beam evaporation.
A melted drop of Ga (diameter typically 5-100 μm) is placed

on a glass, oxide free silicon, or thinly oxidized silicon wafer. Then
the Ga is etched in 1 N HCl at 60 °C to remove any native oxide.
This last step causes the droplet to take on a spherical shape.However,
needles form equally as well when a flattened, irregularly shaped
droplet (due to the presence of the subnanometer thick oxide) is
used.13,14 While Ga melts at 29.15 °C, it can remain melted, or
supercooled, to temperatures well below room temperature. The
needles used in this study were grown at room temperature.
The nanoneedles are grown by inserting the tip of the Ag-coated

AFM cantilever 1-4 μm into a Ga droplet, then retracting the
cantilever slightly to form a meniscus on the tip (Figure 3a). Silver
solute dissolves from the tip up to the air-liquid-solid contact line.
The Ag supersaturates the Ga solvent, and then the Ag and Ga
nucleate and grow one or more needle-shaped crystals of the
intermetallic alloy Ag2Ga on the area at the end of the tip, which
has just been cleared of silver by dissolution.
Once needle growth in theGa droplet begins, the needles continue

to grow, and, eventually, a single needle grows past all the other
needles. The growth rate for single needles has been observed to be
between 0.1 and 2μm/s. The growth can continue all theway through
the gallium to the substrate. Even longer needles can be produced
(Figure 3b-d) if the cantilever is retracted, which does not appear
to change the growth or the diameter of the needle. The retraction
speed, which is controlled through the nanomanipulator joystick,
was about 500 nm/s to distances of about 6 μm before the retraction
was paused to capture an SEM image.
Nanoneedles have been grown in as little as a few seconds, but

typically a fewminutes are required for the operator to experimentally
determine the correct insertion depth for growth to start. The insertion
depth determines how much Ag is dissolved into the liquid Ga and,
consequently, the degree of supersaturationwithin theAg/Gamixture.
Therefore, insertion depths are kept small to avoid extreme
oversaturation, which reduces the number of needles that initially
are nucleated at the start of growth. The combined procedure of
cantilever insertion, dissolution, nucleation, and growth usually is
completed in less than 5 min. Needles are faceted, having a cross
section that can have 8-16 sides. We consider this cross section to
be nearly cylindrical since the circumference of a circle is only 2.5%
greater than that of an inscribed octagon.
The needles appear to be directed to grow along the longitudinal

axis of the meniscus. This feature is used to produce needles of
desired orientationswith respect to the cantilever. For liquid property
measurements reported herein, the needles are intentionally grown
at 12° with respect to the cantilever declination, which results in a
needle that is oriented perpendicularly to horizontal in the MFP3D-
SA AFM (Asylum Research, Santa Barbara, CA) that is used in this
study. SEM observations show that most needles, and all needles
used in this study, deviate by less than 3° from the desired
perpendicular direction.
To date, needles have been fabricated with lengths ranging from

1 to 110 μm and diameters from 25 nm to 1.1 μm.13–15 For the
measurements of liquid properties reported here, the diameters of
single needleswere from108 to1006nm,which are listed individually
in Table 1 together with relevant geometrical parameters.
During the fabrication procedure needles frequently are found to

grow as fused pairs, with one needle eventually growing past the
other. In several experiments it was possible to observe a single
needle beginning to grow past the other and quickly remove the
needle from the Ga producing a dual diameter needle with a short
single diameter region of length H between 1 and 4 μm. Removing
the needle with a somewhat longer delay results in a longer needle.
Eleven of the 26 probes used in this study (listed in Table 1) have
dual diameters.
Two needles used in liquid property measurements (tips 5 and 7,

Table 1) were surface modified with the organic vapor-deposited
polymer parylene. The conformal coating was deposited using a
PDS 2010 coater (Specialty Coating Systems, Indianapolis, IN).

(26) Hutter, J. L.; Bechhoefer, J. ReV. Sci. Instrum. 1993, 64, 1868.
(27) Israelachvili, N. Intermolecular and Surface Forces, 2nd ed.; Academic

Press: San Diego, CA, 1992; pp 152-192.

Figure 6. F-D extension curves of chlorobenzene repeated every 2 s
using tip 24.
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Figure 2 shows SEM images of standard AFM probes on which
needle tips have been grown that are (a) constant diameter, (b) dual
diameter, and (c) parylene coated. The parylene coated needle is
also dual diameter.

b. Methods Common to All the AFM Measurements of Liquid
Properties. As mentioned in Section 4a, an MFP3D-SA AFM was
used for allF-D andQ-dampingmeasurements.AllAFMcantilevers
used in this report are BS-Multi75 (Budget Sensors, Sofia, Bulgaria)
with a resonance frequency of 75 ( 15 kHz, a spring constant of
2-5 N/m, and Q (in air) between 180 and 220. The exact values
of these parameters are individually measured in the sameAFM that
is used to measure the liquid properties.
Except for the Q-damping measurements, which do not produce

F-D curves, F-D curves are recorded for repetitive scans rates of
0.01-4 Hz and scan ranges from 3 to 16 μm (corresponding to
linear scan velocities of 0.030-64 μm/s). The measurement of
evaporation rate is performed at the center of an aluminum pan
(1 cmdiameter, 2mmhigh)where the surface of the liquid is highest.
For measurements of surface tension, contact angle, and viscosity,
the F-D curves are more stable if the needle is positioned close to
(∼100 μm from) the edge of the pan. For these measurements, the
pan is slightly overfilled as viewed in profile by the eye. The surface
at the very edge of the pan is no more than 5° from level. With a
needle tilt of 3°, the needle is normal to 8° worst case, but the tilt
would typically be expected to be much less than this.
The spring constant k for each cantilever is measured using the

thermal noise method.26 The calibration is completed by measuring
the change in the photodetector signal as the needle-tipped cantilever
is pressed against a rigid surface. Note that the applied force is
sufficiently small such that the needle does not bend or buckle15

during this part of the calibration, as well as in subsequent
measurements. Once the values of k and the calibration constant are
determined in this way, theAFM software is calibrated to accurately
report force versus distance.
The needles are imagedwith a Supra 35 SEM (Zeiss, Oberkochen,

Germany) which has ∼2 nm resolution. The needles are imaged
from two different perspectives before and after each experiment to
confirm that there is no residual material or damage to the needles.
If any residue is observed on a needle, it is washed by immersing
the probe in a bath of acetone for 2-5 min.
Several measurements of several liquids were performed both

with Ag2Ga- and parylene-overcoated needles. All measurements
were done under standard laboratory conditions with an average
temperature of 22 °C with a long-term variation of ( 2 °C over the
duration of the study. The building heating and cooling system is
set to maintain relative humidity at around 30-35%.

5. Experimental Evaluation of the Measurement
Methods

This section reports the values of surface tension (together
with contact angle and meniscus height), evaporation rate, and
viscosity of various liquids that weremeasured using the needle-
tipped probes. Themeasured values are compared against values
from the published literature or from traditional measurement
procedures that we performed on the identical liquid samples.

a. Scheme 1: Surface Tension.Surface tension for the various
liquids is determined from eq 6 using the retraction force Fr
found from measured F-D retraction curves (the difference in
force between point V and point Vi in Figure 4) and needle radius
measurements from SEM examination. F-D curves for four
liquids are presented in Figure 5 for F-D scans at a speed of
1.5μm/swith an uncoated dual diameter needle andwith a single-
diameter parylene-coated needle. As mentioned in Section 2b,
the horizontal regions of each scan in Figure 5a show a similar
deviation toward the midpoint of distance. This corresponds to
the position of a small structural defect on the needle, which
introduces a noticeable pinning force.
Some experimentation was required to identify the preferred

scan speed. F-D scans similar to those in Figure 5 were

repetitively recorded. At low velocities of 0.01-1 μm/s, the
force curves did not repeat themselves and usually shifted over
time as a result of evaporation of the liquid and thermal drift of
the AFM. At high velocities of 20-100 μm/s, the force curves
became less stable, and the stepwise changes in the force curves
became less clear. Scan velocities of 1-15 μm/s gave the most
stable readings. Within this range, we have not observed
appreciable variations in the values of Fr. For each liquid, 20
F-D curves were recorded (with scan velocities of 1, 5, and 15
μm/s) from which Fr was measured and the average value and
standard deviation of γwas calculated. The average and relative
standard deviation (RSD; i.e., the standard deviation divided by
average) are reported in Table 2 for each liquid measured using
an uncoated needle and a parylene-coated needle.
The repetitive measurements of surface tension give values

with RSDs of 3.5% or less for all values in Table 2. Ideally,
surface tensionsmeasured using the coated and uncoated needles
should be identical and the relative difference (RD) between the
measurements were less than 4.7% for the five liquids that were
measuredwith both needles. TheRDs for the 10measured values
of surface tension are from 4.4% below to 8.3% above the
published values for surface tension. We have not been able to
further resolve these discrepancies, which could arise from a
number of physical factors, as discussed in Section 2b, and any
errors inmeasuring the circumference of the needle, as discussed
in Section 4a.

b. Scheme 1: Contact Angle.Contact angle is evaluated from
the values of Fe and Fr as measured from F-D curves (the
identical curves from Section 5a), followed by calculation of θe
using eqs 4 and 6. With contact angle hysteresis being evident
(as discussed in Section 2b), we associate Fe with the advancing
contact angle, andFre with the receding contact angle (see Figure
4). In our evaluation of the experimental F-D curves (e.g., in
Figure 5), we specifically choose to measure Fe as the difference
in force between point i and point ii directly in the vicinity of
these two points. Thismethod ofmeasuring the forcewas deemed
preferable to trying to estimate the average height of the nearly
horizontal line between points ii and iii. Similarly, the receding
force Fre is measured on the retraction curve, directly below
points i and ii.While further evaluation of themost accurate way
to evaluate the curves is in order, it is satisfying to note that the
values of force measured in this way generally gave reasonably
similar values from scan to scan. The values of contact angle
measured in this way are reported in Table 3. The standard
deviations of the contact angles vary from0.8 to 4 ° (corresponding
to the RSDs from 1.3 to 18.4% in Table 3.) The larger deviations
correspond to a loss in numerical sensitivity related to calculating
the contact angle from eqs 4 and 6 as

θe) cos
-1(Fe ⁄Fr) (16)

For instance, at 60° a deviation of-4° corresponds to a difference
in the ratio of Fe/Fr of 0.06 (or a 12% RD between the ratios of
forces.) However, for a 20° contact angle, an error of-4° gives
a difference of 0.022 (or 2.3%RDbetween the ratios.) Therefore,
as the contact angle decreases, the differences between Fe and
Fr become smaller and increasingly hard to differentiate from
F-D curves, which tend to magnify errors in the measurements
of contact angle.
Since Ag2Ga is not available as a planar coating, but parylene

is, wemeasured the contact angle of glass microscope slides that
we coated with∼50 nm of parylene, at the same time we coated
the needle used in contact angle measurements. The slides were
inserted perpendicular to the surface of the liquid and the static
contact angle was viewed and digitally captured with a video
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microscope andCCDcamera.The conditions of immersion appear
to be most closely related to the equilibrium contact angle. The
measured angles are 72.0, 18.5, 22.0, and 29.5 ° for water,
chlorobenzene, vacuum oil, and dibasic ester, respectively.
Vacuumoil and chlorobenzene have contact angles that are quite
close to the AFM-measured angles, while the macroscopically
measured values for dibasic ester andwater are noticeably larger
than the AFM-measured advancing angle.

c. Meniscus Heights Using Scheme 2. Values for c, d, and
δ as identified in Figure 4, are found fromF-D curvesmeasured
in the same way as in Sections 5a and 5b, this time using tip 8,
which is uncoated Ag2Ga. The values of these three parameters
were taken from five F-D curves at scan speeds of 0.5, 1.5, 3,
4, and 5 μm/s (which showed no appreciable differences). The
values of he and ho are then found by application of eqs 5a and
8a from the Appendix, which are modified from eqs 5 and 8 to
account for height changes caused by offsets in the tip height
due to cantilever bending. The values of meniscus heights are
calculated for each scan speed, and then the average value of
height is reported in Table 4. Table 4 compares the resulting
values with the meniscus heights calculated by scheme 1 (where
the heights are calculated by eq 1 using the values from Tables
2 and 3 as measured with tip 6). The correspondence between
the heights by the two schemes appears to be generally closer
formeasurements ofho than forhe. The smaller deviations between
the two schemes for ho is likely due to the fact that the equation
for ho only depend on onemeasured parameterγ (and an assumed
contact angle of 0°), while the equation for he depends on
measurements of both surface tension and contact angle. More
precisemeasurements are required to determine if these deviations
in meniscus height between the two schemes might be due to
factors other than measurement errors, such as those secondary
factors discussed in Section 2b.
An additional comparison of meniscus height ho by the two

schemeswas performed as a function of radius for a single liquid
(water). Ag2Ga needles of 15 different diameters (tips 9-23)
were used. The parameters c and δ are measured from 10 F-D
curves taken from scan speeds of 0.5 to 5 μm/s, ho is calculated
by eq 8a for each scan, and the averaged value of ho is plotted
in Figure 7. The RSD of ho for the 10 scans from one tip is less
than 1%. The meniscus heights for scheme 1 (again calculated
from eq 1 using the AFM-measured values from Tables 2 and
3) is plotted against the scheme 2 values of ho for the 15 needles.
For comparison, the values for he (as well as ho) for water from
the F-D curves from tip 6 (used to derive Tables 2 and 3) and
tip 8 (used to derive Table 4) are also plotted in Figure 7a. The
measurements of ho by scheme 2 roughly follow the scheme 1
curve. A least-squares fit of the scheme 1 model with a single
free parameter of vertical offset produces the dashed line. It is
offset by-295 nm and the standard deviation is 251 nm. Figure
7b replots the scheme 2 data as ho/r, the meniscus height
normalizedby the radius of theneedle, to enable visual comparison
of the meniscus height for different scale sizes. The dashed line

shows the scheme 1 model (as determined by a least-squares fit)
with an offset of-1.72 and a standard deviation of 1.32 (∼15%
RSD). The widest fluctuations in ho/r appear to occur for needle
radii that are less than 200 nm.

d. Evaporation Rate. Evaporation rate for several liquids
was determined from eq 12 by using the measured change in the
height l from successive F-D retraction curves of known scan
period t. The value of l is measured 10 to 20 times from
consecutive F-D scans. The scan range is between 5 and 16 μm
at scan rates between0.01 and25Hzdependingon the evaporation
rate of the liquid. The more rapid the evaporation rate, the faster
the scan rate, and the longer the scan ranges need to be.
Thermal drift in the vertical scan height can be a concern in

AFM measurements. But we find that with care in allowing the
temperature to stabilize, that quite slow changes in surface height
can be measured without resorting to advanced temperature
regulation methods. We specifically characterized drift of the
AFM system immediately prior to measuring evaporation
rate by recording the F-D curve of the same glass microscope
slide that supports the liquid sample holder. For rapidly
evaporating liquids, evaporation rate measurements are usually
performed immediately after loading the liquid in the AFM. The
drift rate at this point in time is ∼5 nm/s, which is caused by
the temperature of the sample holder equilibratingwith theAFM.
However, this is an acceptably small level of drift for liquids that
evaporate much faster than this rate. Given at least 30 min to
equilibrate, the drift is found to be around 0.16 nm/s, which is
suitable formore slowly evaporating liquids. For low evaporation
rates, the sample can be loaded several hours before the
measurements, and drifts of around 0.020 nm/s are obtained. In
all cases reported in Table 5, drift was small or negligible
compared to the evaporation rate. Working within these limits,

Table 4. Comparison of Meniscus Heights Determined by
Scheme 1 and Scheme 2a

ho hemeasured
heights
using tip 8

scheme 1
(nm)

scheme 2
(nm)

RD
(%)

scheme 1
(nm)

scheme 2
(nm)

RD
(%)

water 1053 1048 -0.5 470 416 -13
chlorobenzene 1009 1041 3.1 709 998 29
vacuum oil 1025 1015 -0.9 899 943 5.7
dibasic ester 1023 1088 6.0 831 922 10

a Tip 6 was used for the scheme 1 determination by eq 1 and tip 8 was
used for the scheme 2 determination by eqs 5a and 8a.

Figure 7. Comparison between the values of (a) meniscus height ho
and (b) ho/r of water for the two schemes. Scheme 1 results are
plotted as a continuous curves, and scheme 2 is plotted as data points
for needles of various radii (tips 9-23). The dashed curves are the
scheme 1 curves offset by an amount that minimizes the mean square
error between the scheme 1 curve and the scheme 2 data. Additional
data points (shown by the symbol “+”) for both ho and he are calculated
by scheme 2 from the F-D curves for the dual diameter probes tips
6 and 8. These are included to allow comparison with the scheme
1 calculation of he.
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we were able to measure an evaporation rate for dibasic ester of
0.30 nm/s from 20 successive measurements of l taken over 33
min. As shown in Table 5, thismeasurement has anRSDof 15%,
which is the largest deviation of any measurement. This
corresponds to the dibasic ester measurement having the largest
relative drift rate (drift rate/evaporation rate) of the liquids
measured, 15%.
As a comparison, the identical liquids were measured by a

thermogravimetric analyzer (TGA) (TA 2050, TA Instruments,
NewCastle, DE). The instrument records the weight of a sample
as a function of time. From the density of the liquid and the
surface area of the sample exposed to air, the evaporation rate
is calculated. The samples are measured in a chamber regulated
at 25 °C. The results for TGA are included in Table 5 and differ
by 11-45% from the AFM data. It is likely that these
discrepancies can be reduced by precise regulation of the relative
humidities and temperatures of the two laboratories where the
AFM and TGA are located. Nonetheless, evaporation rates
measured with the needles track well over several orders of
magnitude.

e. Shear Viscosity. The viscosity of aqueous solutions of
glycerol (0-99.5wt%) ismeasured using theQ-dampingmethod
described in Section 3b. A single parylene coated needle (tip 7)
is used in each measurement. The needle is first inserted to a
maximum distance (around 7-16 μm with smaller distances
used for more viscous solutions), and then Q is measured. The
needle is retracted in steps, making a new measurement of Q at
each depth. The zero value of insertion depth is referenced to
the distance at which the needle breaks free from the liquid
(point Vi in Figure 4), leaving it at a height of∼c (see eq 7 above
the surface). Because the retraction in the Q-damping mode is
done in discrete steps of around 0.1 μm and because the AFM
does not provide F-D measurements during retraction, there
can be an error in the zero reference of around 0.1 μm. There
are also several ambiguities in insertion depthLdue to the rounded
endcap of length Δ, which is not accounted for in the drag force
model, changes in insertiondepth due to stretchingof themeniscus
on retraction, and changes in surface height due to evaporation
(which is reduced by insertion of the probe close to the edge of
the slightly overfilled pan). These ambiguities have led us to
estimate the shear viscosity based on fits to the slope of eq 13
at large insertion depths, rather than performing a regression to
eq 15. This type of fit as a function of change in length also
allows the damping due to drag force to be discriminated from
other damping factors, including the air damping of the cantilever
and a surface damping term that is observed in themeasurements
presented in Figure 8.
Figure 8a shows the estimated viscosities that were derived

from the 1/Q versus L curves plotted in Figure 8b,c. The

experimental data in Figure 8b,c are also annotated with the
slopes that were used to calculate the relative viscosities of the
solutions. The reference liquid is chosen to be the 60 wt %
glycerol solution. For this arbitrary choice of reference liquid,
the very lowest and highest concentrations of the solutions give
overly low values of viscosity as compared to published values28

and our own measurements of identical solutions at laboratory
temperatures between 21 and 23 °C (using a Brookfield LV-DV
II+ cone-and-plate viscometer at shear rates from 1350/s for
pure water down to 1.5/s for pure glycerol).
The data in Figure 8b,c show some of the limitations of the

Q-dampingmethod. For purewater, the data are verywidespread,
making a unique slope difficult to determine. Also, the damping
1/Q is not much different than the cantilever damping in air,
even for the largest insertion depths. For 99.5 wt % glycerol, the
damping increases to more than 0.5 (Q < 2) before the needle
is inserted its full length. Themechanical response is only slightly
resonant at such low values ofQ, making practical measurement
of Q difficult.
Additionally, there is a viscosity-dependent damping term that

is present, even when the needle is less than a micron from
breaking free from the liquid. This surface damping factor, for
the more viscous liquids, can substantially reduce Q below that
of the air damping of the cantilever, thereby reducing dynamic
range of the measurement of drag force.
We believe that the source of the surface damping is due to

large shear rates across the very thin channel between the sidewalls
of the needle and the air-liquid interface of themeniscus, which
would be greatest near the triple line. A model of this source of
dissipation (in ref 17, p 143) can be adapted to the geometry of
the needle and gives a drag ratio (analogous to Stokes drag in
eq 13) of

Rm)
Fm
ν

) 2πr
3η ln(h ⁄ a)

θ
(17)

for a contact angle with the sidewall θ, a length h that is length
of the meniscus in contact with the needle sidewall, and a
molecular cutoff length a (typically chosen as 1 nm), which is
used to avoid a singularity in the solution method. For a needle
inserted to a depth greater than the equilibrium meniscus height
he, the height h ) he, and the value of Rm is constant. For a large
insertions depth, the ratio of the damping due to the meniscus
1/Qm compared to damping due to Stokes drag on a cylinder
(from eqs 13 and 15) is approximately

1 ⁄Qm

1 ⁄Q
≈
3 ln(he ⁄ a)

2θ
ln(L ⁄ 2r)

L ⁄ 2r
(18)

For tip 7 (which has a 181 nm radius, he ∼ 1 μm, contact angle
∼ 1 rad) inserted into pure water to a depth of 9 μm, the ratio
is∼1.3, giving ameniscus damping that is comparable to Stokes
drag. If the needle radius is instead 30 nm, then the ratio of
meniscus damping to drag force decreases to ∼0.25.
Some evidence in support of the model of meniscus damping

is found by comparing the damping using tip 7 to damping using
a 30 nm radius tip (tip 26). The tip is inserted (initially to a depth
of ∼9 μm) into a droplet of pure water, and Q is recorded at 5 s
intervals.Rather than retracting the tip, the insertiondepth changes
are due to evaporation. Two relevant features were noted. First,
for around a 9 μm insertion depth, while the damping was 31%
lower for the smaller diameter tip, the peak-to-peak fluctuations
of ∼0.0001 were ∼30 times smaller than those for the larger
diameter needle. Second, beyond a point where we assume the
meniscus has becomepinned to the end of the needle, the damping

(28) LideD. R. CRC Handbook of Chemistry and Physics; CRC Press: Boca
Raton, FL, 2002.
(29) Gunnaes, A. E.; Karlsen, O. B.; Zagierski, P. T. J. Alloys Compd. 2000,

297, 144.

Table 5. Evaporation Rates Measured by AFM with Tip 25
Compared with Values Measured by TGA

AFM TGA

	
(nm/s)

RSD
(%)

drift
(nm/s)

scan rate
(Hz)

	
(nm/s)

acetone 1450 2.0 5 16 1020
isopropanol 320 3.2 5 16 178
chlorobenzene 110 4.0 5 16 98
water 27 3.0 0.16 1 36
dimethyl
formamide

11.5 2.6 0.16 0.5 9.4

dibasic ester 0.30 15 0.02 0.01 0.22
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montonically decreases to a level indistinguishable from the
cantilever damping in air, prior to the needle breaking free from
the liquid.

On the basis of eq 17 when L is less than he, h ) L in eq 17,
and the meniscus damping decreases and vanishes for L ) a. At
this insertion depth, the meniscus becomes pinned on the end of
the needle. Damping can occur as the meniscus is pulled higher,
but the liquid is nowmostly constrained in amuchwider channel
defined by the air-liquid interface of themeniscus, which should
dramatically reduce shear rates and dissipation.

These correspondences between the experiment and themodel
are encouraging, but are only qualitative given the nonideal
geometry of the measurement with the smaller diameter needle.
Specifically, this needle was inserted near the edge of a water
droplet that was receding laterally (as well as vertically due to
evaporation).

Overall, the additional surface damping term, whatever its
cause, can reduce the dynamic range of measuring the viscosity
through Stokes drag. Alternatively, if the meniscus drag model
is correct, since it also is proportional to viscosity, perhaps it can
be used to determine viscosity without needing to insert the
needles to the large depths required for Stokes drag to dominate.

f. Potential for Improved Measurement Accuracy and
Sensitivity. The needle-tipped probes provided measurements
of several properties, usually yielding results that were smaller
than 10% RSD and 10% RD from accepted values. This degree
of accuracywas possiblewith very limited environmental control.
This level of accuracy appears to be adequate for purposes of
correlating results from in situ AFM processing of liquids with
measurements of dimensionless parameters (e.g., the processing
parameter in eq10). Tighter environmental control of temperature,
relative humidity, and vapor pressure would likely improve
accuracy. Additionally, structural and chemical defects on the
needles that introduce pinning of the liquids might be reduced
by overcoating the needles with an appropriate coating. For
example, a polymer coating can be smoothed further by annealing
at elevated temperatures that are still well below melting point
of the Ag2Ga needles (which is over 600 °C.29) Lower cantilever
stiffness than used in the study may also be used to magnify
small fluctuations (e.g., those due to small pinning defects,
differences in advancing and receding contact angle, and van der
Waals forces just prior to snap in of the needle into the liquid).
Stiffer cantilevers generally have large values of Q and could
be used to increase the dynamic range of Q-damping measure-
ments. Simultaneous Q damping and F-D measurements are
technically feasible with current AFM systems but not imple-
mented in the interface. Combination of these two modes could
provide improved insight as to the exact location of themeniscus
with respect to pinning points on the needle, which could help
provide better insight into the role of the meniscus on damping.
The limits of the experimental measurement procedures can be
further controlled and examined using nonvolatile, nonoxidizing
oils such as low molecular weight poly(dimethylsiloxane)
(PDMS) or poly(fluoromethylalkylsiloxane) (PFAS).

Figure 8. Viscosities of aqueous solutions of glycerol from measurements of damping (1/Q) as a function of insertion depth of tip 7 for a model
of the Stokes drag on a slender cylinder. (a) Values of viscosity determined by the AFM measurements compared with measurements using a
cone-and-plate viscometer and with published values.28 The numerical values of AFM measured viscosity also are reported in the inset table using
the viscosity at 60 wt % as measured by the viscometer as the reference value of viscosity. AFM measured damping as a function of insertion depth
for solutions of (b) 60-99.5 wt % glycerol and (c) 0-40 wt % glycerol. The straight lines on each curve indicate the estimated slope that was used
to calculate each value of viscosity. In panels b and c, in order to more clearly separate the data sets, the values of 1/Q are offset by 0.0025, 0.004,
0.01, and 0.03 for the 13.4, 40, 80, and 83 wt % solutions, respectively.

Figure 9. Schematic of offsets between the AFM scanner position and
the needle-tip (a) εe at point ii and (b) εr at point V due to deflection of
the cantilever by wetting force. Points ii and V are defined in Figure 4.
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6. Conclusions

Long, constant diameter nanoneedles and dual-diameter
nanoneedles have been demonstrated to enable reasonably
repeatable and interpretable AFM measurements of several
material properties of liquids. In these first attempts at these
measurements, generally good agreement is foundwith traditional
measurement procedures and published reports. For most
measurements, the data are fairly easy to collect, and the probe
can survive a number of measurements without damage. Note
that only two probes (tips 6 and 7) were used to collect the entire
set of data in Tables 2 and 3, and Figures 5 and 8. This included
repeated rinsing of the probes to remove any possible depositions
of materials from the solutions, repeated examinations in the
SEM, and repeated loadings of the probes into theAFMcantilever
holder.
In conclusion, these needle-tipped AFM probes provide very

detailed information about the properties of liquids quickly, and
potentially interactively, which supports future potential ap-
plications of combined in situ measurement, manipulation, and
processing of liquids in ultrasmall reservoirs. Among AFM
probes, the unique stair-step features appears especially useful
for helping to delineate subtle and fundamentally interesting
molecular interactions between liquid-solid interface. While
reasonable accuracy has been demonstrated for measuring
macroscopic properties of liquids for purposes of materials
processing, continued studies with the needles are likely to lead
to improved accuracy and repeatability, needed to more clearly
sense the fundamental molecular properties.
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Appendix A: Correction of the Model of the F-D
Curve for Cantilever Deflections

The model presented in Section 2 for interpreting the F-D
curves of liquids assumed the cantilever deflection is negligible,
or that the cantilever is essentially rigid. For a rigid cantilever,
the position reported by the z-scan motor (the horizontal axis on
the F-D curve) is identical to the position of the cantilever tip.
For a nonrigid cantilever, the tip position is offset from the z-scan
position by changes in force. Between point i and point ii (in
Figure 4), the change in force Fe produces a position offset εe
)Fe/k per eq 5 and as illustrated in Figure 9a. This offsetmodifies
the expression for eq 5 as

he)H- d- (Fe ⁄ k) (5a)

Between point V and point Vi, the force changes by Fr
corresponding to a change in cantilever deflection εr) Fr/k. Per
Figure 9b, the meniscus height at point V is modified to

ho) c+Δ- δ- (Fr ⁄ k) (8a)

The reported values of meniscus height calculated by scheme 2
include the corrections indicated in eqs 5a and 8a and are
considered in the data reported in Figure 6 and Table 4. For a
cantileverwith spring constant of 2N/m, these offsets can become
noticeable for a 100 nm diameter tip (11.3 nm in water, zero
contact angle) and quite noticeable for a 1 μm diameter tip (113
nm), and considerably larger when using other cantilevers that
have much smaller spring constants.
An additional position offset that may be included but was

found to be negligible in the measurements reported here is the
offset caused by van derWaals force. For a cantileverwith spring
constant of 4 N/m, the force would cause the needle to
spontaneously wet at distances, for diameters between 0.1 and
1 μm, 0.5-1.1 nm closer than the presumed zero reference point
shown in Figure 4.14,27
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Abstract
Loose graphene sheets, one to a few atomic layers thick, are often observed
on freshly cleaved HOPG surfaces. A straightforward technique using
electrostatic attraction is demonstrated to transfer these graphene sheets to a
selected substrate. Sheets from one to 22 layers thick have been transferred
by this method. One sheet after initial deposition is measured by atomic force
microscopy to be only an atomic layer thick (∼0.35 nm). A few weeks later,
this height is seen to increase to ∼0.8 nm. Raman spectroscopy of a single
layer sheet shows the emergence of an intense D band which dramatically
decreases as the number of layers in the sheet increase. The intense D band in
monolayer graphene is attributed to the graphene conforming to the
roughness of the substrate. The disruption of the C–C bonds within the single
graphene layer could also contribute to this intense D band as evidenced by
the emergence of a new band at 1620 cm−1.
(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recently, graphene (graphite sheets that are one-atom thick
layers of sp2 bonded carbon) has attracted a tremendous
amount of attention [1]. The structure and the physical
properties of graphene have been theoretically studied over
several decades, as this 2D structure provided the building
block for the formation of 3D graphite, 1D nanotubes, and
0D bucky balls [2]. Graphene is predicted to have remarkable
properties such as large thermal conductivity comparable to
the in-plane value of graphite, superior mechanical properties
and excellent electronic transport properties [3]. The charge
carriers in graphene are predicted to have zero effective mass
and the transport properties are expected to be governed by
the relativistic Dirac equation rather than the Schrödinger
equation [4, 5]. Mechanical cleavage has been widely used
to separate a few layers of graphene from highly oriented
pyrolytic graphite (HOPG). Ribbons and terraces with step
edges of graphene have been obtained by peeling off the
surface layers of HOPG using scotch tape [6]. Alternative
methods such as exfoliation [7] and epitaxial growth on single-
crystal silicon carbide substrates [8] have produced multi-
layer graphene sheets, but not single layer sheets. Recently,
Stankovich et al developed a technique to make large amounts

of single layer graphene sheets embedded in a polymer
matrix [9]. All of these methods are tedious and labour-
intensive. Furthermore, none of these methods address how
to place the graphene sheets in a desired location, which is
of great importance in constructing electrical experiments and
assembling heterogeneous electronic systems. In this paper we
discuss an electrostatic approach to deposit sheets of graphene
on a given substrate.

2. Background

This deposition method was motivated by the observation with
scanning tunnelling microscopy that there are numerous small
sheets of graphene, of from one to several layers, on the surface
of freshly cleaved HOPG. The sheets are loosely bound to the
bulk graphite and can be removed from the surface rather easily
by applying an electrostatic field (from an STM tip).

Graphene pieces on two different HOPG surfaces are
shown in figure 1. The STM was operated in constant current
mode and the bias voltage applied to the tip was 0.11 V. Shown
in figure 1(a) are triangular graphene sheets, once and twice
folded. The area of the STM picture is ∼200 nm × 200 nm.
In figure 1(b) a graphene ribbon, ∼50 nm wide and more than

0957-4484/07/135301+04$30.00 1 © 2007 IOP Publishing Ltd Printed in the UK

Reference No 49

201



Nanotechnology 18 (2007) 135301 A N Sidorov et al

i

i

ii

50  
nm

1 nm

0.5 nm

0 nm

(a) (b)

i

i

ii

 
nm

25  

1 nm

0.5 nm

0 nm

Figure 1. Scanning tunnelling microscope images of (a) single (i) and double (ii) folded graphene and (b) a graphene ribbon on the HOPG.
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Figure 2. Schematic of the experimental set-up for electrostatic
deposition of graphene sheets.

500 nm long, is seen on the HOPG surface. These sheets are
found to be loosely bound to the bulk graphite and therefore
can be easily removed by an electrostatic attractive force.
Most notably, only the thinnest layers should be removed for
the lowest voltages. For larger voltages, all layers up to a
given thickness are removed. Therefore, a sheet of a desired
thickness, say n layers thick, can be removed by first applying
a voltage that only removes sheets with up to n − 1 layers
on a dummy substrate, followed by the application of the
appropriate voltage for n layers on the target substrate.

3. Experimental details

First one side of the HOPG sample was cleaved using the
scotch tape technique to obtain a clean surface [6]. Then,
the other side of the sample was glued to a copper electrode
with silver epoxy. As shown in figure 2, this electrode was
connected to the positive terminal of a high voltage source
(0–30 kV and 0–10 mA, ER series, Glassman High Voltage,
Inc.). The second electrode is a 3 mm thick copper plate
connected to the ground terminal of the power supply. A
0.1 mm thick mica sheet was placed on top of the grounded
copper plate. Note that the mica sheet blocks DC current
for conducting substrates and also reduces the possibility of
voltage breakdown. The substrate is then placed over the mica
sheet as shown in figure 2. Substrates tested in our experiments
are: (i) 300 nm thick SiO2 layer on a silicon substrate (500 μm
thick) and (ii) a 1 mm glass microscope slide.

Deposition was observed to occur for applied potentials
between 1 and 13 kV. For the applied voltage Vap in the range
3 kV < Vap < 5 kVmostly single to three layer thick graphene
sheets are deposited. For 5 kV < Vap < 8 kV sheets from 3
to 7 layers are deposited. For Vap > 10 kV sheets of 10 layers
and greater are deposited. Also, the number of sheets is found
to increase with the increasing applied voltage.

After cleaving, the HOPG surface exhibits a number of
micron-sized graphene structures as seen in figure 1. An
applied voltage causes the surfaces to become oppositely
charged with the lightest and thinnest sheets of graphene
being most easily attracted to the substrate. The HOPG
sample attached to the copper electrode was brought into
contact with the substrate for ∼5 s, resulting in the transfer
of graphene from the HOPG to the substrate. The graphene
sheets were studied using optical microscopy, atomic force
microscopy (AFM), scanning electron microscopy (SEM) and
micro Raman spectroscopy.

4. Results

Figure 3 shows a few graphene sheets that were deposited on
the Si/SiO2 substrate using an applied voltage of 5 kV. The
darker regions in the optical image in figure 3(a) correspond
to graphene and the lightest regions correspond to the SiO2
surface. Graphene sheets under 60 nm thickness have variable
transmittance, with the single layer thick sheets being nearly
transparent. Close-ups (the dashed square in figure 3(a))
taken with a Zeiss 35 VP Supra SEM reveal additional
graphene sheets in figure 3(b). The contrast variations in
the image are due to the conductivity differences between the
higher conductivity graphene and the lower conductivity SiO2.
Graphene sheets can be seen to overlap each other. The image
and height profile in figure 3(c) was taken with a CP Veeco
AFM. The profile along the dotted line shows that the height
of the sheet is only ∼0.35 nm; that is, the thickness of a
single graphene layer. The maximum height in the profile is
∼0.8 nm which is due to the folding of this single layer into a
double layer. It should be noted that the measured step height
between the graphene and SiO2 can differ from the actual step
height due to differences in interaction of the AFM tip with the
graphene and the SiO2. This difference is negligible since the
images were taken in contact mode. The step height of this
monolayer on SiO2 was observed to change over time, as is
reported below.

2
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Figure 3. Optical (a), SEM (b) and AFM (c) images of a graphene sheet produced by electrostatic transfer. In the optical image the monolayer
graphene sheet within the dashed box is nearly transparent. A SEM image of the region depicted by the dashed box in (a) is shown in (b). The
dashed box in (b) corresponds to the AFM image and the line scan shown in (c). The height profile shows that this sheet is only one
monolayer thick.

0.4 0.8
0.0

0.5

1.0

1.5

μm

0.0

0.5

1.0

1.5

0.4 0.8
0.0

0.5

1.0

1.5

μm

n
m

0.0

0.5

1.0

1.5

n
m

500
nm

(a) (b)

(1) (3)

(2) (4)

(1)

(2) (4)

0.4 0.8
0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

0.4 0.8
0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

500
nm

(a) (b)

(1) (3)

(2) (4)

500
nm
500
nm

(a) (b)

(1) (3)

(2) (4)

(1 (3)

Figure 4. Height differences of the graphene (a) 1 day after
deposition and (b) 45 days later after leaving it in a laboratory
environment. The AFM height profiles (1)–(4) correspond to dashed
lines (1)–(4), respectively, in (a) and (b). In either (a) or (b) the
nearly square sheet on the left is 5 monolayers thick, while the large
sheet on the right is 7 layers thick.

Figure 4 shows the same graphene sheet shortly after
deposition and 45 days later after leaving it in a standard
laboratory environment. Note that this sheet lies partly on the
thicker graphene sheet and partly on the SiO2 substrate. The
dashed lines (1) and (2) again show that the freshly deposited
monolayer in figure 4(a) is only ∼0.35 nm thick. After a
period of 45 days, the scan along dashed line (3) in figure 4(b)
shows that the single graphene layer is still 0.35 nm thick
relative to the thicker graphene sheet. However, the scan along
dashed line (4) in figure 4(b) shows that the graphene height is
now ∼0.8 nm above the substrate surface. It is interesting to
note that previous studies using the earlier deposition methods
reported monolayer graphene heights of ∼0.8 nm thickness.
With our method, the step height appears to relax over time
to ∼0.8 nm from an initial thickness of ∼0.35 nm. Perhaps,
the strong electrostatic force pulling the graphene layer to the

substrate accounts for the initial height. The increase of the
height over time may be due to charge neutralization which
enables the layer to return to an equilibrium height due to van
der Waals forces alone. The moisture creeping into the space
between the substrate and the graphene could also play a role
in the increase in height. Interestingly, the height of the part
of the sheet that is on top of the thick graphene sheets remains
constant at ∼0.35 nm even after 45 days. This implies that the
interaction between the SiO2 substrate and the graphene sheet
is weaker than the interaction between the HOPG piece and the
graphene sheet.

The ability to obtain graphene sheets of various
thicknesses provides a unique way to pattern graphene for
physical studies. As an example of one study enabled
by this fabrication method, we have observed changes in
the Raman spectra due to the proximity of the sheets to
the SiO2 substrate. Figure 5 shows the Raman spectra of
graphene samples with varying numbers of layers on Si/SiO2
substrate taken in the backscattered geometry from a Renishaw
Micro Raman spectrometer under the excitation wavelength of
638 nm. Guided by the previously studied AFM images, the
graphene sheets were located in the Raman micrograph for
spectroscopic studies. The number of layers quoted for each
sample corresponds to the step height measured in the AFM
divided by the nominal thickness of 0.35 nm. Each spectrum
shows clear signatures at ∼1335 cm−1 (D band), ∼1580 cm−1
(G band) and ∼2660 cm−1 (G′ band) specific for sp2 carbon
structures with inherent disorders and defects. Interestingly,
the single layer of graphene shows the most intense D band and
a single G′ band. The intense D band can be explained as due to
the disorder of the otherwise perfect graphene sheet attempting
to conform to the roughness of the substrate. As the number of
layers increase, (1) the intensity of the D band diminishes and
the G′ band splits into two branches; (2) the intensity of the
G band increases; and (3) the G band downshifts considerably
(up to ∼9 cm−1 for 22 layers). It should be emphasized that
our monolayer graphene sheets have shown the largest ratio of
D band to G band intensity reported to date. This stems from
the fact that the use of high voltage causes higher conformity
of the graphene layer with the roughness of the substrate,
causing more disorder of the sp2 structure. Another interesting
feature in the Raman spectrum of the monolayer graphene
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Figure 5. Raman spectra of graphene sheets with varying numbers
of sheets (a). The details of the shifting of the G band (b).

sheet is the presence of a new peak at ∼1620 cm−1. This
band has been observed previously in vapour grown carbon
fibres [10], and more recently in nitrogen-doped SWNTs [11].
This 1620 cm−1 feature has been identified with a maximum in
the phonon density of states associated with midzone phonons.
The presence of defects (like broken C–C bonds) within the
single graphene layer could also contribute to the intense
D band. As n increases, the number of defects due to missing
C atoms or broken C–C bonds becomes a smaller fraction of
the total number of carbon bonds present in the sample, which
leads to an increasingly intense G band.

5. Conclusions

Since graphene shows unusual and interesting properties,
the positioning of graphene on a suitable substrate at
a selected location is important both for studying the
fundamental properties of graphene and developing graphene-
based devices. Electrostatic deposition of graphene provides

a convenient alternative to the popular method of mechanical
cleaving of HOPG, with the added benefit of selective
deposition. This technique enables the number of layers
deposited to be controlled. As demonstrated by the Raman
experiments, the ability to place various numbers of layers on
a surface, provides a useful tool for examining the physics of
surfaces and interfaces. Varying the thickness of graphene
from 22 to 1 layers upshifts the G band and increases the
intensity of the D band. Also the G′ band can be seen to be
split into two bands for graphene of multiple layers, while for
monolayer graphene there is only a single G′ peak [12, 13].
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Abstract
The synthesis of single-wall carbon nanotubes of desired diameters and chiralities is critical to
the design of nanoscale electronic devices with desired properties. The existing methods are
based on self-assembly, therefore lacking control over the diameters and chiralities. The present
work reports a direct route for rolling graphene. Specifically, we found that the electrostatic
deposition of graphene yielded: (i) flat graphene layers under high vacuum (10−7 Torr), (ii)
completely scrolled graphene under hydrogen atmosphere, (iii) partially scrolled graphene
under nitrogen atmosphere, and (iv) no scrolling for helium atmospheres. Our study shows that
the application of the electrostatic field facilitates the rolling of graphene sheets exposed to
appropriate gases and allows the rolling of any size of graphene. The technique proposed here,
in conjunction with a technique that produces graphene nanoribbons of uniform widths, will
have significant impact on the development of carbon nanotube based devices. Furthermore, the
present technique may be applied to obtain tubes/scrolls of other layered materials.

(Some figures in this article are in colour only in the electronic version)

The advancement in carbon nanotube based technology is
currently impeded by the lack of control of synthesizing
single-wall carbon nanotubes with predefined diameters and
chiralities and the inherent presence of remnant catalytic
particles [1–6]. The existing synthesis techniques [7–14],
including the chemical vapor deposition (CVD) [8], the
laser ablation [9], and the arc-discharge [10–12] methods,
for producing single-wall carbon nanotubes (SWCNTs) are
stochastic in nature and, therefore, they lead to a distribution
of diameters and chiralities for nanotubes. Furthermore, the
removal of remnant catalytic nanoparticles by methods such
as sonication, acid refluxing etc [15, 16] may cause inevitable
damages to the SWCNTs.

To achieve better control over the diameter and chirality
of nanotubes and to circumvent issues associated with remnant
catalytic particles, a deterministic route for synthesizing
single-wall carbon nanotubes must be sought. Because of
the recent progress in making monolayer graphene [17–19]

1 Author to whom any correspondence should be addressed.

and graphene nanoribbons (GNRs) [20], the time is ripe to
conceive a direct synthesis route for nanotubes. In fact, a recent
molecular dynamics study has theoretically demonstrated the
feasibility of adsorbate-assisted rolling of patterned graphene
nanoribbons on graphite [21].

The premise of this molecular dynamics study is that thin
films can be bent by the stress due to the surface adsorption of
atomic species. This concept was tested for hydrogen atoms
adsorbed on graphene ribbons patterned over a graphite film.
More specifically, a 50% random coverage of hydrogen (H)
atoms on a GNR of 1.7 nm width patterned on a graphite
film was studied, using first principles molecular dynamics
(FPMD) [21]. It was found that the adsorption of H atoms
induces a stress on the GNR, driving it to fold downward and
detach from the graphite substrate. Eventually the two edges
of the hydrogen-functionalized GNR meet and bond together
to form a SWCNT. The possibility of synthesizing SWCNTs
of various diameters and chiralities were also explored in this
study. An upper bound on the radius of the SWCNT that

0957-4484/09/055611+05$30.00 © 2009 IOP Publishing Ltd Printed in the UK1

Reference No 52

205



Nanotechnology 20 (2009) 055611 A Sidorov et al

could be synthesized by H adsorption on a single sheet of GNR
was estimated to be ∼0.7 nm. To synthesize SWCNTs with
diameters larger than 0.7 nm, a classical molecular dynamics
simulation that considered two sheets of GNRs was proposed.

If the method works as prescribed, it will provide a direct
pathway to synthesize SWCNTs of predefined diameters and
chiralities, and remove the concern over catalytic impurities,
thus overcoming the major stumbling blocks for realizing
the potential for many innovative applications based on
SWCNTs. The theoretically designed procedure involves
two key steps, namely, the lifting of a van der Waals force-
bonded GNR from the substrate and subsequently the bending
of the two edges of the GNR so that they meet to form a
SWCNT. The key principle behind the steps considered in
the theoretical MD simulations is the stress induced by the
adsorption of appropriate atoms on a GNR. It is therefore of
utmost importance to experimentally validate this scenario.
In addition, the suggestion of using two patterned GNRs
to synthesize SWCNTs of radius >0.7 nm may not be
realistically feasible. Hence other means to enhance the lifting
of a GNR from the substrate needs to be examined.

An experimental route for direct rolling of graphene
must involve a well-conceived procedure for obtaining
monolayer graphene. Techniques for obtaining monolayer
graphene, few-layer graphene, multi-layer graphene, uni-
form and non-uniform width GNRs have been developed re-
cently [20, 22–27]. These include mechanical exfoliation of
highly oriented pyrolitic graphite (HOPG) using either mi-
cromachining or the scotch tape technique [22, 23], epitax-
ial growth of graphene layers on a substrate [24], chemical
exfoliations of intercalated graphites [25] or graphite oxide
sheets [26], and the electrostatic deposition technique for trans-
ferring graphene layers to a substrate [27]. Furthermore, multi-
layer graphene nanoscrolls have also been produced by high
energy ball milling of graphite powder [28] and by exfoliation
of potassium intercalated graphite [29].

In this paper, we report our observations on rolled/scrolled
graphene sheets formed during the electrostatic deposition of
graphene under selected gaseous environments. We employ
our recently developed technique for electrostatic deposition of
graphene layers on a substrate [27], where the electrostatic field
assists in lifting the loosely bonded graphene layers found on a
freshly cleaved highly pyrolitic graphite (HOPG). By adjusting
the strength of the electrostatic field, monolayer to few-layer
depositions of graphene on a substrate have been achieved.
In the present work we demonstrate that, if the electrostatic
deposition process is carried out under selected gaseous
atmospheres, depending on the gaseous environment, either
complete rolling, partial rolling, or no rolling of graphene can
be obtained. In particular, it will be shown that the combined
effects due to forces associated with the applied electrostatic
field and the stress due to adsorbate atoms play a pivotal role in
the rolling/scrolling of any size GNR. Our results should serve
as a meaningful first step towards the synthesis of SWCNTs of
predetermined chirality provided that GNRs of uniform width
could be produced along a prescribed orientation.

The gaseous environments considered in our study in-
clude: (i) hydrogen, (ii) helium, and (iii) nitrogen. For

GasGasGas
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Figure 1. A schematic diagram of the experimental setup used for
the electrostatic deposition of graphene sheets under various
environmental conditions. In this setup, one side of a HOPG sample
is glued to a copper electrode with silver epoxy. The other side of the
HOPG sample is cleaved using the scotch tape technique to obtain a
clean surface. The second electrode is a 3 mm thick copper plate
with a 0.1 mm thick mica sheet placed on it. The substrate of interest
is placed over the mica sheet. The electrodes were connected to the
terminals of a high voltage source (0–30 kV and 0–10 mA, ER series,
Glassman High Voltage, Inc.) via high voltage vacuum feedthroughs.

characterizations of rolled/scrolled graphenes, we used both
atomic force microscopy (AFM) and high-resolution transmis-
sion electron microscopy (HRTEM) in our investigation.

The experimental setup used for the electrostatic
deposition is shown in figure 1. In the setup, one side of
a HOPG sample is glued to a copper electrode with silver
epoxy. The other side of the HOPG sample is cleaved using
the scotch tape technique to obtain a clean surface. The second
electrode is a 3 mm thick copper plate with a 0.1 mm thick
mica sheet placed on it. The substrate of interest is then
placed over the mica sheet. The electrodes were connected
to the terminals of a high voltage source (0–30 kV and 0–
10 mA, ER series, Glassman High Voltage, Inc.) via high
voltage vacuum feedthroughs. This setup was placed in a
chamber consisting of a 4-way stainless cross connected to
an ion pump and a gas handling system. Before introducing
the gas, the chamber was pumped to a vacuum better than
10−7 Torr using the ion pump. Then, the pumpwas isolated and
the desired gas (hydrogen, helium, or nitrogen) was introduced.
The electrostatic deposition was performed under a pressure of
50 Torr. The critical value of the pressure was chosen such
that it eliminates the possibility of the breakdown for all the
gasses considered in this study. Similarly we chose to apply a
fixed voltage of 450 V to avoid excessive discharge for all the
gasses for the same reason. The key point is, however, that the
observation of different degrees of rolling/scrolling occurred
for different gasses under the applied conditions as shown later.

In our study, two kinds of substrates were used: (i) 300 nm
thick SiO2 layer on a silicon substrate (500 μm thick) suitable
for structural characterizations using AFM and (ii) copper
TEM grids (coated with holey carbon) suitable for structural
characterizations using HRTEM.
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Figure 2. (a) A graphene sheet deposited electrostatically under high vacuum∼10−7 Torr on a Si/SiO2 substrate. (b) The same graphene
sheet after exposure to hydrogen at 50 Torr. Both images are very flat, with no indication of any scrolling due to the exposure to hydrogen.

To elucidate the interplay between the applied electrostatic
field and the gaseous environment on rolling/scrolling of
graphene, we have studied: (i) graphene layer deposited in high
vacuum, (ii) graphene layer subject to the stress arising from
gaseous environments only, (iii) graphene layer subject to the
electrostatic field only, and (iv) graphene layer subject to both
electrostatic and gaseous environments.

In figure 2(a), the atomic force microscope (AFM) image
of a monolayer graphene sheet deposited under high vacuum
(∼10−7 Torr) is shown. In figure 2(b), the AFM image of
the same monolayer sheet exposed to hydrogen at ∼50 Torr
is shown. It can be seen that both images are very flat,
with no indication that the image corresponding to the one
exposed to hydrogen exhibits any effect of rollup. Since the
size of the monolayer graphene sheet (∼12 μm × 22 μm)
is considerably greater than the size corresponding to the
theoretical upper limit of the width of a GNR for the formation
of a SWCNT, it is not surprising that the adsorption of
hydrogen atoms on the graphene sheet is not sufficient to lift
the sheet from the substrate. This observation of course does
not necessarily suggest any contradiction with the results of
theMD simulations [21]. It simply means that the stress effects
from adsorbed gases are not sufficient to roll the graphene sheet
under consideration and that additional forces may be required
to lift and role that sheet. Since loosely bonded graphene sheets
on a HOPG sample can be easily deposited to a substrate by an
electrostatic field, the application of an electrostatic field may
be sufficient to enhance the force on the hydrogen-exposed
graphene sheet to dislodge it from the substrate. To test
this idea, we studied the deposition of a monolayer graphene
sheet exposed to the hydrogen gas to a substrate using an
electrostatic field, and compared this study to the case where
only an electrostatic field is applied. In addition, we have
also studied and compared the cases where the electrostatic
depositions were carried out in different gaseous environments.
Such a comparison can clearly delineate the roles played by
different factors. In figure 3, the AFM image of the hydrogen-
exposed graphene sheet under an applied voltage of 450 V

is shown. It can be seen from figure 3 that the hydrogen-
exposed monolayer graphene sheet under the application of an
electrostatic field is rolled up. The inset in each figure shows
the schematic of the scrolled graphene layer for clarity. The
degree of scrolling in each case is different due to the size and
the number of layers in each graphene sample.

For the monolayer graphene sheet deposited at high
vacuum under only an applied voltage, we did not observe
any rollup of the sheet (see figure 2(a)). Figure 4 shows the
HRTEM images of bilayer and multi-layer graphene sheets
deposited on copper TEM grids in hydrogen atmosphere under
an electrostatic field. They clearly indicate that the sheets are
scrolled up. In particular, the HRTEM image in figure 4(a)
shows clearly the edges of two rolled graphene layers forming
a tubular structure, while in figure 4(b) the HRTEM image
shows approximately 16 graphene layers rolled into a tubular
structure with a hollow core at the center.

These experimental results can be understood as follows.
The hydrogen-exposed monolayer graphene sheet is initially
dislodged from the substrate due to the enhancement of the
lifting force by the electrostatic field. Subsequently the sheet
is scrolled up driven by the stress induced by the adsorption
of hydrogen atoms. Since the area of the hydrogen-exposed
monolayer graphene sheet is too large for the formation of a
SWCNT, the bending of the sheet due to the stress results in
the scrolling of the sheet.

Next, we studied the electrostatic deposition of graphene
under He and N2 atmospheres for graphene sheets of
comparable dimensions. In figures 5(a) and (b), we show
the AFM images corresponding to He-exposed monolayer
graphene sheet under an electrostatic field for two different
samples. There is no indication of the scrolling of the graphene
sheet. This is because He atoms do not bond chemically to the
carbon atoms. On the other hand, the AFM images shown in
figures 5(c) and (d) for the electrostatic deposition of graphene
under N2 atmosphere for two different samples reveal partial
scrolling.
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Figure 3. The AFM image of a scrolled graphene sheet deposited under hydrogen atmosphere (50 Torr) using an applied voltage of 450 V.
The inset in each figure shows the schematic of the scrolled graphene layer for clarity. The degree of scrolling in each case is different due to
the size and the number of layers in each graphene sample.

Figure 4. The HRTEM images of the rolled graphene sheets deposited on TEM grids under hydrogen atmosphere (50 Torr) using an applied
voltage of 450 V; (a), rolled bilayer. This clearly shows the edges of two rolled graphene layers forming a tubular structure; (b) rolled
multi-layer showing ∼16 graphene layers rolled into a tubular structure with a hollow core at the center.

Figure 5. (a) and (b) The AFM images of graphene sheets deposited under helium atmosphere (50 Torr) and in the presence of an electrostatic
field. Both images indicate that the graphene layers are very flat with sharp edges with no appreciable rolling/scrolling. (c) and (d) The AFM
images of graphene sheets deposited under nitrogen atmosphere (50 Torr) and in the presence of an electrostatic field. They reveal partial
scrolling of the graphene.

In summary, the following conclusions can be drawn
from the results of our experimental studies. The rollup of
a monolayer graphene sheet depends on two factors: the
dislodging of the sheet from the substrate and the subsequent
rollup due to the bending of the sheet induced by the
mechanical stress on the sheet. We find that the adsorption
of appropriate atomic species on a monolayer graphene sheet
alone is not sufficient to induce the rollup of the sheet of large
sizes. On the other hand, the combination of the adsorption of
appropriate atoms such as hydrogen on a monolayer graphene
sheet and the application of an electrostatic field apparently
satisfies both requirements and leads to the rollup of the
sheet. Our experimental results indicate that the application

of an electrostatic field is capable of lifting a monolayer
graphene sheet of large dimension from the substrate. This
result is expected to eliminate the concern over the size
limitation of SWCNTs that could be synthesized using a single
GNR as pointed out in [21], thus circumventing the difficult
and infeasible approach of synthesizing SWCNTs of larger
diameters using two GNRs.
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Displacement current detection of photoconduction in carbon nanotubes
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Using a capacitive photocurrent measurement technique, we demonstrate the ability of both
semiconducting and metallic single wall nanotubes to function as photodetectors over a wide
spectral range. We observe clear peaks in the photo induced displacement current of a
nanotube-plated capacitor that correspond directly to the semiconducting and metallic transitions in
the nanotube absorbance spectrum. The signal increases substantially as the carrier drift velocity is
raised with applied bias. A large increase in the photocurrent observed below temperatures of 100 K
suggests that the nanotube hot carrier relaxation rate decreases substantially at low temperatures. ©
2005 American Institute of Physics. �DOI: 10.1063/1.1863447�

The potential for single wall carbon nanotubes �SWNTs�
to function as optoelectronic device elements1 was recog-
nized soon after their discovery.2 A SWNT behaves as a
quasi-one- dimensional wire with an electron energy spec-
trum containing a series of sharp peaks known as van Hove
singularities.3,4 The energy spacing between van Hove singu-
larities varies from less than 0.1 eV to more than 2 eV de-
pending on the nanotube diameter. Optical excitation and
recombination across pairs of van Hove peaks provides the
possibility to create nanotube optical detectors or emitters
that operate across a wide range of optical wavelengths.

A mat of SWNTs containing both semiconductor and
metallic tubes shows three dominant photoabsorption peaks.5

Kataura et al.6 demonstrated that the three peaks correspond
to the three primary transitions between pairs of van Hove
singularities: the lowest energy semiconductor nanotube
transition �S11�, the next highest energy semiconductor
nanotube transition �S22�, and the lowest energy metallic
nanotube transition �M11�. Experiments have subsequently
found that photoexcitation across pairs of van Hove peaks
enhances the conductivity of semiconductor nanotubes, mak-
ing nanotube photodetectors possible. Fujiwara et al.7 mea-
sured the photocurrent of SWNT mats and observed peaks in
the current corresponding to the S11 and S22 transitions.
Following this work, the S22 peak was observed in photo-
current measurements of transistors made from individual
SWNTs.8,9

There is only a small amount of published photocurrent
data, and questions remain regarding the potential of SWNTs
for photodetection applications. Despite the existence of
higher energy SWNT optical transitions, results thus far have
been limited to the infrared regime, in which both the S11
and S22 transitions lie. The photocurrent tends to drop off
with increasing excitation energy, and little evidence for the
M11 transition is observed. This creates a problem for
SWNT detectors based on individual tubes, since successful
device operation will depend on randomly selecting a semi-
conductor nanotube during fabrication.

Here, we present SWNT photocurrent measurements us-
ing a capacitive detection technique that demonstrate the
ability of both metallic and semiconductor nanotubes to

function as photodetectors across a wide spectral range. In
contrast to the standard photocurrent detection technique, we
measure the photogenerated displacement current across a
capacitor containing a nanotube mat electrode. This tech-
nique can provide higher signal to noise than standard pho-
tocurrent measurements since there is no dark current
present. We have made a comparison of our results to absor-
bance data and find that the displacement current maps di-
rectly onto the nanotube electron energy spectrum. We are
able to observe peaks corresponding to both semiconducting
and metallic transitions in our spectrum, with no apparent
decrease in sensitivity at increasing excitation energy. Using
our technique, we also measure the temperature dependence
of the photocurrent and observe a sharp increase in the pho-
tocurrent at low temperatures.

The SWNTs in our experiments are obtained from Car-
bolex, Inc. Raman spectra using variety of excitation wave-
lengths exhibited radial breathing mode frequencies in the
range 160–200 cm−1 �Ref. 10� indicating the average tube
diameters are roughly in the range 1.2–1.6 nm. This is con-
sistent with TEM observations in which the most probable
diameter is close to �1.4 nm �10,10 tubes�. The sample is
purified by oxidation in dry air for 30 min at 350 °C fol-
lowed by reflux in 4 M HCl at T=120 °C for 4 h. The pu-
rified sample is finally subjected to a vacuum degass at
1000 °C at 10−7 Torr for 24 h. SWNT films are prepared by
depositing ethanol-dispersed purified SWNT bundles onto a
glass substrate under ambient conditions and then evaporat-
ing the ethanol at room temperature. The 300 K resistance of
our nanotube films is measured to be approximately
10 ohm per square.

Our measurement set-up is shown in Fig. 1�a�. A glass
slide on which a SWNT film has been deposited is anchored
to a copper block within an optical access flow cryostat.
Contact to the SWNTs is made by attaching a gold wire to
the corner of the film surface using silver paint. This allows
the SWNT film and copper block to function as positive and
negative electrodes of a capacitor, with the glass slide func-
tioning as the capacitor dielectric. The device formed can be
thought of as a metal-insulator-semiconductor �MIS� photo-
detector, except that the semiconductor is replaced by a
SWNT mat.11 The sample is illuminated using an optical
parametric amplifier �OPA� excited by a pulsed Ti Sapphire
regenerative amplifier. The pulse width is 120 fs with a rep-a�Electronic mail: brucea@louisville.edu
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etition rate of 1 kHz and the photon energy is tunable be-
tween 0.4 and 4 eV. The laser power was kept constant at
25 mW. Incident light focused onto the SWNT film optically
generates 1 kHz ac displacement current across the capaci-
tor, which is then amplified and measured using a lock-in
detector.

Figure 2�a� shows the displacement current measured at
300 K as a function of photon energy for light directed at the
SWNT film of a typical device. The displacement current
varies as a function of photon energy with three peaks ob-
served at 0.62, 1.39, and 1.85 eV. For comparison, we also
measured the absorbance of the sampled by comparing the
incident power to that transmitted through the nanotube mat.
�A hole in the copper block allows for transmission measure-
ments.� As shown in Fig. 2�b�, peaks in the absorbance occur
at the same energies at which peaks in the displacement cur-
rent are observed. This demonstrates that the displacement

current accurately probes the photoexcitation spectrum of the
sample. Assuming an average nanotube diameter of 1.2 nm,
the calculated energies for the three most prominent SWNT
photoexcitation transitions are S11=0.65 eV, S22=1.3 eV,
and M11=1.85 eV.6 As shown in Fig. 2, these match closely
to the energies of the peaks observed in our displacement
current spectrum, and an average diameter of 1.2 nm over-
laps reasonably well with the predictions of Raman and TEM
analysis.

There are two main differences between our results and
those of Fujiwara et al. First, we observe a peak correspond-
ing to the M11 transition, that was previously absent. Sec-
ond, we observe that the photocurrent per photon increases
with increasing photon energy, while previously, the opposite
trend was observed. To understand these differences, we
need to compare how photocurrent is generated in both the
standard and displacement photocurrent techniques �illus-
trated in Figs. 1�b� and 1�c��. In the standard photocurrent
measurement �Fig. 1�b��, constant bias is applied across the
SWNT film to produce a dark current that is dominated by
transport through the metallic SWNTs. Optical excitation at
either the S11 or S22 transition generates mobile carriers in
the semiconductor SWNTs� this opens up a large number of
new current pathways and produces an easily measurable
photocurrent. Excitation at the M11 transition, on the other
hand, results in a relatively small increase in current because
no new current pathways are created and the metallic path-
ways do not become appreciably less resistive with the ad-
dition of optically excited carriers. In the displacement pho-
tocurrent measurement �Fig. 1�c��, the glass dielectric keeps
the dark current at zero even under applied dc bias. A laser
pulse incident on the SWNT mat excites mobile charge car-
riers, which redistribute to produce a temporary increase in
the potential difference across the capacitor. For a 1 kHz
repetition rate this results in a 1 kHz ac voltage across the
capacitor and a measurable displacement current. Since this
process can occur for carriers excited in either the semicon-
ductor or metallic nanotubes, the M11, S11, and S22 transi-
tions can all be observed.

The magnitude of the displacement current is determined
by the number of optically excited electrons that travel from
the SWNT mat and into the silver contact before energy
relaxation occurs. In general, excited electrons will need to
pass through a number of nanotube/nanotube junctions be-
fore reaching the silver contact. Since higher energy elec-
trons are better able to overcome the potential barriers sepa-
rating the SWNTs and the barrier into the contact, the
displacement current per photon increases with increasing
photon energy. We can also increase the displacement current
by applying a positive dc bias to increase the electron drift
velocity. This can be seen in the inset to Fig. 3�a� where the
displacement current detected at the M11 transition is plotted
as a function of bias on the silver contact. As the bias be-
comes more positive, the displacement current increases. The
displacement current signal is still positive for zero bias,
however, and continues to be positive even with negative
bias on the contact.12 This suggests that there is a built-in
potential that aids in electron transfer away from the SWNT/
glass interface and towards the silver contact. Such a poten-
tial can be created through the formation of a dipole layer at
the nanotube/substrate interface due to interface states,13 or
due to work function differences between the nanotube and
substrate.14 Nanotube/substrate interface potentials as high as

FI�. 1. �a� Diagram illustrating the displacement photocurrent measurement
technique. The current is determined by measuring the output voltage using
a lock-in amplifier set 90° out-of-phase from the pulsed laser repetition
frequency. Electron energy diagrams are shown for �b� standard and �c�
displacement photocurrent measurements �see text�. Due to the absence of
dark current, the displacement current technique is able to detect electron
energy transitions in the metallic nanotubes.

FI�. 2. �a� The displacement photocurrent of a SWNT film measured at
300 K as a function of incident photon energy. Peaks in the photocurrent are
observed at the two lowest energy semiconductor transitions �S11 and S22�
and at the lowest energy metallic transition �M11�. �b� The absorbance mea-
sured for the same SWNT film under the same conditions.
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0.17 V have been observed.13 Recent experimental15 and
theoretical16 work has shown that exciton binding energies in
carbon nanotubes are extremely high, making excitons,
rather than interband transitions, the primary photoexcita-
tions in semiconducting SWNTs. The strong bias dependence
in the photoconduction that we observe could thus also be
due to the fact that bias aids in the separation of bound elec-
tron hole pairs.

Since the displacement current technique detects only
those carriers that make it to the contact before energy relax-
ation occurs, the temperature dependence of the photocurrent
provides a means to detect changes in the hot carrier relax-
ation rate as a function of temperature. In Fig. 3, the dis-
placement current for excitation energies corresponding to
the �a� S11, �b� S22, and �c� M11 transitions are shown as a
function of temperature. �These are taken from measure-
ments of a second SWNT mat sample.� In the 300–100 K
range, the photocurrent is observed to either decrease or re-
main relatively constant. The exact temperature dependence
in this range varies from sample to sample. �elow 100 K, a

large increase in the photocurrent occurs that is observed in
all samples and at all excitation energies measured. This in-
crease implies that there is a decrease in the hot carrier re-
combination rate at low temperatures. The exact mechanism
behind the decrease is still open to investigation, but it is
thought to be due to the filling of trap based recombination
centers at low temperature.

In conclusion, we have demonstrated the use of a dis-
placement current technique to probe the photo excitation
spectrum of a SWNT film. We observe a photocurrent signal
corresponding to both semiconductor and metallic transitions
with a large signal to noise ratio. This technique should also
be generally applicable to individual nanotube and nanowire
devices.
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A���RA��
Indiu� nitride �In��nanowire synthesis using indiu� �In��apor transport in a dissociated a��onia en�iron�ent �reacti�e �apor transport�is
studied in detail to understand the nucleation and growth �echanis�s in�ol�ed with the so�called �sel��catalysis�sche�es. �he results show
that the nucleation o�In� crystal occurs �irst on the substrate. �ater�In droplets are �or�ed on top o�the In� crystals because o�selecti�e
wetting o�In onto In� crystals. �urther growth �ia li�uid�phase epita�y through In droplets leads the growth in one di�ension �1D��resulting
in the �or�ation o�In� nanowires. �he details about the nucleation and growth aspects within these sel��catalysis sche�es are rationali�ed
�urther by de�onstrating the growth o�heteroepita�ially oriented nanowire arrays on single�crystal substrates and �tree�li�e� �orphologies
on a �ariety o�substrates. �owe�er�the direct nitridation o�In droplets using dissociated a��onia results in the spontaneous nucleation and
basal growth o�nanowires directly �ro� the In � elt sur�ace�which is �uite di��erent �ro� the abo�e��entioned nucleation �echanis� with the
reacti�e �apor transport case. �he In� nanowires e�hibit a band gap o�0.8 e��whereas the � i�ed phase o�In� and In2�3 nanowires e�hibit
a pea� at ∼1.9 e� in addition to that at 0.8 e�.

The synthesis of one-dimensional �1D�, group-III-nitride
nanostructures such as indium nitride �InN�, gallium nitride
��aN�, and aluminum nitride �AlN�, has been accomplished
mainly by using catalyst-assisted or oxide-assisted growth
methods.1-4 In the case of catalyst-metal-cluster-assisted
techniques, gold clusters have served mostly as templates
for the 1D growth of III-nitrides.1-3 In the case of oxygen-
assisted techniques, oxide sheaths around crystals assisted
the growth of III-nitrides in one dimension.4 A completely
different concept, involving the use of low-melting metal
mediums for the multiple nucleation and growth of nano-
wires, was also reported in the literature.5-8 The solubility
of nitrogen in low-melting metals including �roup III metals
��a, In, Al�is extremely low. Therefore, the dissolution of
nitrogen into low-melting metals is expected to yield crust
formation or multiple nanowire growth from molten metal
pools.6 This phenomenon should be true even when low-
melting metal droplets become smaller.9 An alternative is
to use the vapor transport of In onto substrates in the presence
of decomposed ammonia in a reactive vapor transport

approach.10-13 Recent studies have shown that the combined
vapor transport of indium �In�and decomposed ammonia
onto substrates leads to the formation of 1D InN structures.10

This nanowire synthesis method is henceforth referred to as
�reactive vapor transport�in this manuscript. However, the
nucleation and growth mechanisms leading to the formation
of 1D structures in reactive vapor transport methods are not
understood. Knowledge on the nucleation and early stages
of growth could potentially lead to control over the size and
the growth direction of the resulting nanowires. Concisely,
the main questions are the following: �1�What is the
nucleation mechanism that explains nanowire formation in
reactive vapor transport experiments� �2�Why does the
growth occur in one dimension�

Synthesis of heteroepitaxial nanowire arrays on single-
crystal substrates is important for the integration of nanowires
into device applications. Similarly, rational approaches for
synthesizing highly branched nanowire systems �tree-like
structures�could be important for increasing the area for
interfacial processes in applications such as catalysis and
energy conversion. Thus far, only catalyst-metal-assisted
techniques have been shown to produce heteroepitaxially
oriented arrays of nanowires.14 In addition, the synthesis of
branched nanowires resembling a �tree formation�has been
reported recently with the continuous use of catalytic metal
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clusters.15 Hence, the question is whether direct synthesis
techniques such as reactive vapor transport can be employed
in synthesizing heteroepitaxially oriented nanowire arrays
and branched nanowires. This can only be understood and
rationalized with knowledge on the nucleation and initial
stages of growth leading to nanowire formation in direct
synthesis schemes. Direct synthesis approaches are highly
desirable because the presence of the catalyst metal in the
indirect schemes may pose processing issues during device
fabrication.

In this regard, this paper is aimed at understanding the
nucleation and growth mechanism responsible for 1D crystal
growth in these reactive vapor transport schemes. InN
nanowire synthesis is used here as a case study because of
the interest in III-nitrides for various optoelectronics and
high-temperature electronics applications. In addition, InN
has been the subject of renewed interest because of its
recently reported band gap of 0.8 eV measured at room
temperature,10,16 as opposed to the band gap of 1.9 eV
assumed previously.17 Most of the explanations provided in
the literature for the peak observed at 1.9 eV are centered
on the presence of oxygen in the synthesized InN.18 It is
critical to establish the band gap and understand the origin
of the alternate peaks reported previously in order to realize
many potential applications of InN.

Reactive vapor transport experiments for the synthesis of
InN nanowires were performed in a vacuum chamber
equipped with all of the necessary accessories such as
pressure transducers for pressure measurement and thermo-
couples for substrate temperature measurement. A schematic
representation of the setup used for the experiments is shown
in Figure 1. The setup consists of a boron nitride crucible
filled with In, placed on top of a ceramic heater ��E
Advanced Ceramics�. The substrates used for the nanowire
synthesis were mounted on top of the boron nitride crucible,
partially covering it. Prior to each experimental run, the In
was cleaned using a 10 vol � nitric acid solution, followed
by cleaning with distilled water and acetone to remove any
native oxide layer present on the surface. The cleaning of

the native oxide layer on the as-received In source was
observed to be a crucial step in preventing the formation of
any undesired indium oxide phase in the samples. The vapor
transport experiments were performed using 140 sccm of
ammonia at a total reactor pressure of 250 mTorr. The
substrate heater was maintained at various temperatures
ranging from 650 to 850 °C. The corresponding substrate
temperatures ranged from 400 to 480 °C. Various substrates
including amorphous quartz, polycrystalline aluminum nitride
�AlN�, polycrystalline gallium nitride ��aN�, R-plane ori-
ented sapphire, highly oriented pyrolytic graphite �HOP��,
and pyrolytic boron nitride �p�N�were used for the synthesis
experiments. The growth time was typically 60 min and the
samples were characterized extensively for morphology,
phase, and growth direction using scanning electron micro-
scopy �SEM�, �-ray diffraction ��RD�, and transmission
electron microscopy �TEM�, respectively.

The band gap of InN nanowires was determined using two
different techniques, photogenerated displacement current
measurements and scanning tunneling spectroscopy �STS�
in an ultrahigh vacuum �UHV� environment. The first
technique uses photogenerated displacement current mea-
surements of the samples as described in detail elsewhere.19

�riefly, the procedure is as follows: the as-synthesized
samples were mounted on a copper block and a contact to
the nanowires was made using silver ink. In this configu-
ration, the setup works like a metal-insulator-semiconductor
�MIS�capacitor with InN nanowires being the semiconductor
material. A pulsed optical parametric amplifier �OPA�
�Spectra Physics, California�excitation source, whose output
is tunable between 0.4 and 4 eV, was used for these
measurements. STS characterization of the samples was
performed using a UHV scanning tunneling microscope
�STM��RHK Technologies, Michigan�.

Reactive vapor transport experiments using a heater
temperature �for In vaporization and ammonia decomposi-
tion�of 750 °C and a substrate temperature of 450 °C resulted
in InN nanowires as shown in Figure 2. The nanowires
obtained on both quartz �Figure 2a�and polycrystalline AlN
�Figure 2b�substrates are straight and approximately 100
nm in diameter and a few micrometers long. In both cases,
the nanowires contained either well-faceted, 3D crystals at
their tips or smooth-looking droplets. An extensive investiga-
tion using energy dispersive spectroscopy �EDS��-ray
mapping indicates that the nanowire tips contain mostly In
and small amounts of N. An �RD pattern �see supporting

��������Schematic representation of the experimental setup used
for the reactive vapor transport experiments. The regions on the
substrates where branched and heteroepitaxially oriented nanowires
are obtained are marked on the figure.

������ �� Scanning electron micrographs of InN nanowires
synthesized at a substrate temperature of 450 °C on �a�amorphous
quartz substrates and �b� polycrystalline AlN substrates. The
presence of crystals at the tip of the nanowires can be observed
clearly in the micrograph.

1626 �ano �ett., �o�. 5, �o. 8, 2005
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information�of the synthesized InN nanowires over a large
area �∼1 square inch area�showed all of the primary
reflections corresponding to InN. The Raman spectrum of
the as-synthesized nanowires shows all peaks corresponding
to wurtzite InN 20 and is presented in Figure 3a. Figure 3b
is a low-magnification TEM micrograph of a straight InN
nanowire. HR-TEM analysis of the nanowires �Figure 3c�
indicates the growth direction of the nanowires to be �110�.
The nanowires have no detectable amorphous sheath, and
the selected area diffraction �SAD�pattern also confirms the
growth direction of the nanowire to be �110�. �See inset of
Figure 3c�.

To understand the nucleation and growth mechanisms
involved in the formation of these InN nanowires, we
performed short-term experiments, spanning 10 min, using
polycrystalline AlN substrates. Short-term experiments, after
a 10-min run using a heater temperature of 750 °C and a
substrate temperature of 450 °C, resulted in a high density
of InN crystals as shown in Figure 4. The results also show
In droplet-led 1D nanorods formed during the early stages
�see inset in Figure 4�. These results indicate that the InN
crystal nucleation occurs first and then the In droplet-led
growth of the underlying crystal occurs in one dimension
for nanowires as shown in the inset to Figure 4a. This has
not been reported in previous studies on the self-catalysis
growth of nanowires. 21

Further evidence of this tip-led growth comes from InN
nanowire synthesis experiments performed using HOP�
substrates, as shown in Figure 5a. In this case, almost all of

the nanowires are oriented perpendicular to the substrate and
they exhibited larger droplets at their tips �see inset in Figure
5a�. EDS �-ray mapping of these samples does not indicate
the presence of any other metal besides indium. To confirm
that the tips are composed primarily of In, we cleaned the
as-synthesized nanowires using 50 vol � sulfuric acid in
water. Sulfuric acid reacts only with In metal and does not
react with InN at a significant rate. The acid cleaning step
selectively removed the indium at the tips of the nanowires.
Micrographs of the InN nanowires after acid treatment are
shown in Figure 5d. The presence of InN shells at the tips
of the nanowires can be observed clearly in the micrographs.
This confirms the presence of In metal droplets at the tips
of the nanowires. The InN shells were observed at several
of the nanowire tips after the acid dissolution of In. The
observation of InN shells was more conspicuous on the larger
droplets such as those shown in Figure 5b. The chances of
InN crust formation increases with increasing In droplet size
because the nanowire growth kinetics compete with the
spontaneous nucleation of InN from In droplets. The forma-
tion of InN crust could limit further growth if it occurs during
nanowire growth. �ut, the InN crust could have also formed
during the shutdown of the experiment that has not been
resolved with the present studies.

Short-term experiments were also performed at higher In
vapor pressures by increasing the heater temperature to 850
°C �substrate temperature ) 480 °C�.The results show
another distinct mode of nanowire growth as shown in Figure
6. The increased In vapor pressures resulted in high amounts

�������� �a�Raman spectra of the synthesized InN nanowires,
showing the primary peaks corresponding to wurtzite InN. �b�Low-
magnification TEM image of an InN nanowire. �c�High-resolution
micrograph of the wire showing no amorphous sheath around the
nanowire. SAD pattern of the nanowire along the �110�zone axis
is shown in the inset. The diffraction pattern indicates the growth
direction of the nanowire to be �110�.

���������a�Nuclei of InN observed on the polycrystalline AlN
substrate after 10 min at a substrate temperature of 450 °C. The
initial stages of growth of a nanowire from an InN crystal is shown
clearly in the inset.

������ �� �a�Micrograph of InN nanowires synthesized on a
HOP� substrate at 450 °C. The presence of In droplets is shown
clearly in the high-magnification image shown in the inset. �b�Side
view images of the oriented InN nanowires synthesized on HOP�
substrates, after treatment in a 50 vol � sulfuric acid solution for
10 min. InN shells at the tips of the nanowires can be observed
easily in the micrographs. The acid etching procedure employed
removed excess In at the tips of the nanowires.

�ano �ett., �o�. 5, �o. 8, 2005 1627
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of In condensation on the substrate in the initial stages. This
led to the formation of several micrometer-sized In droplets
with no InN crystal formation on the substrate in the initial
stages. Further nitridation results, shown in Figure 6a,
indicate the multiple nucleation and growth of InN nanowires
from the several micrometer-sized In droplets, as expected
from our previous studies. The average diameter of the
synthesized nanowires was around 250 nm. Here, the increase
in size was seen at the bottom of the nanowires indicating
substantial basal growth. Longer duration experiments
performed under the same conditions led to longer nanowires
with In droplets at the tips, and the final wire morphologies
looked similar to the results shown in Figure 6b.

The results from both short and longer duration experi-
ments under low and high In vapor pressures indicate two
distinct nucleation mechanisms during the reactive vapor
transport technique for 1D crystal growth. The proposed
nucleation and growth mechanisms are illustrated schemati-
cally in Figure 7. These two types of proposed mechanisms
are explained in detail below.

In the first set of experiments �Case I�with lower In vapor,
no In metal thin film was formed on the substrate in the
initial stages �because of the low In vapor pressures at low
heater temperatures�. In this case, the saturation of the
substrate surface with the incoming In and N atoms occurs
first leading to the formation of a high density of small InN
crystals. Subsequent In flux gets adsorbed either on the
substrate surface or on the indium crystal nuclei. �ecause
In preferentially wets InN rather than the substrate material,
the In atoms adsorbed on the substrate migrate to the nearest
InN crystal nuclei and from droplets on their surfaces. This
selective wetting of In on InN can be inferred from earlier
studies of Al on AlN.22 The dissolution of nitrogen into the
indium droplets on InN crystals led to the growth of InN in
one dimension in the form of a nanowire. This tip-led growth
of InN nanowires occurs primarily by a mechanism called
�liquid-phase epitaxy�through In droplets onto underlying
InN crystals. In summary, the nucleation and growth of InN
nanowires is inferred to occur as follows: �a�formation of
InN crystal nuclei because of the reaction between In vapor
and N �from ammonia decomposition at the heater�trans-
ported onto the substrate; �b�formation of In droplets on
the surface of the InN nuclei because of the selective wetting
of InN by In molten metal in the presence of hydrogen and
ammonia in the gas phase; and �c�selective growth into 1D
nanowires through In droplets by liquid-phase epitaxy. This
is represented schematically in Figure 7I.

In the second set of experiments �Case II�, a high flux of
In vapor resulted in the formation of large In droplets on
the substrate during initial stages, without any InN crystals.
Here, a higher flux of In vapor is supplied onto the substrates
using higher heater temperatures. Atomic nitrogen �from
decomposed ammonia�gets dissolved into these large In
droplets. �ecause the solubility of nitrogen in In is small at
the temperature used �480 °C�,the direct nitridation and
supersaturation of In droplets with nitrogen led to the
multiple nucleation of InN crystals on the surface of In. The
growth of these nuclei into nanowires can occur by either
�i�basal growth or �ii�basal growth followed by growth with
liquid-phase epitaxy through In droplets at the tips. This is
represented schematically in detail in Figure 7II. In this case,

������6�Multiple nucleation and growth of InN nanowires from
In droplets observed at a higher substrate temperature of 480 °C
after �a�10 min and �b�1 h.

������ �� Schematic representation of the growth mechanism
proposed for the growth of InN nanowires synthesized by the vapor
transport of In in the presence of ammonia. �I�The formation of
InN crystal nuclei, followed by the formation of In droplets on the
crystal nuclei. The nitridation of the droplets leads to the 1D growth
of InN nanowires by a tip-led growth route. �II�Multiple nucleation
and growth of InN nanowires in a basal growth mode because of
the supersaturation of In droplets with nitrogen dissolving from
the gas phase.
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control over the diameter of the obtained nanowires could
be accomplished by varying the degree of nitrogen super-
saturation in the large In droplets, by varying the atomic
nitrogen flux �or partial pressure�, and by varying the
substrate temperature. In addition, we believe that the growth
direction of the nanowires is different in the two growth
mechanisms. This can be inferred from our work on �aN
nanowire synthesis.23 For the case of �aN, it was observed
that nanowires synthesized via reactive vapor transport �Case
I�always have a <10-10> growth direction. In the second
case, with direct nitridation of micrometer-sized �a droplets,
the nanowires synthesized during multiple nucleation and
basal growth �case II�always have a 〈0001〉 growth direc-
tion.23

As stated earlier, the experiments involving low In vapor
flux led to InN crystal formation in the initial stages. This
fact alone allowed us to hypothesize that using the reactive
vapor transport conditions could lead to InN heteroepitaxy
with underlying substrates if single-crystal substrates were
used. This hypothesis was tested using single-crystal R-plane-
oriented sapphire substrates and hexagonal platelet-shaped,
single crystals of �aN. Experiments using R-plane sapphire
substrates and c-plane �aN crystals resulted in heteroepi-
taxially oriented InN nanowire arrays over large areas �5 mm
× 10 mm�. Representative images of heteroepitaxially
oriented nanowires synthesized on an R-plane sapphire are
shown in Figure 8a. These nanowires are tapered, and their
diameters vary from 15 nm at the base to 100 nm at the tip.
The thin parts of the nanowires close to the sapphire substrate
are highlighted in Figure 8. Nanowires synthesized on �aN
platelet-shaped crystals �Figure 8b�are tapered with sub-
20-nm thicknesses at the �aN-InN interface and thickened
toward the top. The nanowires are oriented randomly on the
A-plane of the �aN platelets as highlighted in Figure 8b. A
high-magnification image of InN nanowires oriented per-
pendicular to the C-plane of a �aN platelet are also shown
in the inset in Figure 8b. These results suggest that the
oriented growth of nanowires as small as 15 nm or even
lower could be accomplished on single-crystal substrates.
Here, the increase seen with In droplet sizes at the tips could
have occurred because of the high amount of direct adsorp-
tion of In from the vapor as the geometric cross-sectional
area of the substrate is dominated by the tips. It is entirely
possible that the In atoms also diffuse to the top of the wire
and join the In droplet because the diffusion length exceeds
a few micrometers.24

In the case of excessive In condensation onto the growing
nanowires, the formation of In droplets can also occur
directly along the length of the growing nanowires specif-
ically when they are oriented randomly on the substrate.
Liquid-phase epitaxy on these additional In droplets con-
densing on the growing nanowires, in the absence of
conditions leading to spontaneous nucleation, will lead to
another set of nanowires from each nanowire. The same
process can repeat itself on the new nanowire branches and
lead to a tree-like formation. To test such phenomena, we
conducted experiments using several substrates �quartz, AlN,
p�N�under higher In evaporation conditions. Nanowire

branching occurred on all of the substrates �quartz, AlN and
p�N�, irrespective of the substrate material. See Figure 8c-
e. The results in Figure 8d show the uniform formation of
branched nanowires on an AlN substrate. Multilevel branch-
ing is shown clearly with the high-magnification image in
the inset. The size of each branch is smaller than its stem
that is expected with smaller In droplet condensation on a
curved surface of the stem. These branched nanowires are
always observed in the region of the substrate that is placed
directly above the In source seeing an excess supply of In.
A schematic representation of this region on the substrate is
shown in Figure 1. Finally, electrical and optical character-
ization of the nanowires was performed to determine the band
gap of InN and to explain the origin of the peak observed at
1.9 eV as well. To determine the electron energy spectrum
of the InN nanowires, we performed photocurrent and
scanning tunneling spectroscopy measurements.

������8��a�Heteroepitaxially oriented InN nanowires synthesized
on R-plane-oriented single-crystal sapphire substrates. The nano-
wires are tapered, and the diameter of the nanowires varies from
15 nm at the base to 100 nm at the top. The thin parts of the
nanowires close to the substrate are highlighted in the figure. �b�
High-magnification image and cartoon of the nanowires oriented
perpendicular to the c plane of a �aN platelet. �c��ranched
nanowires synthesized on an amorphous quartz substrate. �d�
Multilevel branched nanowires synthesized on polycrystalline AlN
substrates. The low-magnification image shows the branched
nanowires. The high-magnification image in the inset shows the
different levels of branching that occur. �e��ranched InN nanowires
synthesized on p�N substrates.
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The photogenerated displacement current was measured
across an MIS capacitor, in which the semiconductor
electrode consists of InN nanowires grown on quartz or AlN
substrates. Figure 9a shows the photocurrent as a function
of excitation energy for a typical InN sample �sample A�
measured at 77 and 300 K. A sharp peak in the photocurrent
is observed for excitations near 0.8 eV. This is in agreement
with photoluminescence measurements reported recently in
which the band gap of InN nanowires was shown to be 0.8
eV. 9 Interestingly, the photocurrent measurements also reveal
a possible explanation for previous experimental results
suggesting that the InN band gap was 1.9 eV rather than 0.8
eV.11 Figure 9b shows the photocurrent as a function of
excitation energy for a second sample �sample ��synthesized
on quartz substrate, in which peaks near 0.8 and 1.9 eV are
observed. This sample �sample ��was synthesized specif-
ically by using an as-received In source, without employing
any acid-cleaning procedure that would have removed the
native oxide layer. These experiments led to the formation
of nanowires composed of both In2O3 and InN. �RD
characterization �see supporting information�of this sample
clearly revealed the presence of indium oxide �In2O3�in
addition to InN. This implies that the peak at 1.9 eV is due
to the presence of In2O3 in the sample. The energy of the
peak near 1.9 eV increases with decreasing temperature, a

behavior not observed in the 0.8 eV peak. This suggests that
a high density of mid-gap states is associated with the 1.9
eV transition that freeze out at low temperatures. Such states
could form at the nitride/oxide interface.

In addition, STS measurements were also performed on
the synthesized InN nanowires to determine their band gap.
A typical STS spectrum of the synthesized InN nanowires
is presented in Figure 9c. These measurements were per-
formed in a UHV environment �pressure ) 5 × 10-10 Torr�
using a platinum tip. Heteroepitaxially oriented InN nano-
wires synthesized on highly oriented pyrolytic graphite
�HOP��were used for these measurements. Excess indium
at the tips of the nanowires was removed using sulfuric acid
treatment, as mentioned above, before performing these
measurements. Overall, the spectrum clearly shows the
expected semiconducting behavior for InN. However, at low
bias voltages a linear increase in current with bias voltage
�ohmic behavior�was observed. Typically, doped or recon-
structed semiconductor surfaces exhibit this behavior in the
low bias region.25 Extensive characterization of the synthe-
sized nanowires �Figures 3 and 5�showed that they are
composed of InN with excess indium at the tips of the
nanowires. Also, as mentioned above, the excess indium at
the tips of the nanowires was removed by acid-treatment
before the STS measurements were performed. Doped
semiconductors typically show huge increases in current
under positive or negative bias, respectively, depending upon
whether they are p-type or n-type.26 Such a huge increase in
current is not observed in our STS measurements on InN
nanowires �Figure 9c�. Also, the samples used for these
measurements are not doped intentionally. However, the
possibility of defect states �In or N related defect states�
giving rise to this type of behavior exists. The other possible
reason for the observed ohmic behavior is conduction through
a reconstructed surface. Surface reconstruction is known to
occur in III-nitride systems. This phenomenon was studied
extensively and reported previously for �aN.27-29 STS
measurements on the Au-induced reconstruction of �aN
surfaces, reported previously, showed behavior similar to that
observed in our measurements.29 Hence, the observed ohmic
behavior in the low bias regime of InN might be due to either
the presence of defect states or reconstruction of the surface.

In summary, the nucleation and early stages of growth
mechanisms responsible for the 1D crystal growth in reactive
vapor transport �or so-called self-catalysis�schemes have
been studied, using InN nanowire synthesis as an example.
The results indicate that initially the nucleation of InN
crystals occurs on the substrate. This is followed by In droplet
formation on these crystal nuclei because of selective wetting.
The growth in one dimension occurs through In droplets via
liquid-phase epitaxy with underlying InN crystals. This
mechanism was employed for the synthesis of heteroepi-
taxially oriented InN nanowire arrays on R-plane oriented
sapphire substrates. Also, the increased vapor transport of
In onto growing nanowires resulted in tree-like nanowire
formation with multilevel branching. In contrast, the direct
nitridation of In droplets on amorphous quartz substrates led
to the multiple nucleation and basal growth of InN nanowires

���������a�Photoconductivity measurements of the synthesized
InN nanowires bulk �sample A�, showing the band gap to be 0.8
eV. �b�Photoconductivity measurements performed on a sample
�sample ��having both InN and In2O3 phases, showing a peak at
around 1.9 eV in addition to the peak at 0.8 eV. �c�STS �I vs V
curve) of InN nanowires synthesized on HOPG substrates obtained
under UHV conditions, clearly showing semiconductor behavior
for InN. The curve showing the variation of dI/dV with voltage
(V) is shown in the inset.
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in the initial stages. The above mechanism of vapor phase
epita�y for InN crystals followed by li�uid�phase epita�y
through In droplets on the crystals for 1D growth should
hold true for all types of vapor transport schemes involving
low�melting metals. �lso, the observed phenomenon of
multiple nucleation and growth of nanowires from low�
melting metals could be accomplished even at room tem�
perature by using activated nitrogen (using a radio fre�uency
or electron cyclotron resonance plasma source) in the gas�
phase instead of ammonia. The band gap of InN was
measured to be 0.8 eV using photogenerated displacement
current measurements. Similar measurements performed on
a sample composed of both In2O� and InN phases showed
an additional pea�at 1.9 eV, the value thought previously
to be the band gap of InN. This pea� at 1.9 eV can be
attributed simply to the presence of In2O� in the sample.
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Abstract

We describe spectroscopy measurements of double wall carbon nanotubes using a displacement photocurrent technique. Peaks in
the photocurrent are observed at excitation energies corresponding to the spacing of van Hove singularities for both the inner and
outer shells of the nanotube. The shell assignment for the peaks can be made by comparing the spectra before and after the forma-
tion of the inner shell. The level spacing observed for the inner shell suggests that the standard tight binding model is insufficient to
describe the electron energy spectra for extremely small tubes.
� 2005 Elsevier B.V. All rights reserved.

One of the fascinating aspects of single wall nanotube
(SWNT) electronics is the clearly observable inter-rela-
tionship between nanotube structure and electronic
spectra. The variation of the electron density of states
with nanotube diameter and chirality has been well doc-
umented in both experiment and theory [1]. Multi wall
nanotubes (MWNTs) have also received considerable
experimental attention, in part because their large size
makes them relatively easy to incorporate into electronic
devices [2]. The MWNT electronic spectrum is difficult
to model, however, since calculations must include a
large number of individual shells, together with shell–
shell interactions. Recently, techniques for synthesizing
double wall nanotubes (DWNTs) have been developed
[3–6]. Being the simplest form of multi wall tube,
DWNTs provide a tractable system to explore the elec-
tron energy spectrum of a multi-shell system. Prelimin-
ary experiments on DWNTs have mainly concentrated
on describing the vibrational spectra of the inner and
outer shells using Raman techniques. There have been

few, if any, measurements of the DWNT electron energy
spectrum.

Here, we report on photocurrent spectroscopy mea-
surements to determine the electron energy spectrum
of DWNTs. We observe peaks in the photocurrent at
excitation energies that we relate to the spacing of van
Hove singularities in the electron density of states for
both the inner and outer shells. The level spacing ob-
served for the outer shell agrees with predictions of the
standard zone folding approach applied to tight binding
calculations for a graphene sheet. The level spacing
associated with the inner shell, however, appears to be
influenced by the effects of curvature on neighboring
atomic orbitals. Overlap between the inner and outer
shell features results in an apparent shift in the outer
shell peaks following the formation of the inner shell.

DWNTs are created using the �peapod� synthesis
technique [3], which provides the possibility to study di-
rectly the transformation from a SWNT into a DWNT.
First, SWNTs are synthesized using high-temperature
pulsed laser vaporization of a carbon target containing
approximately 1% Fe–Ni. Following acid purification,
the SWNTs are heated at 420 �C in dry air to remove

0009-2614/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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residual amorphous carbon and to open the tube ends.
Next, the SWNTs are combined with C60 molecules in
a sealed ampoule and heated to 400 �C. This results in
the diffusion of the C60 vapor into the interior of the
SWNTs forming �peapods�, or SWNTs containing
chains of C60 molecules. Finally, the peapods are heated
at 1200 �C in vacuum, causing the C60 molecules to
coalesce into small diameter tubes. The result is a dou-
ble-shelled tube structure, with the inner shell diameter
located around that of the C60 molecules and the outer
shell diameter defined by the original SWNT. Transmis-
sion electron microscopy of the DWNTs synthesized in
this way (inset to Fig. 1) shows that they are highly uni-
form with an average outer shell diameter of 1.4 nm and
an average inner shell diameter of 0.7 nm.

Raman scattering spectra were taken of our SWNT
and DWNT samples at room temperature in the true
backscattering configuration with an incident beam per-
pendicular to the sample surface using 1064-nm Nd-
YAG-excitation. The Raman scattered laser light was
analyzed using a FT-Raman spectrometer (BOMEM
DA3+) equipped with a holographic notch filter to elim-
inate the elastically scattered light. Fig. 1 shows the
Raman spectra of the SWNT (dashed line) and DWNT
(solid line) samples. (The DWNT was formed using the
peapod synthesis technique on the SWNT sample, so
that the two may be compared directly.) Data are plot-
ted for Raman shifts from 100 to 400 cm�1 in the range
of the radial breathing modes. For the SWNTs, peaks
are observed at x1(outer) = 162 cm�1 and x2(outer) =
178 cm�1. The diameter, d, of the outer shell can be esti-
mated from d = A/xr, where A is a constant and xr is
the radial breathing mode frequency. Using a value for
A = 234 cm�1 (averaged from those available in the lit-
erature [7]) gives d1(outer) = 1.44 nm and d2(outer) =
1.32 nm. After the SWNTs are transformed into
DWNTs, two additional peaks appear at x1(inner) =

337 cm�1 and x2(inner) = 360 cm�1. The inner diameter
radii determined from these peaks are d1(inner) = 0.69
nm and d2(inner) = 0.65 nm. The inner and outer shell
diameters obtained from the Raman spectra are in good
agreement with those obtained from the TEM analysis.

To probe the electron energy spectrum of the SWNT
and DWNT samples, we use a displacement photocur-
rent spectroscopy technique – the details of which have
been recently described [8]. Briefly, a nanotube film is
deposited on a glass slide that is anchored to a grounded
copper block within an optical access flow cryostat (see
Fig. 2a). The nanotubes are coupled to ground capaci-
tively, through the glass dielectric, and coupled to the
high side of the circuit by a wire silver-painted to a cor-
ner of the film. Pulsed laser light incident on the nano-
tube film excites charge carriers, which redistribute to
create an ac voltage across the nanotube/insulator/metal
capacitor. This is measurable as a displacement current
from the nanotube film to ground. We illuminate the
sample using an optical parametric amplifier (OPA) ex-
cited by a pulsed Ti Sapphire regenerative amplifier. The
pulse width is 120 fs with a repetition rate of 1 kHz and
the photon energy is tunable between 0.4 and 4 eV. The
laser power is kept constant at 25 mW. The resulting dis-
placement current is amplified and measured using a
lock-in detector.

Fig. 2b shows the displacement photocurrent of a
SWNT film measured at 300 K and with a dc bias of
10 V. A series of peaks are observed as a function of
incident photon energy, the lowest three having energies
of 0.62, 1.39, and 1.85 eV, along with at least two addi-
tional peaks at higher excitation energies. Similar peaks
have been observed in absorbance measurements of
SWNT films and have been attributed to excitation
across van Hove singularities in the electron energy
spectrum [9,10] (or more recently, to the formation of
excitons [11,12]). The standard approach to determine
the nanotube electron energy spectrum is zone-folding
of the tight binding calculated dispersion for a graphene
sheet (ZF-TB model) [13]. This method ignores the influ-
ence of curvature on the carbon–carbon bonds, but is
thought to be accurate for large diameter tubes.
Fig. 3a shows predictions of the ZF-TB model for the
separation of the lowest three energy transitions (S11,
S22, and M11) in the nanotube density of states, for
all possible nanotubes with diameters ranging from 1.2
to 1.55 nm. (We do not consider the higher energy tran-
sitions, because there is considerable overlap in the tran-
sition energies in this regime, making mapping to the
data difficult.) We also plot the positions of the three
lowest energy SWNT photocurrent peaks (solid circle,
square, and diamond) assuming a diameter of 1.48 nm
(the average of the two diameters obtained from the
Raman data). It is seen that the peaks in the SWNT
displacement current spectrum are in good agreement
with the ZF-TB model. Recent work has suggested that

Fig. 1. Room temperature Raman spectra taken for the SWNT
(dashed line) and DWNT (solid line) samples for an excitation
wavelength of 1064 nm in the range of the radial breathing modes.
Inset: TEM image of a typical DWNT.
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exciton binding energies in carbon nanotubes are extre-
mely high, making excitons, rather than interband tran-
sitions, the primary photoexcitations in semiconducting
SWNTs [11,12]. The agreement of our data with the sim-
ple ZF-TB model implies however, that it is unnecessary
to invoke excitons to explain our results.

The displacement photocurrent spectrum for the
DWNT sample is shown in Fig. 2c. The three peaks

originally associated with the S11, S22, and M11 transi-
tion of the outer nanotube shell are once again observed,
although there is a small energy shift in the position of
the peaks from the SWNT values, and the relative
amplitude of the peaks has changed. Two higher energy
peaks are also observed. These match the position of
peaks observed in the SWNT results, suggesting that
they are due to transitions in the outer shell electron
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energy spectrum. The most striking difference between
the SWNT and DWNT results is the appearance of a
new peak in the DWNT energy spectrum at 0.94 eV.
As can be seen in Fig. 3a, this new peak lies between
the S11 and S22 transitions for the outer shell and is
thus thought to correspond to a transition within the in-
ner shell electron energy spectrum. Fig. 3b shows ZF-TB
predictions for the S11 transition energy in the neigh-
borhood of the inner shell diameter (0.54–0.81 nm).
The observed S11 inner shell transition energy is plotted
in Fig. 3b for a diameter of 0.67 nm (the average diam-
eter determined from the Raman data). It can be seen
that the ZF-TB model substantially overestimates the
observed energy of the S11 transition. For diameters less
than 1 nm, the ZF-TB model fails because the carbon–
carbon bonds on the curved nanotube surface can no
longer be considered equivalent [14–16]. The influence
of curvature has been accounted for in the literature
using a variety of different models. In Table 1, we com-
pare predictions from three of these models [15,17,18],
along with the ZF-TB result. We choose the nanotube
among those studied in the models whose diameter is
closest to the diameter of the inner shell. As seen in
Table 1, the models including curvature all predict tran-
sition energies that are substantially closer to our exper-
iment than the ZF-TB model. Kane et al. [18], who
derive their result using the p-electron two-dimensional
Dirac Hamiltonian, provides the best approximation
to our results.

Given that the peak at 0.94 eV is due to the S11 tran-
sition for the inner tube, we also expect to see evidence
for the S22 inner tube transition. The only available pre-
diction for the energy of the S22 transition comes from
the ZFT-TB model, which we already know provides
too large of value for the S11 inner tube transition en-
ergy. However, if we assume that the error between
experiment and the ZFT-TB model is the same for the
S22 transition as for the S11 transition, we expect to ob-
serve the S22 inner tube peak at an energy of 2.1 eV (as
shown in Fig. 3b). This is very close to one of the higher
energy peaks, but there does appear to be an extra fea-
ture in the DWNT photocurrent near 2.1 eV (as shown
in Fig. 2c) that we can tentatively ascribe to the S22
inner tube transition.

A remaining issue is how the interaction between the
outer and inner shells influences the DWNT electron en-
ergy spectrum. As noted, we do observe a shift in the
transition energies for the outer shell DWNT peaks
compared with the SWNT peaks. This is particularly
noticeable for the M11 transition, which shifts by 0.16
eV. One possibility is that this shift is due to shell–shell
interactions. Although a model for this interaction is not
available, the narrow linewidth of the Raman peak for
the inner tube (compared with the SWNT data) suggests
that the interaction strength is relatively weak. Further-
more, in a recent experiment [19], Raman peaks associ-
ated with the outer shell were found to be strongly
modified by Br doping, while the peaks associated with
the inner shell were unchanged, suggesting a lack of
shell–shell interaction. Another possibility is that over-
lap of the peaks due to the outer and inner shells results
in an apparent shift. For example, overlap of the M11
outer shell transition with the S22 inner shell transition
could account for the observed shift in the outer shell
transition energy.

In conclusion, we have used Raman spectroscopy and
displacement photocurrent spectroscopy to probe the
vibrational and electron energy spectrum of DWNTs.
From the Raman data, we are able to determine the
diameter of the inner and outer shells of the DWNT
and use this information to help identify the observed
features in the electron energy spectrum. Features asso-
ciated with the inner shell can be accounted for, pro-
vided that the curvature of the small diameter inner
shell is included. Our results confirm that the curvature
of the nanotube influences the distribution of nanotube
electron states for sufficiently small diameter tubes.
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Adsorption of oxygen molecules on individual single-wall
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Our study of the adsorption of oxygen molecules on individual semiconductiong single-walled
carbon nanotubes at ambient conditions reveals that the adsorption is physisorption, the resistance
without O2 increases by approximately two orders of magnitude as compared to that with O2, and
the sensitive response is due to the pinning of the Fermi level near the top of the valence band of
the tube, resulting from impurity states of O2 appearing above the valence band. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2163008�

I. INTRODUCTION

Interest in gas adsorption by carbon nanotubes at ambi-
ent conditions has been spurred by the demonstrations of the
potential of single-walled carbon nanotube �SWCNT�-based
gas sensors,1–3 specifically, the establishment of the interde-
pendence between gas adsorption and transport properties of
carbon nanotubes �CNTs�. In recent years, experimental
studies on the adsorption of oxygen molecules by SWNT
bundles or mats included the measurements of electrical re-
sistance and thermoelectric power,2,3 the effect of adsorption
of O2 on the barrier of metal-semiconductor contact,

4,5 and
the kinetics of O2 adsorption and desorption.

6 The picture
emerged from these studies relevant to gas sensing indicates
that the electrical resistance changes by about 15% between
gassing and degassing,2 that the hole doping of semiconduct-
ing single-walled nanotube �s-SWNT� in air is by the adsorp-
tion of O2 in the bulk of s-SWNTs �Ref. 5� rather than at the
contact,4 and that the adsorption of O2 has the characteristics
of physisorption.6 Theoretical investigations of the adsorp-
tion of O2 on SWNTs have also been carried out, using spin-
unpolarized as well as spin-polarized density-functional
theory �DFT� methods.7–12 Studies of the adsorption of O2 on
small-diameter �8,0� SWNT based on the spin-unpolarized
DFT within the local-density approximation �LDA� predicted
a weak hybridization between states of O2 and those of the
s-SWNT with an estimated charge transfer of �0.1e,7,9 lead-
ing to a binding of O2 at a distance less than 3 Å from the
s-SWNT. The hole doping of the s-SWNT was attributed to
the pinning of the Fermi level at the top of the valence band
due to the adsorption of O2. With the O2 molecule having a
triplet ground state, the more realistic calculations based on
the spin-polarized gradient-corrected DFT,8,10,12 on the other
hand, yielded a very weak bonding at �4 Å with no signifi-
cant charge transfer, indicating that an O2 molecule in the
more stable triplet state is only physisorbed on a s-SWNT.
For the triplet state of O2 adsorbed on the �8,0� SWNT, two

degenerated pp
* bands were found to split into four bands,
with the two unoccupied pp
*�↓� bands rising �0.35 eV
above the top of the valence band at the � point,12 casting
some doubt about the hole-doping picture deduced from the
unpolarized calculation.

In order to obtain a coherent and consistent picture of the
adsorption of O2 by individual s-SWNTs, we have conducted
a careful experimental and theoretical investigation of the
adsorption of O2 molecule by individual SWNTs to shed
light on the nature of adsorption and its effect on the trans-
port properties of SWNTs. Experimentally, contacts were
made to a few very dispersed SWNTs using e-beam lithog-
raphy. The experiment was first conducted under ambient
conditions in air �room temperature and atmosphere pres-
sure�. The resistance was monitored during each exposure to
air and subsequent pumping �10−6 Torr�. A resistance change
of more than one order of magnitude was observed as a
result of the adsorption of O2 by individual s-SWNTs, in
dramatic contrast to a mere 15% change observed for SWNT
bundles or mats. Furthermore, the onset of the change in
resistance was in minutes. These observations clearly dem-
onstrated the feasibility of constructing s-SWNT-based
chemical sensors. To be more consistent with the experimen-
tal result, we have carried out a study on the adsorption of an
O2 molecule by a larger SWNT than the one considered in
previous studies, the �14,0� SWNT, that is closer to the range
of diameters in the experiment, using the spin-polarized DFT
method. Our calculation using the spin-polarized generalized
gradient approximation �GGA� yielded a shallow potential
well with depth of the order of�0.05 eV at �3.6 Å from the
surface of the SWNT, consistent with the picture of phys-
isorption. We have determined the pinning of the Fermi en-
ergy due to the impurity level associated with O2. Our esti-
mate of the resistance based on the result of the �14,0� tube
with the adsorption of the O2 molecule is in excellent agree-
ment with the observed initial resistance in air, indicating the
metallization of the s-SWNT by hole doping associated with
the physisorbed O2. We have also predicted a change in the
resistance about two orders of magnitude between gassing
and degassing.
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II. EXPERIMENTAL RESULTS

Individual SWNTs were synthesized using chemical va-
por deposition �CVD� with an Fe catalyst and CH4 on a
SiO2/Si substrate with prepatterned grid marks. Silicon
�100� with a thin oxide layer �0.4 �m� was selected for the
growth process. The grid pattern �Au alignment marks� was
fabricated on the SiO2/Si substrate using e-beam lithography
and etched using a basic oxide etch �BOE�. The alignment
marks were etched so that they can be seen in atomic force
microscopy �AFM� imaging. The preparation of the catalyst
solution follows the procedure given in Ref. 13. Fe nanopar-
ticles were dispersed on the substrate from Fe�NO3�3 pro-
panol solution. After washing with hexane, the substrate was
loaded into the CVD reactor and heated to 900 °C in flowing
Ar/H2 �100 SCCM �standard cubic centimeter per minute� of
10% H2 in Ar�. After reduction at 900 °C for 10 min, meth-
ane, the carbon feed, was introduced at a rate of 400 SCCM
for 2 min. The sample was cooled in argon. The SWNT
samples were imaged using the AFM with reference to the
alignment marks in the grid pattern and the Au/Ti contacts
were made on the SWNTs using e-beam lithography and
evaporation. Larger contact pads were deposited on the
e-beam-defined contacts using optical lithography �see Fig.
1�. The device was loaded into a quartz reactor equipped
with a turbo-molecular pump capable of evacuating to
10−7 Torr for in situ studies. The reactor has provisions for
gases and chemical vapors.

The experiment was first conducted under ambient con-
ditions �room temperature and atmosphere pressure�. The
two-probe resistance of the device was measured during the
exposure to air and subsequent pumping at room tempera-
ture. The resistance was continuously monitored during each
exposure and subsequent pumping. Figure 2 shows the time
evolution of the two-probe resistance of the device during
pumping and subsequent exposure. The data for two cycles
are shown. The two-terminal resistance of the as-prepared

device was �300 k�. During pumping �10−6 Torr�, the
resistance started to increase and eventually saturated at a
value of �16 M� within a period of �1 h. This represents a
change of the resistance of close to two orders of magnitudes
for individual SWNTs, a dramatic change in comparison
with the �15% change observed for SWNT bundles or
mats.2 When exposed to air at this point, the resistance
started to decrease, initially with an abrupt drop to �2.5 M�
within �15 min. This substantial drop in the resistance
within such a short time interval after the exposure to air
indicates the sensitivity of the response of individual SWNTs
to the absorption of gases in air. The initial drop in resistance
was followed by a much slower decrease, saturating at the
initial value of �300 k� in �10 h. A similar behavior was
observed in another cycle as shown in Fig. 2. The experi-
mental findings suggest that the fabricated device is most
likely composed of s-SWNTs and that the findings reflect the
response of the transport properties of s-SWNT during the
exposure to O2 in air and subsequent pumping. We estab-
lished the semiconducting nature of our device by measuring
the gate voltage dependence of the conductance of the device
at room temperature, using a Si substrate as the back gate.
We found that when the positive gate voltage is increased,
the conductance decreases, while conductance increases
when the negative gate voltage is increased. As the conduc-
tance of metallic tubes should have little or no gate voltage
dependence, and on the other hand, an increasing negative
gate voltage adds more holes to p-type s-SWINTs, thereby
increasing the conductance, we conclude that our device con-
sists of only s-SWNTs with the p-type behavior when ex-
posed to air. This conclusion is consistent with the measure-
ment of a positive thermoelectric power in the case of the
adsorption of O2 molecules by SWNT bundles reported in
Ref. 3, which indicates a p-type behavior for s-SWNTs with
the adsorption of O2 molecules.

In Fig. 3 we show the gate voltage �Vg� dependence of
Ids �for Vds=300 mV� before and after the removal of air. The
degenerately doped Si substrate was used as the back gate.
The data were collected after the resistance reached the satu-
ration values for both increasing and decreasing gate volt-
ages. The Ids vs Vg characteristics clearly show that the air-
doped SWNTs �corresponding to the lowest resistance value�
behave as a p-type semiconductor, i.e., they are on for a

FIG. 1. An AFM image of two SWNTs buried underneath Au/Ti contacts.

FIG. 2. Two cycles of the time evolution of the two-probe resistance of the
sample during pumping and subsequent exposure to air.
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negative gate bias. It shows some ambipolar properties as the
device is not completely off for a positive gate bias, typical
for most SWNT-based field-effect transistors �FETs�. After
pumping, its electronic character changes to n type �corre-
sponding to the highest resistance value� as it exhibits a com-
plete off state for a positive gate bias. The hysteresis ob-
served in Ids for decreasing and increasing gate voltages has
been observed in most of the SWNT-based FETs and inter-
preted as due to trapped electrons. Most interestingly, the
threshold voltage �marked in Fig. 3 by a downward arrow�
for both p- and n-type devices is essentially the same. This is
a conclusive indication that there is no charge transfer be-
tween the adsorbed O2 molecules and the s-SWNT, which is
confirmed by our theoretical calculations, to be presented in
Sec. III.

III. THEORETICAL ANALYSIS

To shed light on the physics underlying the change in the
transport properties during the adsorption and desorption of
O2 molecules by s-SWNTs, we carried out a detailed study
of the adsorption of an O2 molecule on a �14,0� s-SWNT,
using spin-polarized LDA as well as spin-polarized GGA
DFT methods in the Vienna ab initio simulation package
�VASP�.14–16 We chose to use the �14,0� SWNT as the bench-
mark because its diameter �d=1.10 nm� is close to the range
of diameters of typical SWNTs and a recent DFT calculation
has established the 1/d dependence of the energy gap of
s-SWNTs to be valid only for d�1.0 nm.17 In our calcula-

tion, we used a supercell of size 26�26�8.54 Å to cut
down the potential image effect between SWNTs. Along the
axial direction of the SWNT, this supercell consists of two
SWNT unit cells so that the calculation reflects well the situ-
ation of the physisorption of individual O2 molecules.
Vanderbilt’s ultrasoft pseudopotential18,19 and the Perdew-
Zunger functional,20 with the GGA correction of Perdew
et al.,21 were used for the self-consistent spin-polarized so-
lution. The energy cut off was set at 700 eV. Monkhorst-Pack
scheme with 1�1�11 k-point mesh was used for sampling
the Brillouin zone. Full optimization of the structural con-
figuration of SWNT+O2 and the lattice constants were car-
ried out using the conjugate gradient method with the energy
convergence of 10−5 eV and forces 10−2 eV/Å.

Our calculations, using spin-unrestricted LDA as well as
GGA, confirmed that the triplet O2 state has a lower energy
as compared with the singlet state. Before using the VASP
code to investigate the benchmark case of the �14,0�
s-SWNT+O2, we applied in to the case of the �8,0�
s-SWNT+O2 with O2 near the T site.12 The optimization
yields a result in excellent agreement with the corresponding
result in Ref. 12 �see Fig. 5�g� in Ref. 12�. Having estab-
lished the validity of the VASP code, we carried out optimi-
zations of the adsorption of O2 on the �14,0� s-SWNT with
spin-polarized methods �LDA and GGA�. We found the bind-
ing to be the strongest for the triplet O2 molecule near the top
of two adjacent zigzag bonds �T site�, with the molecular
axis perpendicular to the axial direction of the SWNT �see
Fig. 4, left panel�. The relaxed bonding geometries �bond
length and equilibrium orientation of O2� from both methods
are almost the same except for the equilibrium distance from
O2 to the surfaces of the �14,0� SWNT. Figure 4 �right panel�
shows a weak potential well of depth �0.1 eV at a distance
of �3.0 Å for the LDA result and a very shallow well of
�0.03 eV at a distance of �3.5 Å for the GGA result. These
results are consistent with the scenario of physisorption. For
physisorption characterized by weak interactions, LDA tends
to overestimate the binding and underestimate the equilib-
rium distance, while GGA tends to underestimate the bind-
ing. From our result, one can conclude that the physisorption
of O2 on the �14,0� s-SWNT is characterized by a potential
well of depth between 0.03 and 0.1 eV and an equilibrium
distance between 3.0 and 3.5 Å.

Figure 5 shows the band structures in the vicinity of the
energy gap of relaxed configurations of the adsorption of
triplet O2 on the surface of the �14,0� s-SWNT obtained by

FIG. 3. Gate voltage dependence of Ids before and after removal of air.
Vds=300 mV. The data were collected after the resistance values reached the
saturation values for both increasing and decreasing gate voltages.

FIG. 4. The binding of a triplet O2
near the top of two adjacent zigzag
bonds. Left panel: The equilibrium
configuration. Right panel: Energy vs
distance curves �dotted curve, GGA re-
sult; solid curve, LDA result�.
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LDA and GGA, respectively. The energy gap obtained by the
GGA calculation is �0.69 eV, while that by LDA is
�0.60 eV. We have also checked the band structure for the
pristine �14,0� s-SWNT using the same methods. We found
the same values for the gap and no difference in the band
structures as compared with those for the case of �14,0�
+O2 by the respective methods. Furthermore, the unoccupied
oxygen pp
*�↓� bands were found to appear within the gap
of the s-SWNT almost dispersionless in both calculations.
These results present an unambiguous indication of a very
weak interaction between the oxygen molecule and the
�14,0� s-SWNT, reinforcing the scenario of the physisorp-
tion. In this sense, our calculations have essentially estab-
lished the placement of the empty impurity bands within the
gap of the s-SWNT. Specifically, for the GGA calculation,
the lower pp
*�↓� band is �0.20 eV above the top of the
valence band, while that for the LDA is �0.24 eV above the
top of the valence band. To summarize, our study indicates
no charge transfer between O2 and the �14,0� s-SWNT. The
effect of the presence of the oxygen impurity bands is to pin
the Fermi level to the vicinity of the top of the valence band.

The conductance for the pristine s-SWNT and that for
the s-SWNT with O2 under ambient conditions can be esti-
mated according to

G =
2e2

h
	
−�

�

T�E�
− � f

�E
�dE � G0
 2

1 + e�/2kT� , �1�

where T�E� is the transmission coefficient as a function of E
and may be approximated by 2 in the vicinity of the Fermi
energy for SWNTs, f�E� is the Fermi distribution function,
G0=4e2 /h is the quantum conductance, and � is the energy
gap. Using Eq. �1� based on the energy gap with or without
O2 obtained by LDA as well as GGA, we have calculated the
resistances of the �14,0� s-SWNT with or without O2 at room
temperature. The results are shown in Table I. It can be seen
that the GGA method yields a value of �400 k� for the
resistance with O2, in very good agreement with the experi-
mental result, while the LDA method gives rise to a value of
�680 k�. For the �14,0� s-SWNT, the GGAmethod leads to
a resistance increase by a factor of �1.33�104 between the
resistance of the s-SWNT without O2 and that with O2, while
the LDA leads to an increase in resistance by a factor of
1.08�103. This resistance change can be attributed to the
pinning of the Fermi level to the vicinity of the valence band
due to the presence of the empty oxygen bands. Since the
diameter of a typical SWNT is �1.40 nm and the gap fol-
lows a 1/d dependence on the diameter for d�1 nm, we
estimated the energy gap of the typical s-SWNT using the
calculated gap of the �14,0� SWNT �d=1.09 nm� according
to �adj=��1.09/1.4. Using �adj, we obtained a resistance
increase by a factor of 82 for the LDA result and 652 for the
GGA result, consistent with the experimental result.

IV. DISCUSSION

Our experimental study and theoretical analysis clearly
lead to the following conclusion concerning the adsorption
and desorption of O2 molecules on s-SWNTs: �i� The resis-
tance change between the desorption and absorption of O2
molecules by an individual s-SWNT is approximately two
orders of magnitude. The response of individual s-SWNTs to
the exposure to O2 molecules is therefore far more sensitive
as compared with the response of SWNT bundles or mats
studied previously. �ii� The adsorption of O2 molecules on
s-SWNTs is unequivocally physisorption. There is no charge
transfer between the O2 molecules and the s-SWNT. �iii� The
sensitive response of s-SWNTs to the adsorption of O2 mol-
ecules is due to the pinning of the Fermi level near the top of
the valence band.

FIG. 5. Band structures corresponding to the equilibrium configurations.
Left panel: LDA result; right panel: GGA result.

TABLE I. Resistances of the �14,0� SWNT without �w/o� and with O2 at room temperature, and their ratio,
calculated by spin-polarized LDA and GGA, respectively. Also shown are the adjusted resistances correspond-
ing to a s-SWNT �without O2� with a diameter of 1.40 nm.

R w/o O2 �k��
R with
O2 �k�� Ratio

R w/o O2�k��
adjusted

Ratio
adjusted

LDA 7.4�105 6.8�102 1.08�103 5.6�104 8.20�101

GGA 5.2�106 4.0�102 1.33�104 2.6�105 6.52�102
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A���RA��
��citonic and �ree�carrier transitions in single�wall carbon nanotubes are distinguished using �ield�enhanced photocurrent spectroscopy.
�lectric �ield dissociation allows �or the detection o�bound�e�citon states that otherwise would not contribute to the photocurrent. ��citonic
states associated with both the ground�state se� iconductor and the ground�state �etallic nanotube transitions are resol�ed. �he obser�ation
o�a �etallic e�citonic state corroborates recent predictions o�a sy��etry gap e�isting in �etallic nanotubes.

Optical spectroscopy is now an established technique for
probing single-wall nanotube (SWNT) properties and for
exploring the potential of SWNTs for optoelectronic ap-
plications.1 The SWNT optical absorbance spectrum has
frequently been described using a noninteracting model in
which optical excitation across pairs of van Hove spikes in
the electron density of states creates free electron-hole
pairs.2 Prominent peaks in the absorbance spectrum of SWNT
films are ascribed to the two lowest energy optical transitions
for semiconducting nanotubes (E11

S and E22
S ) and to the

lowest energy transition for metallic nanotubes (E11
M). It has

been persuasively argued, however, that the presence of
strong Coulombic interactions should make exciton formation
the dominant optical absorption mechanism in SWNTs.3-6

In fact, recent experimental work has conclusively demon-
strated that optical absorption in SWNTs occurs primarily
through the creation of bound excitons, rather than through
the creation of free electron-hole pairs.7 This raises impor-
tant issues on the use of carbon nanotubes for photodetectors,
and on the nature of carbon nanotube photoconductivity.8-10

Because optical excitations in SWNTs create strongly bound
electron-hole pairs, this should block the generation of free
carriers and limit the sensitivity of the SWNT photocurrent
response. In recent SWNT photocurrent measurements
performed by Freitag et al.,9 optically generated excitons are
thought to decay to lower energy continuum states, where
they can then contribute to the observed photocurrent. Such
a relaxation process, while postulated for excitons associated

with the E22
S transition, should not be possible for the

ground-state E11
S transition. No photocurrent measurements

have yet been reported, however, for the lower energy
regime.

In this paper, electric-field-dependent photocurrent mea-
surements of a SWNT capacitor are used to distinguish
between free-carrier and bound-excitonic transitions in the
SWNT excitation spectrum. Near the E11

S transistion, both
excitonic and free-carrier transitions are resolvable with an
exciton binding energy of 110 meV. Near the E22

S transition,
only a single field-independent peak in the photocurrent
spectrum is observed, indicating (in agreement with Freitag
et al.9) a fast decay of the exciton into the lower energy free-
carrier states.11 Surprisingly, an exciton resonance associated
with metallic nanotubes is also resolved. This can be
explained by recent theory that shows that in metallic
nanotubes optical transitions between the overlapping states
at the Fermi energy are disallowed, giving rise to a symmetry
gap.5

To probe the SWNT photoexcitation spectrum, we use a
recently described displacement photocurrent spectroscopy
technique in which the SWNT film under study acts as one
plate of a parallel plate capacitor.12-14 This allows for
relatively large electric fields to be placed across the
nanotubes without producing any appreciable dark current.
Our measurement setup is shown in Figure 1a. CVD-grown
SWNTs are dispersed onto a 100-μm-thick quartz slide to
create a uniform film of nanotubes. TEM and Raman analysis
reveals a narrow distribution of SWNT diameters, with an
average diameter of 1.3 nm. A 30 nm layer of ITO is
deposited by electron-beam evaporation to form a transparent
top contact to the nanotube film, while the backside of the
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slide is anchored to a grounded copper block inside of an
optical flow cryostat. This creates a capacitor in which the
nanotube film is coupled capacitively to ground through the
quartz dielectric. Pulsed laser light incident on the film
surface produces displacement current across the capacitor,
which can be measured with a lock-in current amplifier.
Simultaneous to the displacement current, we also measure
the absorbance spectrum by detecting the percentage of
incident light transmitted through the nanotube film via a
hole in the copper block. A dc voltage, �dc, applied to the
ITO film is used to create a variable electric field across the
device. Our optical excitation source is a Spectra Physics
optical parametric amplifier (OPA) pumped by a 130 fs
pulsed Ti: Sapphire regenerative amplifier with a repetition
rate of 1 kHz. The excitation photon energy is tuned between
0.4 and 4 eV, and the incident power is kept constant at 25
mW.

The carrier generation mechanism in the SWNT film can
be understood using the band diagram shown in Figure 1b.
Here, the free-carrier (Es) and bound-exciton (Eex) transition
energies are indicated for an individual nanotube within the
ITO/SWNT/dielectric capacitor. A built-in potential, �0,
exists at the SWNT/ITO interface because of the difference
in work functions between the SWNT and ITO and the
particular distribution of trapped charge existing at the
interface. The bias, �dc, applied across the capacitor can be
used to vary the magnitude of the electric field and, hence,
the band bending at the ITO/SWNT interface. Under
illumination, photon absorption results in the excitation of
an electron from the ground state to form an electron-hole

pair in the nanotube film. If the excited charge carriers are
free to move, then the band bending at the SWNT/ITO
interface will result in separation of the positive and negative
charge, and a measurable displacement current across the
capacitor. If, however, the photoexcited carriers form a
bound-exciton state, then no displacement current will be
measured unless the exciton first dissociates into available
free-carrier states.

Two main dissociation processes are considered: (a)
exciton decay into a lower energy state or (b) exciton
separation through Fowler-Nordheim tunneling into neigh-
boring states. The Fowler-Nordheim tunneling process is
strongly dependent on electric field, so we expect to see a
strong field dependence of the photocurrent at incident
photon energies corresponding to the bound-exciton ground-
state energy. Much weaker field dependence is expected at
photon energies corresponding to the free-carrier transition
energy, or in the case where a decay path to lower energy
free-carrier states is available. In contrast with the photo-
current spectrum, the absorbance spectrum should show only
weak electric field dependence, with no clear distinction
between free-carrier and bound-excitonic transitions.

Figure 2 shows the absorbance and displacement photo-
current spectra in the energy regime of the E11

S transition for
applied biases between 0 and 32 V. The absorbance spectrum
(Figure 2a) shows a single peak at excitation energy of 0.62
eV�there is no noticeable bias dependence in either the
position or magnitude of the peak. By contrast, the displace-
ment photocurrent spectrum (Figure 2b) shows a clear bias

������1. (a) Diagram illustrating the test device structure. The
carbon nanotubes lie parallel to the sample surface. The displace-
ment photocurrent is measured by amplifying the out-of-phase
signal generated by pulsed laser light incident on the SWNT/
dielectric/metal capacitor. (b) Band diagram showing the proposed
photocurrent generation mechanism. Shown are the free-carrier (Es)
and bound-exciton (Eex) transition energies, along with the exciton
binding energy (Eb).

������2. (a) Absorbance spectra measured at �dc ) 0 V (dashed
line) and �dc ) 32 V (solid line) for the E11

S transition. (b) The
corresponding displacement photocurrent spectra measured for
biases between 0 and 32 V. The curves are offset for clarity.
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dependence. At 0 V, a single photocurrent peak at 0.73 eV
is observed, while for higher bias a second peak appears at
0.62 eV, corresponding to the absorbance peak energy. This
lower energy photocurrent peak increases in magnitude with
increasing bias, until it dominates the higher energy peak.
Figure 3 shows the corresponding set of bias-dependent
measurements performed in the regime of the E22

S transition.
In this case, a single peak is observed in both the absorbance
(Figure 3a) and photocurrent (Figure 3b) spectra at 1.21 eV.
The magnitude and position of both absorbance and photo-
current peaks are independent of bias, and there is no splitting
in the photocurrent peak as observed with the E11

S transition.
As discussed above, the dominant peaks observed in the

SWNT absorbance spectra have been shown to be due to
the formation of excitonic states. The observed absorbance
peaks can thus be assigned to the ground (E11

S ) and next
highest energy (E22

S ) excitonic transitions in the semicon-
ductor nanotubes (Figures 2a and 3a, respectively). For the
photocurrent spectrum in Figure 3b, the peak response
matches that for the absorbance peak, and thus also appears
to be attributable to the same E22

S excitonic transition. The
fact that there is no bias dependence in the E22

S photocurrent
peak suggests that the exciton is able to disassociate into a
free electron hole pair without requiring the input of any
additional energy. This is in agreement with the photocurrent
measurements reported in ref 9. It appears that the availability

of lower energy free-carrier states provides a direct pathway
for disassociation of the second-order bound-exciton state.

Of greater interest is the photocurrent spectrum for the
E11

S transition, where the exciton peak does not appear in
the photocurrent until a finite bias is applied. Similar behavior
has been reported in photocurrent measurements of 1D
polymer chains�in the polymer case, exciton dissociation
has been shown to occur through field-enhanced tunneling
into ad�acent free-carrier states.15 At high fields (approxi-
mated by the binding energy divided by the exciton radius,
or Eb/�), the bound state is destroyed. At intermediate fields,
the barrier to field ionization is not surmounted, but the
carriers can still dissociate by tunneling. An analogous picture
can be used to describe the nanotube system. The maximum
electric field in the nanotube film is approximately �nt )
�q(εq/εnt), where �q is the electric field across the quartz,
and εq and εnt are the dielectric constants in the quartz and
nanotube films, respectively. Taking �q to be approximately
�dc/�, where the quartz thickness �) 100 μm, �dc ) 32 V,
εq ) 3.8, and εnt ) 7 gives �nt ) 1.7 × 105 V/m. This field
is not large enough for complete annihilation of the exciton,
but as depicted in Figure 1b, dissociation of the excitons in
the SWNT can still occur via Fowler-Nordheim tunneling
across the potential barrier formed by the exciton binding
energy, Eb. The photocurrent, �p, is then proportional to

where γ�dc is the fraction of the applied voltage, �dc, that
drops across the nanotubes, and �is the thickness of the
nanotube film. If we take �0 to be the photocurrent observed
with zero applied voltage, then we obtain

which provides an expression for the photocurrent having
only two fitting parameters

Figure 4a shows ln(�p/I0) plotted versus �dc for the 0.62 eV
photocurrent peak, together with a fit to eq 1 for fitting
parameters �S ) 1.60 and �S ) 2.69 V (where the subscript
S refers to the semiconducting transition). Clearly, the
photocurrent exciton peak is described well by the field-
enhanced tunneling model.

We now consider the higher energy photocurrent peak at
0.73 eV in Figure 2b. The lack of bias dependence indicates
that free electron hole pairs are formed at this excitation
energy and implies that this peak is due to direct optical
excitation into SWNT free-carrier states. At low bias, the
free-carrier transition is resolvable because the finite field

������3. (a) Absorbance spectra measured at �dc ) 0 V (dashed
line) and �dc ) 32 V (solid line) for the E22

S transition. (b) The
corresponding displacement photocurrent spectra measured for
biases between 0 and 32 V. The curves are offset for clarity.

�p ∝ exp[- 4
3

�2�*
�p

Eb
3/2�

(�0 + γ�dc)]

�p/�0 ) exp[4
3

�2�*
�p

Eb
3/2�
�0

γ�dc

(�0 + γ�dc)] ≡ exp[ �
(1 + �/�dc)]

(1)

�) 4
3

�2�*
�p

Eb
3/2�γ
�0

and �) �0/γ
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required for dissociation to occur masks the excitonic
transition. At high bias, the excitonic transition dominates�
this dominance is also observed in the absorbance spectrum,
where there is little if any indication of the higher energy
peak. We can estimate the E11

S exciton binding energy by
taking the difference between the energy of the free-carrier
transition and the excitonic transition, to give Eb ) 110 meV.
This agrees with theoretical predictions for the binding
energy, assuming a nanotube diameter of 1.3 nm and
dielectric constant of εnt ) 7.11 We note that because we
measure a film of nanotubes the high-energy photocurrent
peak could potentially be due to absorption within a lower-
than-average-diameter SWNT population. However, this
implies that there should be some evidence for this nanotube
population in the E11

S absorbance spectrum and in the E22
S

absorbance/photocurrent spectra. No extra peaks are observed
in these spectra, however.

Absorption into the continuum states is thought to be
extremely weak compared to absorption into the excitonic
states. It might be expected then that the excitonic photo-
current peak would completely dominate the spectrum at high
bias�however, this is not observed. This is most likely
because of the reduced detection efficiency of the photo-
excited excitons compared to the photoexcited free carriers.
Only a small percentage of the excitons dissociate by
tunneling, and only a fraction of these reach the ITO contact
before recombination occurs. Because of this, the magnitudes
of the free-carrier and excitonic peaks do not directly
correspond to the relative absorption between the two states.
The width of the excitonic photocurrent peak is also not
identical to the width of the absorption peak, even though
both peaks are thought to be due to absorption into an
excitonic state. The peak widths are in part determined by
the diameter distribution of the contributing nanotubes. On
average, increasing the number of nanotubes increases the
diameter distribution, and in turn produces a wider photo-
excitation peak. As described above, a much larger number

of excitons are produced through light absorption than are
captured as photocurrent, and, hence, a much larger number
of nanotubes contribute to the absorption peak than to the
photocurrent peak. This then implies that the absorption peak
should be wider than the photocurrent peak (as is observed).

Figure 5 shows the (a) absorbance and (b) displacement
photocurrent spectra for the high-energy regime near the
metallic E11

M transition. The results are similar to those
observed for the E11

S transition. A single, bias-independent
peak is observed in the absorbance spectrum at 1.81 eV,
whereas two main peaks are observed in the photocurrent
spectrum: a bias-independent peak at 1.86 eV and a bias-
dependent peak at the absorption peak energy of 1.81 eV.
As in the E11

S case, the bias-dependent 1.81 eV peak can be
attributed to a bound-exciton state. Although it is counter-
intuitive to consider bound excitons existing in metallic
systems, Spataru et al.5 have in fact predicted the existence
of bound-excitonic states for metallic nanotubes. In (�, �)
metallic nanotubes, there is a crossover between two sets of
conducting states at the Fermi energy. However, each set of
states has different symmetry so that optical transitions
between the two sets of states are suppressed. This symmetry
gap allows for the formation of bound-exciton states having
finite lifetime even in metallic nanotubes. If we assign the
1.86 eV peak to the metallic free-carrier transition, we can

�������. Normalized photocurrent versus applied bias for (a) the
E11

S semiconductor exciton transition and (b) the E11
M metallic

exciton transition. The solid black circles are the experimental data
points, and the dashed lines are fits to eq 1 using �S ) 1.60, �M )
0.48, and �S ) �M ) 2.69 V.

�������. (a) Absorbance spectra measured at �dc ) 0 V (dashed
line) and �dc ) 32 V (solid line) for the E11

M transition. (b) The
corresponding displacement photocurrent spectra measured for
biases between 0 and 32 V. The curves are offset for clarity.
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estimate the exciton binding energy to be 50 meV, or
somewhat less than half of the value obtained for the
semiconducting transition.

In Figure 4b, ln(�p/��) is plotted versus �dc for the 1.81 eV
photocurrent peak. Assuming that dissociation of the metallic
bound exciton also occurs by field-assisted tunneling, it
should be possible to describe these data with our tunneling
model while incorporating fitting parameters that are con-
sistent with those obtained for the ES1 bound-exciton peak.
The interface potential, �0, should be unchanged from the
semiconductor case, so that the �parameter will be fixed,
giving �M ) �S ) 2.69 V. The �parameter will be modified
only by the change in exciton binding energy, giving �M )
�S(Eb

M/Eb
S)3/2 ) 0.48. The dashed line in Figure 4b shows eq

1 plotted using these values for �M and �M. The fit is clearly
not as good as that in the semiconductor case�however, the
model does predict the magnitude of the photocurrent
accurately in the high voltage regime. The assumption that
the interface potential remains fixed is possibly incorrect
because of the changing charging conditions at the nanotube/
contact interface.

In conclusion, by comparing absorbance and bias-depend-
ent photocurrent measurements, we are able to distinguish
between free-carrier and bound-excitonic transitions in single-
wall nanotubes. With this technique, we are able to demon-
strate that field dissociation is generally necessary to observe
photocurrent associated with the ground-state optical transi-
tion. We also provide the first evidence for excitonic states
in metallic nanotubes. The method should be generally
applicable to individual nanotubes and semiconducting
nanowires.
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����in �unin� o��he Pho�o�u��en�
��e���u� in �in�le�W�ll ���bon
��no�ubes
P��s�n�h �o�in��h��di��� �ohi�e��e��n��h�h��i���uoh �in��nd
��u�e W��l�hen����

������������E��������������������E��������������V�������������V�����
�����V������������������

�ecei�e� ��ly 2�200���e�i�e� �an��cri�t �ecei�e� Se�tem�er 12�200�

��������
�he e��e��o�uni��i�l s���in on �he �ho�o�u��en�s�e���u� o�se�i�ondu��in� sin�le���ll ���bon n�no�ubes is �e�su�ed��he ene��� o��he
lo�es��l�in� ��ee ele���on ���nsi�ion is obse��ed �o shi���i�h s���in �s ��edi��ed b��si��le nonin�e����in� �odel��he hi�he��o�de����nsi�ions
�lso shi���i�h s���in�bu�bein� e��i�oni���hei�s���in de�enden�e di��e�s ��o� �he ��edi��ions �o��he ��ee ����ie�s���es��n �no��lous
�ho�o�u��en�in��e�se is �lso obse��ed ne���he ��ound�s���e ���nsi�ion �nd is ����ibu�ed �o �he �o����ion o�o��i��ll� ���i�e de�e��s���es
�i�hin �he n�no�ube b�nd ����

The electronic structure of a single-wall nanotube (SWNT)
can be substantially altered by the application of strain along
the nanotube axis (uniaxial strain). Tensile strain increases
the spacing between nearest-neighboring carbon atoms in the
hexagonal lattice and modulates the nanotube bandstructure.1
The energy spacing between the various bands can either
increase or decrease with increasing strain depending on the
nanotube chirality. Strain can also open up an energy gap in
metallic nanotubes2 or create midgap states due to defect
formation.3 A probe of the strain-dependent band structure
provides insight into the nanotube electronic structure and
allows for identification of the nanotube chirality. Because
strain-dependent changes in carbon nanotube properties are
extremely large, nanotubes can also function as strain sensors
having a gauge factor of 1000� or more.4

While there is a great deal of information contained in
the strain-dependent nanotube electronic spectrum, experi-
ments published so far probe only the influence of strain on
the lowest-lying band-to-band transition. Electrical measure-
ments show a large change in nanotube conductance with
strain,5 while optical measurements use the amplitude of the
Raman signal to show that the SWNT absorption efficiency
near the band gap changes with increasing strain.6 Recently,
photoluminescence experiments show a shift in the low-
energy emission of a SWNT with the application of strain.7
These changes have been attributed to an increase or decrease
in the band gap, or lowest-energy electronic transition of
the carbon nanotube. No experimental studies have been

published on the effect of strain on the SWNT photoexci-
tation spectrum over a broad energy range.

In this paper, we use a recently developed displacement
photocurrent spectroscopy technique to study the influence
of strain on the SWNT photoexcitation spectrum in the
energy range of 0.5-3 eV. This allows us to compare the
influence of strain on the lowest- and higher-order optical
transitions (E11, E22, and E33) of semiconducting SWNTs.
As predicted by a simple noninteracting electron model, we
observe an energy shift of each of the transitions with
increasing strain, however, the sign and magnitude of the
shift is generally not the same for the higher-order optical
transitions as for the ground-state transition. By comparing
our strain-dependent photocurrent spectrum with theory, we
identify the dominant chirality of the carbon nanotubes under
test. Finally, we show that the photocurrent near the lower-
energy E11 transition shows an anomalous increase in
magnitude, which we attribute to reversible strain-induced
defect states opening up within the band gap.

Figure 1a shows our measurement setup. We use a
previously reported displacement photocurrent technique8-10

in which the SWNTs acts as one plate of a parallel plate
capacitor. SWNTs are grown by methane-based chemical
vapor deposition on a quartz slide 280 μm thick, 25.4 mm
long, and 6.35 mm wide. Atomic force microscopy shows
that the nanotube diameters range between 1.1 and 1.4 nm,
with a tube concentration of approximately 10-15 SWNTs
in a 25 × 25 sq μm area. A 25 nm thick layer of ITO is
deposited by electron beam evaporation to form a transparent
conducting top contact to the nanotubes, while the back of

* Corresponding author. E-mail: brucea@louisville.edu. Telephone: 502-
852-1554. Fax: 502-852-8128.

NANO
LETTERS

2007
Vol. 7, No. 10
3092-3096

10.1021/nl071582m CCC: $37.00 © 2007 American Chemical Society
Published on Web 09/21/2007

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

LO
U

IS
V

IL
LE

 o
n 

Ju
ly

 2
, 2

00
9

Pu
bl

is
he

d 
on

 S
ep

te
m

be
r 2

1,
 2

00
7 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
nl

07
15

82
m

Reference No 59

235



the quart�slide is coated with a conducting layer of silver
epoxy to form the ground electrode. Pulsed laser light
incident on the sample surface generates electron-hole pairs
in the S� NTs, which redistribute to create an ac voltage
across the sample. This signal can then be measured using
a lock-in amplifier referenced to the laser repetition rate �1
k���. Our optical source is a Spectra Physics optical
parametric amplifier �OPA�, tunable between 0.4 and 4 eV,
and the output power is kept constant at 20 m� . The laser
is focused on the sample surface using a microscope ob�ective
with a focal length of 20 mm and a DOF of �0 μm.

The quart�slide is loaded into an evacuated chamber and
anchored at one end to form a flexible cantilever. The
S� NTs are strained by pushing down on the free end of
the cantilever using a probe tip, whose height can be
controlled by a micrometer gauge. The amount of strain
acting on the focus point �located near the base of the
cantilever�is calibrated using a commercially available strain
gauge. � e measure a strain of 100 microstrains for a vertical
displacement of 5 mm. �ecause the single-wall nanotubes
experience a strong adhesive force to the substrate,11 a large
percentage of the strain placed on the cantilever is transferred
to the nanotubes. AF� analysis shows that the S� NT�s are
well conformed to the cantilever surface. �ecause the

cantilever is displaced vertically, and not twisted, the
torsional strain on the S� NTs should be small. Also, because
the incident laser is linearly polari�ed along the length of
the cantilever, the contribution to the photocurrent signal will
be preferentially from nanotubes that undergo uniaxial strain.

The carrier-generation mechanism in the S� NTs can be
understood using the band diagrams shown in Figure 1b,c.8
E11

bb represents the lowest-lying free carrier �or band-to-
band� transition, while E11

ex and E22
ex represent the two

lowest-lying optically active excitonic transitions for an
individual S� NT within the ITO/S� NT/dielectric capacitor.
Photon absorption by the nanotube results in the excitation
of an electron from the ground state to form an electron-
hole pair. If the excited carriers are free, the electrons and
holes will separate due to the built-in interface potential and
a measurable displacement current will flow across the
capacitor. If the excited carriers form excitons, then a
displacement current will flow only if the bound carriers
dissociate. For the E11

ex exciton transition, which is below
the band gap energy, dissociation occurs by tunneling into
neighboring states �as shown in Figure 1b�, and for the E22

ex

transition and other excitonic transitions, which are above
the band gap energy, dissociation occurs by decay into an
available lower-energy free carrier state �as shown in Figure
1c�. The tunneling process is strongly field-dependent, while
the decay process is relatively independent of field.

� e have performed �ero bias measurements of the three
lowest-energy semiconductor optical transitions as a function
of strain on the sample: E11 �0.�-0.8 eV�, E22 �1.0-1.4 eV�,
and E�� �2.0-2.4 eV�. Figure 2a shows the displacement
photocurrent spectra in the E11 energy regime for increasing
values of strain. In this case, a peak in photocurrent is
observed at 0.71 eV at �ero strain, and the peak shifts to
lower energies with increasing strain. This is accompanied
by an increase in magnitude of the background photocurrent.
The peak shifts by 95 meV for 100 microstrains on the
cantilever, and the magnitude of the background photocurrent
increases by 400� when the cantilever is strained by 0.01�.
Figure �a shows the corresponding displacement photocur-
rent spectra in the E22 energy regime for increasing strain
values up to a maximum strain value of 100 microstrains.
The displacement photocurrent spectra at �ero strain shows
a single dominant peak at excitation energy of 1.12 eV, and
the position of this peak shifts by 1�5 meV for 100
microstrains on the cantilever. In contrast to the E11 transition,
no appreciable change in the background photocurrent is
observed for this transition. The magnitude of the peak
reduces by 4.�5� when the cantilever is strained by 0.0025�
and remains unchanged for higher values of strain up to
0.01�. Figure �b shows the displacement photocurrent
spectra in the E�� energy regime for �ero strain �solid line�
and for 0.01� strain �dashed line�. The photocurrent peak
in this energy regime is observed at 2.�7 eV for �ero strain,
and shifts to lower energy by 45 meV when the cantilever
is strained by 0.01�. This is accompanied by a reduction in
magnitude of the photocurrent peak by 1�.5�. The back-
ground photocurrent does not change significantly with strain
in this energy regime.

������1. �a�Diagram illustrating the test device structure. The
S� NTs lie parallel to sample surface. The displacement photo-
current is measured by amplifying the out of phase signal generated
by the pulsed laser between the top S� NT/ITO electrode and the
bottom ground electrode. The nanotubes are strained by pushing
down on the free end of the quart�cantilever. �b,c��and diagrams
illustrating the photocurrent generation mechanisms for excitonic
transitions �b�below and �c�above the band gap energy.
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As described in a previous publication,8 the only observ-
able photocurrent peak in the E11 energy regime at �ero dc
bias corresponds to excitation across the lowest-energy free
carrier band-to-band transition. �The photocurrent corre-
sponding to the lowest energy excitonic transition is strongly
field-dependent and is only detectable if a dc bias is applied
across the sample to enhance the tunneling rate into
neighboring states.�It should be possible then to describe
the strain dependence of the observed E11 peak with a simple
tight-binding model, which ignores electron-electron inter-
actions.1 According to this model, uniaxial strain on a S� NT
elongates the bond vectors, causing the band-to-band transi-
tion energy to increase or decrease depending on the chirality
of the nanotube. Figure 4 plots the predicted change in energy
with strain of the E11 band-to-band transition for all ��,��
semiconductor tubes with diameters between 0.25 and 1.�
nm. The strain dependence can be characteri�ed by the
difference between the index values ��-��. The band gap
increases with increasing strain in nanotubes where ���-��
mod ��is an odd number, and the band gap decreases with
increasing strain in nanotubes where ���-��mod ��is an
even number. Larger values of ��-��produce more strain
dependence than smaller values of ��-��.

Plotted in this way, it can be seen that the strain-dependent
transition energy provides a clearer identification of the
nanotube chirality than does the �ero strain transition energy
alone. Figure 2b shows the shift in position of the displace-

ment photocurrent peak in the E11 energy regime plotted vs
the applied strain, together with the predicted shift in position
of the band gap energy calculated for �17,0�, �15,1�, and
�1�,2�tubes. The band gap change with strain of a �15,1�
tube with a diameter 1.2�nm fits the experimental data well,
and the diameter of this nanotube falls within the average
range of diameters of the CVD-grown nanotubes estimated
using AF� analysis.

The higher energy photocurrent peaks observed in the E22

and E�� regimes are almost certainly excitonic in nature. In
contrast with the ground-state exciton, the higher-energy
excitonic transitions are observable in the photocurrent
without the application of applied bias. This is because of
the lower-energy free carrier states provide a decay path for
exciton dissociation. At the same time, the oscillator strength
of the higher-order free carrier transitions are suppressed
compared with the excitonic transitions.12 Nevertheless, it
is instructive to compare the predictions of the free carrier
model to the strain dependence of the E22 and E��peaks. As
shown in the insets to Figure �a,b, the free carrier model
predicts the slope of the strain dependence reasonably well�
the E22 transition increases with increasing strain, and the
E��transition decreases with increasing strain, in agreement

������2. �a�Displacement photocurrent spectra in the E11 energy
regime measured for a series of strain values from �ero up to 100
microstrains. �b�The photocurrent peak positions plotted as a
function of strain �dots�, together with the lowest-lying free carrier
transition energy calculated using the tight-binding model for the
�1�,2�,�15,1�and �17,0�S� NTs. The overlap integral �0 is taken
to be 2.9.

������3. Displacement photocurrent spectra in the �a�E22 energy
regime and �b�E�� energy regime measured for a series of strain
values from �ero up to 100 microstrains. The insets show the
photocurrent peak positions plotted as a function of strain �dots�,
together with the E22 and E�� free carrier transition energies
calculated using the tight-binding model for �1�,2�, �15,1�, and
�17,0�S� NTs.
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with experiment. �owever, the simple model overestimates
the magnitude of the transition energies. This is presumably
because the excitonic binding energy leads to an energy
difference between the excitonic and free carrier states.

� e now return to the effect of strain on the ground-state
free electron transition. In this case, the peak shift with
increasing strain is accompanied by a large increase in the
background photocurrent. Figure 5 shows the displacement
photocurrent in the E11 energy regime for �ero strain and
for a strain of 0.01�. An increase in background photocurrent
is clearly seen and is most prominent in the low-energy
regime. The background increase is reproducible�the inset
in Figure 4 shows the percentage change in magnitude of
the photocurrent for fixed laser energy of 0.�� eV under
repeated strains of 0.01�, and in each case, a similar
photocurrent change is observed.

The increase in background photocurrent suggests that
additional states form near the free carrier band edges under
strain and that these states allow for enhanced photon
absorption at below band gap energies. It has been shown
that structural defects in carbon nanotubes can result in the
formation of additional electronic states.�,1�-15 The position
of these levels with respect to the pristine carbon nanotube
band structure depends on the type of defect that is formed.
A common defect that forms in a nanotube under uniaxial
strain is the pentagon-heptagon pair defect or the Stone-
� ales transformation. It has been reported that, beyond a
critical value of strain, the S� NT releases the excess strain
by the spontaneous 90° rotation of a C-C bond in the
hexagonal lattice, which produces a pentagon-heptagon
pair.1� The pentagon-heptagon pair defect acts as an edge
dislocation in the lattice and can wrap itself around the
circumference of the tube, thus creating a small section of
tube with different chirality. This type of defect can strongly
influence the electronic structure of the nanotube, producing
pairs of donor and acceptor levels near the band edges of
the nanotube.17 The formation of these extra defect states
near the band edges could possibly account for the large
increase in the background photocurrent we observe with
strain. � e note, however, that the theoretically predicted
magnitude of the critical strain required for Stone-� ales
transformation to occur �>5��is substantially higher than
the strain that we are able to apply on the S� NT �0.01��
and that the Stone-� ales transformation is expected to be
irreversible, in contrast with the reversible defect formation
that we observe. �ore work is needed to account for these
significant discrepancies.

In conclusion, using displacement photocurrent spectros-
copy, we are able to study the effect of uniaxial strain on
the optical transitions of semiconducting single-wall nano-
tubes. � e observe a shift in the energy of the ground-state
free electron transition and of the higher-order excitonic
transitions with applied strain. � e note that a noninteracting
electron model alone does not accurately describe the
magnitude and slope of the energy shift with strain for
higher-order excitonic transitions. �owever, this model fits
well with the strain dependence of the ground-state free
electron transition and can be used as a unique fingerprint
for assigning the chirality of carbon nanotubes. The large
change in background photocurrent with strain observed for
the ground-state free electron transition opens up the pos-
sibility of using carbon nanotubes as high gauge factor optical
strain sensors.
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�o �he ��ound s���e e��i�on in��e�ses b� � ����o�o�200 be�ond � ��i�i��l ele���i� �ield��nd sho�s bo�h �ed �nd blue shi��s de�endin� on �he
�ield �e�i�e��his ��o�ides e�iden�e �o��ield�indu�ed �i�in� be��een e��i�oni� �nd ��ee ����ie�s���es�

�uantum confinement and electron-electron interactions
produce a unique set of optical phenomenon in semiconduc-
tor carbon nanotubes not observed in three-dimensional
semiconductors.1 Carbon nanotubes have a series of van
�ove singularities in the electronic density of states that allow
for optical excitation across a spectrum of transition ener-
gies.2 The band-to-band transition energies are dependent
on the nanotube diameter and chirality, and have been used
for nanotube identification. For the most part, however,
optical absorption in nanotubes is not expected to occur via
band-to-band transitions, but through the creation of bound
electron hole pairs, or excitons.�-�This surprising prediction
has been confirmed experimentally through the observation
of phonon sidebands,7 two-photon luminescence spectros-
copy,8,9 and later through photocurrent spectroscopy.10 The
oscillator strength for exciton formation is typically many
times higher than that for the formation of free electron hole
pairs.11 The excitonic optical transition energy differs from
the band-to-band transition energy by the exciton binding
energy, which can be as high as 500 meV.

�ecently, some effort has gone toward understanding the
influence of electric field on the nanotube optical response.
In three-dimensional semiconductors, electric field is known
to cause a Stark shift in the absorption maximum and a
modulation in the absorption coefficient.12 For nanotubes,
Perebeinos et al. predicted a strong modulation of the
absorption spectra with increasing electric field.1�The exciton
formation rate due to impact ioni�ation is also exponentially
dependent on the electric field, and increases dramatically
for potentials above the optical phonon energy.14,15 Impor-

tantly, the electric field also provides a mechanism by which
the excitonic states can be disassociated into free carriers
�similar to the field-induced ioni�ation observed in atomic
systems�.1� Field-induced exciton dissociation should have
a measurable effect on the nanotube photocurrent. At �ero
electric field, bound charge carriers cannot contribute to the
photocurrent unless they disassociate into a free carrier state.
Electric field provides a dissociation mechanism that ef-
fectively �turns-on�the ground-state excitonic transition in
the photocurrent spectrum. In this way, free and bound charge
transitions in the optical spectrum can be distinguished, and
the influence of electric field on either type of transition can
be explored.

�ere, we describe the results of an innovative photocurrent
measurement technique17-19 that allows measurement of the
excitation spectrum of individual nanotubes while applying
large electric fields. Figure 1 shows our measurement setup.
Individual single-wall nanotubes �S� NTs�are grown by
chemical vapor deposition on an oxidi�ed p++ silicon
substrate �oxide thickness is 100 nm�. Atomic force micro-
scope imaging �Figure 1b�shows that the nanotube density
is �-� S� NTs per 25 × 25 μm2 area with an average
nanotube diameter of 1.�nm. A 25 nm thick layer of indium
tin oxide �ITO�is deposited by electron beam evaporation,
creating a transparent Schottky contact to the nanotubes. As
shown in Figure 1a, the final device structure is a capacitor
with a heavily doped silicon back electrode, a silicon dioxide
dielectric, and an ITO top electrode. Applying a dc bias
across the capacitor creates an electric field �B perpendicular
to the nanotube axis. � e emphasi�e that we do not apply
any bias across the length of the nanotube �parallel to the
nanotube axis� as is done in a standard photocurrent

* Corresponding author. Phone: 502-852-1554. Fax: 502-852-8128.
E-mail: brucea@louisville.edu.
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experiment. To probe the nanotube photoexcitation spectrum,
pulsed laser light is directed at a single carbon nanotube lying
at the ITO/oxide interface. � e use a Spectra-Physics optical
parametric amplifier �OPA�pumped by a 1�0 fs pulsed Ti:
sapphire laser with a repetition rate of 1 k��. The excitation
energy is tunable from 0.4 to 4 eV.

The mechanism for photoexcitation and charge carrier
detection can be understood by considering the simplified
band diagram shown in Figure 2. The lowest order free-
carrier and excitonic transitions in the nanotube are denoted
by Efc and Eex, respectively. �o is the built-in potential that
exists at the S� NT/ITO interface, which arises from the
unequal chemical potential between the S� NT and ITO. If
light is absorbed by a carbon nanotube to create electron
hole pairs, the charge will tend to separate as a result of this

built-in Schottky barrier potential. For a p-type nanotube,
holes will drift into the ITO, while electrons will drift toward
the oxide interface. The charge separation produces an ac
displacement current across the ITO/Si capacitor, which can
be measured with a lock-in amplifier, synched to the laser
repetition rate. The displacement photocurrent signal requires
optical excitation of charge carriers followed by physical
separation of the excited charge. The technique is thus
sensitive to optical excitations in which freely mobile charge
carriers are created. Another advantage is that it is straight-
forward to characteri�e individual nanotubes by increasing
the spacing between nanotubes on the sample surface so that
it is larger than the laser spot si�e.

Application of electric field increases the band-bending
across the carbon nanotube and thereby increases the carrier
capture efficiency. �ecause of the capacitor structure, it is
possible to apply large electric fields without generating
appreciable dark current. � e can make a rough estimate of
the electric field across the nanotube for an applied bias �dc

by considering the nanotube as an insulator with a dielectric
constant εnt ) �.�12 and thickness �nt ) 1.�nm lying on the
silicon dioxide insulator with dielectric constant εox ) �.9
and thickness �ox ) 100 nm. The electric field across the
nanotube is then given by

For a maximum applied bias of �2 V, this gives �nt ) �.7×
108 V/m and a voltage drop across the width of the nanotube
of γVdc ) 0.48 V, where γ ) 0.015 is the fraction of the
applied bias that drops across the nanotube. While this is
only a rough estimate, it shows that band-bending large
enough to influence charge transport across the nanotube/
ITO interface can easily exist. There are a number of
uncertainties in this equation, including εnt, which can range
from 2.6 to 3.3, and the exact nanotube diameter, which could
be off by 0.1 nm or more.

Figure 3a shows the photocurrent measured for a typical
nanotube at the ITO/oxide interface with an applied bias of
Vdc ) 20 V. A number of peaks are observed as a function
of laser excitation energy. The diameter of the laser spot is
approximately 5 μm, so that, on average, the laser illuminates
less than one nanotube. Consequently, the photocurrent is
negligible for the vast majority of the sample area: to obtain
the spectrum shown here, the laser spot is first painstakingly
scanned along the sample surface until a nanotube is found.
Evidence that we are measuring an individual nanotube is
provided by the polarization dependence of the photocurrent,
shown in Figure 3b. Each of the four main peaks observed
in the photocurrent show strong polarization dependence, and
are maximized at the same polarization angle.

Comparison to absorbance spectroscopy measurements
made on similarly prepared nanotube films17,18 shows that
the two highest magnitude peaks in Figure 3a correspond to
the lowest energy E11, and next higher energy E22 excitonic
transitions in the absorbance spectrum. The photocurrent
measured near the E22 transition is shown in detail in Figure

Figure 1. (a) Schematic drawing of the experimental setup. SWNTs
are grown parallel to the sample surface. The displacement
photocurrent is measured between the ground electrode and the ITO
contacting the nanotubes. (b) Atomic force microscope image of
the top surface of the device showing the nanotube density and
laser spot size.

Figure 2. Simplified band diagram of the ITO/SWNT/oxide
structure showing the lowest order free carrier Efc and excitonic
Eex transitions.

Fnt )
Vdcεox

(Tntεox + Toxεnt)
(1)

Nano Lett., Vol. 8, No. 1, 2008 143
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4, for a series of dc biases ranging from 0 to 20 V
(corresponding to electric fields across the nanotube ranging
from 0 to 2.32 �V/m). A dominant peak is observed at
around 1.28 eV, together with a satellite peak 185 meV above
the main resonance. As has been described in the literature,7
a satellite peak can arise from exciton-phonon coupling of

the optically active exciton with the dipole-forbidden dark
exciton. The LO phonon mode associated with C-C bond
stretching mixes much more strongly with the light and dark
excitonic states than with the free carrier state. This provides
further evidence that the main peak corresponds to an
excitonic state. �oth peaks show a red shift with increasing
electric field. Figure 5b shows the main E22 peak position
as a function of electric field, and, as indicated by the solid
line, a quadratic field dependence fits the data reasonably
well. A quadratic field dependence is also observed in the
quantum confined Stark effect for semiconductor quantum
wells20,21 (field perpendicular to the well) and, for nanotubes,
has been predicted for electric field parallel to the nanotube
axis.13 The red shift is expected as long as mixing with the
lowest energy band-to-band transition is not too strong, in
which case a blue shift is possible.

Figure 5a shows the magnitude of the photocurrent
(normalized with respect to the zero field value) for the main
resonance as a function of electric field. The photocurrent
increases approximately linearly with electric field, suggest-
ing there is no appreciable barrier for the transmission of
the charge into the ITO contact following photoexcitation
of the carriers. It is expected that the E22 exciton decays
rapidly into the lower energy continuum states where the
charge can move freely through the sample.7 Assuming
ohmic conduction, the slope of the field dependence in Figure
5a is σ�/�0, where σ is the transport conductivity, � is the
cross-sectional area of the photoexcited region of the
nanotube, and �0 ) 5.7 pA is the peak height at zero applied
field. (The built in potential at the nanotube/ITO interface
V0 allows optically excited carriers to travel into the contact,
even at zero bias.) � is given by the length of the nanotube
illuminated by the laser (approximated by the laser spot
diameter) multiplied by the nanotube diameter, or (5 × 10-6

m)(1.3 × 10-9 m) ) 6.5 × 10-15 m2. This gives a
conductivity of σ ) 8.25 × 10-4 Ω-1 m-1.

A very different field dependence is observed in the E11

excitonic regime. Figure 6a shows the photocurrent measured
in the regime of the E11 exciton for a range of applied biases.
At low bias, only a single peak is observed near 0.88 eV.
At higher bias, a second peak emerges near 0.61 eV. The

Figure �. (a) Photocurrent versus excitation energy for an
individual nanotube measured with 20 V dc bias across the
capacitor. (b) Polarization angle dependence for the four largest
photocurrent peaks.

Figure �. Photocurrent spectra versus excitation energy measured
near the E22 excitonic transition for bias ranging from 0 to 20 V.
Curves are offset for clarity.

Figure �. (a) Normalized photocurrent versus electric field for
the E22 excitonic peak. (b) E22 excitonic peak position verses electric
field�a quadratic fit to the data is shown.

144 Nano Lett., Vol. 8, No. 1, 2008
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magnitude of the lower energy peak increases with increasing
bias and eventually overshadows the higher energy peak.
Figure 6b shows the normalized photocurrent measured for
both the lower and higher energy peaks. The higher energy
peak changes little with applied field, while the lower energy
peak shows a large increase. In addition, the lower energy
peak is accompanied by a phonon satellite peak, which is
approximately 185 meV higher in energy than the main peak
position. (This is similar to the exciton-phonon satellite peak
observed in the E22 spectrum). This suggests that the lower
energy peak is the E11 excitonic state, while the higher energy
peak is the ground-state free carrier transition. (This assign-
ment also agrees with absorption measurements made on
carbon nanotube films.10) A similar peak structure was
observed in four different semiconducting nanotubes. We
can extract the E11 exciton binding energy by taking the
energy difference between the excitonic and band-to-band
photocurrent peaks. For the spectra in Figure 6, this gives
0.274 eV, while binding energies ranged from 0.270 to 0.300
eV for the four nanotubes measured. These values agree with
theoretical predictions, assuming a nanotube diameter of 1.3
nm and a dielectric constant εnt ) 3.3.11,13,22

The field dependence of the E11 excitonic transition can
be understood using a recently described field-enhanced
tunneling model,10,23 which assumes a constant field across
the width of the nanotube. As shown in Figure 2, the applied
bias Vdc brings the energies of the free carrier and bound
carrier states into alignment. �ound carriers can then

dissociate into free carriers by tunneling into the continuum
through the barrier created by the exciton binding energy.
Increasing the bias acts to reduce the tunnel barrier width
and consequently increase the tunneling rate. In this case,
the normalized photocurrent is given by

where �) 4/3 �2��/�p Eb
3/2�γ/V0 and �) V0/γ. Equation

2 can be simplified further by plugging in for the exciton
binding energy Eb ) 0.3 eV (given by the energy separation
between the excitonic and free carrier peaks in Figure 6a),
the nanotube thickness Tnt )1.3 nm, and the effective mass
��(taken to be the free electron mass �0). This gives �)
1.46 (γ/V0) ) 1.46/�, leaving eq 2 with only one fitting
parameter, �. The solid line in Figure 6b is a fit of eq 2 to
the experimental data for � ) 0.48. It is seen that the
tunneling model provides a good description of the E11

exciton field dependence in the bias range 0-10 V (when
plotting the data, bias has been converted to electric field,
using eq 1). Using �) 0.48 from eq 2 and γ ) 0.015 from
eq 1 gives V0 ) 7.3 mV, which is not unreasonable for the
built-in potential at the ITO/nanotube interface.

For higher electric fields, the tunneling model predicts that
the photocurrent should saturate�however, this behavior is
not observed. Figure 7 shows the photocurrent spectra near
the E11 excitonic transition for biases ranging from 10 to 25
V. In Figure 8a, the magnitude of the excitonic peak is plotted
as a function of electric field. At field strengths of 150 �V/
m, the exciton peak increases by almost an order of
magnitude. No similar increase is observed in the free carrier
peak, which becomes dwarfed by the excitonic peak. The
signal reaches a maximum at a field of 200 �V/m, and then
decreases somewhat at higher fields.

A clue to understanding this behavior is provided by the
field dependence of the E11 peak position, (shown in Figure
8b). For the low field range of 0-120 �V/m, the peak
position shifts to lower energy and is well described by a
quadratic field dependence. The E11 and E22 peaks show a
similar field dependence in this regime�however, the E11

Stark shift is substantially larger than the E22 Stark shift (in

Figure �. (a) Photocurrent versus excitation energy measured near
the E11 exciton transition for bias ranging from 0 to 10 V. The
curves are offset for clarity. The apparent splitting in the free carrier
peak at 10 V is not reproduced in other devices. (b) Normalized
photocurrent versus electric field of the excitonic and free carrier
peaks.

Figure �. Photocurrent versus excitation energy measured near
the E11 exciton transition for bias ranging from 10 to 25 V.

�p/�0 ) exp[4
3

�2��
�p

Eb
3/2Tnt

V0

γVdc

(V0 + γVdc)] ≡

exp[ �
(1 + �/Vdc)] (2)
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agreement with predictions for electric field parallel to the
nanotube axis).13 At 120 �V/m, just when the peak
magnitude is observed to increase sharply, the Stark shift
changes direction from red to blue. A second semiconducting
nanotube measured in the high field regime showed similar
behavior. The data suggest that, at some critical electric field,
increased mixing occurs between the excitonic and free
carrier states. This would lead to a large increase in the
photocurrent, as well as a changeover to a blue shift, as the
Stark shift of the continuum states becomes increasingly
dominant. Perebeinos et al. predicted mixing between the
excitonic and free carrier states occurring for electric field
parallel to the nanotube�however, the perpendicular field
case that we measure here has yet to be analyzed theoreti-
cally. We also note that our data looks similar to results
observed in field-enhanced ionization of atomic systems in
which level crossings lead to a rapid increase and then
decrease of the ionization rate.

In conclusion, the influence of perpendicular electric field
on the excitonic and free carrier transitions in carbon
nanotubes is explored using a photocurrent technique. As
observed in nanotube films, electric field causes the dis-
sociation of excitons through field-assisted tunneling into the
free carrier states. An order of magnitude increase in the
excitonic peak is observed beyond a critical electric field, at
which point the Stark shift also changes sign. This provides

evidence for field-induced mixing of excitonic and free
carrier states in carbon nanotubes.

�������e�g�e��. The authors thank �.W. Cohn and J.
�ielkopf for valuable discussions. Funding provided by ON�
(No. N00014-06-1-0228) and NASA (No. NCC 5-571).
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Observation of the triplet exciton in EuS-coated
single-walled nanotubes
Aditya D. Mohite1, Tiffany S. Santos2†, Jagadeesh S. Moodera2 and Bruce W. Alphenaar1*

Photon absorption by carbon nanotubes creates bound
electron–hole pairs called excitons1–8, which can exist in spin-
polarized triplet or spin-unpolarized singlet configurations.
Triplet excitons are optically inactive owing to the weak spin–
orbit coupling in nanotubes. This prevents the optical injection
of electron spin into nanotubes for spintronic applications9 and
limits the efficiency of photocurrent generation10. Here, we
show that it is possible to optically excite the triplet exciton
by using a ferromagnetic semiconductor as a spin filter11 to
mix the singlet and triplet excitons. The triplet contribution
to the photocurrent is detected, representing the first direct
evidence of the triplet exciton in carbon nanotubes.

In the photoexcitation process, an absorbed photon promotes an
electron into a higher energy state, and the excited electron leaves
behind a positively charged hole. If the photon energy corresponds
to the energy spacing between one-dimensional sub-bands, there is
a small probability that the photon absorption process will produce
a freely mobile electron–hole pair (an interband transition)2.
However, owing to strong Coulomb interactions, the dominant
absorption mechanism in carbon nanotubes is the formation of
bound electron–hole pairs known as excitons1,2,6–8. The photon
energy required for exciton formation lies below the interband tran-
sition energy by an amount equal to the exciton binding energy.
There are a series of excitons for each possible interband transition,
but under normal experimental conditions, momentum/spin con-
servation and parity considerations allow for only one of these to
be optically active.

Figure 1a shows the lowest energy interband transition (S11) for a
chiral nanotube, together with the transition energies for the three
lowest energy excitons (1E11,

1D11 and
3E11). The subscript indices

give the sub-bands over which the transition occurs (in this case,
between the highest energy occupied sub-band and the lowest
energy unoccupied sub-band). The total spin of the exciton is deter-
mined by the electron and hole spin states, which can be combined
in four different possible ways. One of these combinations has
zero spin, and is known as the singlet exciton; three have finite
spin, and together form the triplet exciton12. In Fig. 1a, the super-
script (1 or 3) indicates whether the exciton spin state is a singlet
or a triplet. All the triplet excitons (including 3E11 in Fig. 1a) are
usually optically inactive, because photons themselves have zero
spin. Of the singlet excitons only 1E11 is optically active because
1D11 (the so-called dark exciton, where D stands for dark) has the
wrong parity for photon absorption. The 1D11 exciton can be
made optically active, however, under high magnetic field5,13. Here
we demonstrate the optical excitation and electrical detection of
the 3E11 exciton.

The device structure used in our experiments is shown in Fig. 1b.
Carbon nanotubes grown by chemical vapour deposition
(1.3–2.1 nm in diameter) were randomly distributed on an oxidized

silicon substrate, with a coverage of �1 nanotube per 100 mm2.
The nanotubes were then coated with a 3-nm-thick layer of EuS,
followed by a 3-nm-thick ytrrium protective layer and a 6-nm-
thick aluminium contact. Optical characterization was performed
using a recently developed capacitive photocurrent technique14–18.
The sample was fixed to a copper block within an optical flow
cryostat, which was placed between the poles of an electromagnet.
Tunable pulsed laser light was directed through the thin
aluminium/yttrium/EuS contact layer and onto the carbon
nanotubes. A photon absorbed in the nanotube creates one of the
electron–hole pair states shown in Fig. 1a (higher sub-band
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Yttrium
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Figure 1 | Carbon nanotube optical transition energies and measurement
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contact. Pulsed laser light is directed at the nanotube, and the resulting a.c.
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transitions are too energetic to be considered). Upon decay, one of
the charges may tunnel into the aluminium contact, causing an
additional potential to be measured. Similarly, electron–hole pairs
may also be generated in the EuS (Fig. 2a) and contribute a
contact potential. By keeping the laser spot size smaller than the
nanotube separation distance, individual nanostructures can
be probed.

Capacitive photocurrent measurements were first made on a EuS
film with no carbon nanotube present. EuS is one of the europium
chalcogenides, a wide-bandgap semiconductor that undergoes a
ferromagnetic transition at cryogenic temperatures11,19. The energy
diagram for EuS is shown in Fig. 2a. The gap between the 4f7

states and the 5dt2g states defines the optical bandgap. Below a temp-
erature of 16.6 K, the half-filled 4f7 states become ferromagnetically
ordered. Exchange interaction in turn causes the conduction band
to split into two energy levels, separated by the exchange energy
2DEex. Figure 2b shows the capacitive photocurrent spectrum of a
EuS film on an oxidized silicon substrate, cooled in zero magnetic
field to a temperature of 8 K. The capacitive photocurrent increases
sharply at an excitation energy of �1.5 eV, which marks the optical
bandgap20. When the magnetic field is increased to 30 mT, two
peaks are formed, corresponding to the up and down spin levels
of the 5dt2g states.

These experiments show that the EuS spins are polarized under
application of a 30 mT magnetic field. Next, we repeat the polariz-
ation in the presence of a carbon nanotube (Fig. 3). The sample is
first cooled to 8 K at zero magnetic field to randomly orient the
spins of the EuS. In this configuration, the nanotube spectrum is
indistinguishable from that measured without the EuS being
present14. Two peaks are observed (bottom panel of Fig. 3a), corre-
sponding to the 1E11 exciton and the interband S11 transition,
respectively. As described in ref. 14 (see also Supplementary
Fig. S1), the ground-state excitonic capacitive photocurrent peak
has a Fowler–Nordheim type bias dependence, corresponding to

field-assisted tunnelling through the potential created by the
exciton binding energy. The measurements in Fig. 3 were performed
with 10 V d.c. bias across the substrate to encourage exciton dis-
sociation. The energy difference between the excitonic and inter-
band peaks provides a measure of the exciton binding energy.
Recent experiments have shown that the binding energy is approxi-
mately given by x/d, where d is the nanotube diameter in nano-
metres, and x is proportional to the inverse dielectric constant of
the environment21,22. For nanotubes in free space x is found to be
450 meV (ref. 22), whereas for nanotubes in a PMOAVE polymer
matrix, x¼ 340 meV (ref. 21). Our results give an average value
for x of 243 meV, which is reasonable considering the increase in
dielectric constant of the SiO2 (1r¼ 3.9) compared with
PMOAVE (1r¼ 2.5)2.

The application of a small magnetic field to align the spins in
the EuS film results in the appearance of a new, low-energy
peak. The new peak grows with increasing magnetic field, until
spin alignment in the EuS is complete at 30 mT. The field also
causes the interband S11 peak to redshift by �6 meV. This shift
is most likely due to the magnetization of the EuS contact,
which produces an Aharonov–Bohm (AB) flux along the nanotube
axis23. Assuming a standard value for the AB shift of 1 meV per
Tesla24, this implies that the EuS generates a field of �6 T, and
gives a relative permeability for EuS of �200, in agreement with
previously measured values25. Figure 3b is an image plot detailing
the emergence of the new peak with increasing field. As shown in
Supplementary Table S1, similar results were observed in measure-
ments of four different nanotubes taken from four different
growth runs.

The emergence of the low-energy peak indicates that the align-
ment of the spins in the EuS causes either the dark exciton 1D11
or the triplet exciton 3E11 lying below 1E11 to become optically
active. It can be shown, however, that the dark exciton does not
have the correct energy or magnetic field dependence to explain
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the new peak. Others have demonstrated13 that the dark-light energy
splitting Dld is given by

D2
ld ¼ D2

DX þ ðmpd2Bk=4Þ2 ð1Þ

Here, DDX (Fig. 1a) is the zero field splitting, m is a coupling con-
stant (ranging from 0.4–1.0 meV T21 nm22), d is the nanotube
diameter and Bk is the magnetic field pointing parallel to the nano-
tube axis. The zero field splitting DDX has a 1/d dependence,
decreasing from 4 to 1 meV as the tube diameter increases from 1
to 1.3 nm. This suggests that in our larger diameter (1.3 to
2.1 nm) nanotubes, DDX should be less than 1 meV. The measured

energy splitting, however, is more than an order of magnitude larger
than this, ranging from 14 to 23 meV (see Supplementary Fig. S2).
To achieve this would require a magnetic field of between 100 and
300 T, much larger than the field produced by the EuS (ref. 26).

Some of this difference could be due to the dielectric medium in
which the nanotube is located27. (Our samples are grown on oxidized
silicon, whereas those of ref. 10 are micelle encapsulated tubes on
quartz.) However, the 1E11 values we observe (0.73–0.57 eV for
1.3–2.1 nm diameter tubes) follow the same 1/d dependence as
those observed in ref. 13 (1.1–0.8 eV for 1.0–1.3 nm diameter nano-
tubes), suggesting that the dielectric constants are not substantially
different in the two experiments. The observed order of magnitude
increase in DDX is difficult to account for in this way.
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In addition to the wrong energy spacing, the dark exciton also
has the wrong magnetic field dependence to explain the new peak.
As seen in equation (1), the light–dark splitting is strongly
dependent on the orientation of the magnetic field with respect to
the nanotube axis. To test for this effect in the EuS-coated nano-
tubes, we used the measurement setup shown in Fig. 4a. A perma-
nent neodymium ring magnet was placed behind the sample. The
magnetic orientation of the EuS contact could then be rotated
with respect to the carbon nanotube axis by rotating the orientation
of the fixed magnet. The results are shown in Fig. 4b. The magnitude
of the low-energy peak increases by a factor of three as the magnetic
field is rotated to lie parallel to the nanotube axis. The maximum
peak height thus occurs as the EuS magnetization aligns with the
natural spin orientation of the carbon nanotube. However, the split-
ting between the two peaks, as well as the magnitude of the 1E11
peak, remain constant. This is not what would be expected for the
magnetic field orientation dependence of the light–dark splitting
(as observed in ref. 13). We must therefore conclude that the new
peak is instead due to the 3E11 triplet exciton.

In a variety of systems, mixing between the singlet and triplet
states has been induced by the large orbital angular momentum
of a heavy metal compound28–30. For example, iridium compounds
are used to induce singlet–triplet decay in conjugated polymers31. It
is possible then that the close proximity of the heavy Eu atoms to the
nanotube induces singlet–triplet mixing among the nanotube exci-
tons. This hypothesis implies that the EuS is merely a source for
spin–orbit coupling, which could also be provided by any number
of heavy metal compounds. In fact, heavy metals (that is, gold, tita-
nium, platinum and palladium) are typically used to make contact
to carbon nanotubes. Despite this, no previous evidence for the
triplet peak has been observed32. An alternative mechanism for
triplet enhancement is exchange interaction between the nanotube
and EuS states. This mechanism has been shown to apply for an aro-
matic molecule (M) in the presence of a paramagnetic molecule
(such as O2 or NO2)

33–35. In our case, the nanotube singlet (1E11)
and triplet (3E11) states can couple with the localized spin polarized
ground state occupied by the 4f7 electrons of the Eu2þmagnetic ions
in the EuS (ref. 26). Once again, there will be strong exchange inter-
actions mixing the coupled states, depending on the orientation of
the electron spins in the EuS/nanotube complex. This coupling
will allow the 3E11 exciton to take on some of the singlet character
of the 1E11, causing enhancement in the absorbance. Calculations
are required to confirm the existence of this effect in the EuS-
coated nanotubes.

The method presented here can be applied to other excitonic
systems that are limited by the ability to optically excite and
detect the triplet exciton, such as organic photovoltaic materials.
In this way, improvement of the photocurrent efficiency due to
additional absorption into the triplet exciton could be achieved10.
In addition, the method provides a mechanism for the optical injec-
tion of spin-polarized electron–hole pairs in carbon nanotubes and
other nanoscale structures. Optical spin injection has been highly
successful for III/V semiconductors36, but carbon nanotube spin
electronics has been forced to rely on low-yield ferromagnetic con-
tacting schemes9. The EuS contact can also be used as a means to
filter spin-polarized electrons for spin injection and detection.

Methods
Nanotubes were grown on either quartz or oxidized silicon substrates using the
chemical vapour deposition method. A solution of iron (III) nitrate in isopropyl
alcohol was dispersed on the substrate by dipping the sample in the catalyst solution
followed by a hexane rinse. The samples were then heated in a tube furnace to
890 8C. Reduction of the catalyst particles was carried out by flowing hydrogen
argon gas at 100 s.c.c.m., after which the nanotubes were grown using methane gas at
100 s.c.c.m. for 5–7 minutes. Nanotube distribution and diameter was determined
using a combination of atomic force microscopy and Raman spectroscopy. In
analysing the Raman spectra, the relation eRBM¼ A/dþ B was used, where

A¼ 234 cm21, B¼ 10 cm21, eRBM is the radial breathing mode and d is the
nanotube diameter.

EuS films were prepared in a high vacuum deposition chamber with a base
pressure of 6� 1028 torr. The EuS layer was deposited at room temperature by
electron-beam evaporation from a EuS pellet. The over layers of yttrium,
aluminium and gold were subsequently deposited. Appropriate shadow metal
masks were used to create the EuS film and the gold electrodes away from the
quartz/oxidized silicon substrate edges, with the partial overlap of the gold with
the aluminium/yttrium/EuS as shown in Fig. 1b. A thin layer of Al2O3 deposited
over the whole area was used to protect the structure. The entire sample was
prepared in situ.

Optical characterization was carried out using a Spectra-Physics optical
parametric amplifier (OPA) pumped by a 130 fs pulsed Ti:sapphire laser with a
repetition rate of 1 kHz. The excitation energy was tunable from 0.4 to 4 eV. It was
therefore possible to observe both the EuS and nanotube spectra at a single laser
position. The nanotubes were located by first setting the excitation energy to the 1E11
exciton (�0.6 eV for a 1.6-nm-diameter nanotube), and then searching for a
response in the capacitive photocurrent while scanning the laser spot over the
sample surface. During the measurement, a bias of 10 V was applied between the
contact and substrate ground to encourage exciton dissociation. Once a signal was
detected, the laser polarization was rotated to maximize the signal and to ensure that
only a single nanotube was being measured (see ref. 14). If more than one nanotube
was present, additional capacitive photocurrent peaks would appear as the
polarization aligned with the various nanotube axes. The signal strength is
proportional to the excited charge density multiplied by the charge separation
distance. The wavelength resolution and sensitivity obtained is similar to a standard
photo-absorption measurement.

The peak assignment was made by comparing the bias dependence of the two
peaks. The excitonic peak height (1E11) increases sharply with increasing bias,
whereas the interband transition (S11) shows no bias dependence. Note that the S11
and 1E11 peak heights are comparable in magnitude. This is in contrast to nanotube
absorption or luminescence measurements where the exciton is completely
dominant over the interband transition. In the capacitive photocurrent
measurement, the ease with which free carriers are collected by the contact
compensates for the relatively low oscillator strength of the interband transition.
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The damping effect of various gas environments on a silicon, lateral microresonator implemented
with piezoresistive detection is investigated in this study. The resonant frequency of the cantilever
shifts due to viscous damping by an amount that is directly determined by the molar mass of the gas,
thereby providing a method to determine the composition of the gas environment. In addition, the
microresonator demonstrates the ability to perform CO2 composition analysis using this nonreaction
based detection method. The advantages of this gas analysis method are that it is simple, repeatable,
reversible and not limited to reactive gases. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2193347�

The high resonance frequency, high quality factor and
small dimensions of micro and nano resonators have led to
their consideration for a variety of gas sensing applications.
Micro/nano resonator gas sensors detect the shift in reso-
nance frequency that occurs when the cantilever mass or sur-
face stress changes due to interactions with gas particles.1–3

This detection method requires a chemical reaction between
the sensed gas and the resonator, such as adsorption or de-
sorption of gas particles or intercalation of gas into the can-
tilever lattice. The usefulness of microresonator gas sensors
is limited by the availability of suitable gas reaction mecha-
nisms, and by the irreversibility of the detection process.
There is also a sizable, nonchemical interaction of the mi-
croresonator with the gaseous environment, via the damping
force of the gas particles on the cantilever. This restricts the
operation of reaction-based microresonator gas sensors to
near vacuum conditions. While this limitation is generally
recognized, overlooked is the fact that this same damping
force can itself be used as a means of nonreactive gas sens-
ing. In 1992, Blom et al.4 calculated the shift in resonance
frequency of a microcantilever due to the damping effect,
and demonstrated that the shift is a function of molar mass
and gas pressure. By measuring the resonance frequency
shift due to the damping effect, the molar mass of the gas can
be obtained, and the gas or the composition of the gases in
the environment can be determined.

Here, we demonstrate the use of the damping force for
gas sensing in a lateral silicon microresonator. The amplitude
of the resonance signal and the resonance frequency are both
shown to be systematically dependent on the molar mass of
the gas environment at a fixed pressure, which provides a
viable method for gas identification without involving reac-
tions between the gas and resonator. The device developed in
this study can be operated at atmospheric pressure and uses
piezoresistive sensing,5–8 so that cumbersome optical com-
ponents are not required for resonance detection. The damp-

ing force detection method can be used for sensing inert
gases, measuring the composition of binary gas mixtures or
monitoring changes in the environment as a function of time.
Although this technique is not suitable for detecting small
quantities of gas, it is simple, repeatable and reliable com-
pared to reaction-based detection methods and provides a
means to sense nonreactive gases.

Blom et al.4 theoretically analyzed the effect of damping
in a gaseous environment on the resonance frequency and
quality factor of microresonators. Three regimes were de-
scribed to account for the change in the resonance frequency
with increasing pressure: the intrinsic, molecular, and vis-
cous regimes. At low pressure, within the intrinsic and mo-
lecular regimes, the resonance frequency shift due to damp-
ing force is negligible. At higher pressure, in the viscous
regime, the inertial force of the gas on the resonator creates a
damping effect, which lowers the resonance frequency. The
relative resonance frequency shift in the viscous regime is
given by

�f/f =

R3

3mbR0T

MP +

9

2

�R0T/
f

R
MP� ,

where mb is the mass of the cantilever, R0
=8.314 J mol−1 K−1 is the gas constant, T is the absolute
temperature, M is the molar mass of the gas, P is the pres-
sure, � is the dynamic viscosity of the gas, f is the resonance
frequency in vacuum and �f is the shift of the resonance
frequency.4 To derive this formula, the cantilever is approxi-
mated by a string of spheres,4,9 with R being the radius of
one of the spheres. The inertial force of the gas is propor-
tional to the product of the mass times the acceleration of the
gas in contact with the cantilever. The relative resonance
frequency shift due to inertial damping is thus dependent on
the molar mass of the gas in the environment. By measuring
the relative resonance frequency shift at a specific tempera-
ture and pressure �e.g., room temperature and atmospheric
pressure�, the molar mass of the unknown gas can be ob-
tained.

a�Author to whom correspondence should be addressed; electronic mail:
rob.keynton@louisville.edu
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Figure 1�a� shows a scanning electron microscope
�SEM� image of the lateral vibration silicon resonator used in
our study. A T-shaped resonator is defined from the top sili-
con layer of a silicon-on-insulator wafer using electron beam
lithography and deep-reactive-ion etching �DRIE�. For
DRIE, a C4H8 etching process with a simultaneous SF6 pas-
sivation process is performed to obtain smooth sidewalls.
The resonator is released through wet etching of the under-
lying silicon dioxide layer, followed by critical point drying.
As shown in Fig. 1�b�, the base of the resonator is fixed at
both ends by electrical contacts and acts as a piezoresistive
sensing element. The cantilever beam extends from the base
and is driven by a capacitively coupled gate electrode.

Microresonator characterization was done in a probe sta-
tion with a variable pressure sample chamber. The cantilever
is driven electrostatically by applying an ac bias, Vg, to the
gate electrode, and sweeping the drive frequency, fA, around
the resonance frequency, f . A dc bias, Vs, is applied across
the base in series with a 1 k� resistor, R �left inset of Fig.
1�b��. Movement of the cantilever applies stress to the base,
and results in an increase in resistance along its length. This
produces an ac output voltage Vo, which is monitored using a
lock-in amplifier. As shown in the right inset to Fig. 1�b�,
vibration of the cantilever at a frequency fA produces a volt-
age signal of frequency 2fA. The doubling of frequency oc-
curs because motion of the cantilever in either the left or
right direction results in an equivalent increase in the resis-
tance of the base. Figure 1�b� shows a typical response curve
of the resonator using the piezoresistive detection method at
a pressure of 10−2 Torr in air environment. A sharp peak is
observed in Vo as a function of fA, demonstrating that the

resonance frequency of this cantilever is 42.41 KHz with a
quality factor of 2170. The resonator response was also char-
acterized in a SEM to prove that the peak in Vo correlated
with the peak amplitude of the cantilever oscillations.

Figure 2 shows the resonance curves of the cantilever in
a methane environment with pressures of 0.01, 0.1, 1, 10, 30,
100, 300, and 760 Torr. As shown in the inset, the resonance
frequency increases a small amount as the pressure increases
from 0.01 to 1 Torr and then falls as the pressure increases
from 1 Torr to atmospheric pressure. The increase in reso-
nance frequency in the low pressure regime has not been
reported in resonators using an optical detection method,10,11

suggesting that it is related to our piezoresistive detection
technique. Piezoresistive sensing requires current to flow
through the base of the cantilever, which is expected to raise
the resonator temperature somewhat due to Joule heating. As
the pressure increases, the excess heat dissipates more easily
through the gaseous environment, lowering the temperature
of the cantilever relative to its temperature in vacuum. The
resonant frequency of microcantilevers has been found to
increase with decreasing temperature due to the increase in
Young’s modulus,12–14 which can account for the increase in
the resonance frequency that we observe.

Of primary interest is the regime above 1 Torr, in which
the resonance frequency is observed to decrease substan-
tially. This is the viscous damping regime where the reso-
nance frequency shift is due to the inertial force of the gas on
the cantilever. A fit of our data in the viscous damping re-
gime to Eq. �1� is shown in Fig. 2, using R as the sole
“fitting” parameter. The data fit the theory very well using a
value of R=5.27 �m. The difference in this value from the
average half width of our cantilever is, most likely, due to the
influence that the cantilever geometry has on the resonant
frequency shift compared with the string-of-spheres model
employed in Ref. 4. In Fig. 3, the shift in resonance fre-
quency in the viscous damping regime is plotted as a func-
tion of pressure for four different gases: helium, methane,
nitrogen and argon, with molar masses of 4, 16, 28 and
40 g/mol, respectively. The results indicate a clear depen-
dence of the resonance frequency shift on the molar mass of
the gas. As predicted by theory, the frequency shift is ob-
served to increase as the molar mass increases. For each gas,
we can analyze our results using Eq. �1� above. The curve

FIG. 1. �a� SEM image of the lateral vibration T-shaped microresonator. The
free end of the resonator is approximately 2 �m away from the driving
electrode. The width and the height of the resonator are 1.1 and 3 �m,
respectively, and the lengths are 9 �m for the base of the T-shaped resonator
and 127 �m for the cantilever extending from the base. �b� Resonance curve
obtained from the measurement of the output voltage Vo as a function of the
frequency of the gate voltage Vg. The amplitudes of Vs and Vg are both set
at 5 V. Left inset: measurement circuit used for piezoresistive detection.
Right inset: schematic drawing showing the relationship between the input
and output signals.

FIG. 2. Resonance frequency response curves of a T-shaped resonator for
pressures of 0.01, 0.1, 1, 10, 30, 100, 300, and 760 Torr in a methane
environment. Inset: relationship between relative resonance frequency and
pressure for a methane environment.
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fits shown in Fig. 3 are each done using a single value for the
fitting coefficient of R=5.4 �m. Although the dynamic vis-
cosities of the four gases vary between �=1.1�10−5 and
�=2.217�10−5 NS/m2, a single value of �=2
�10−5 NS/m2 is used to simplify the curve fitting process.
The resonance frequency shift is only weakly dependent on
the dynamic viscosity, and its exact value does not apprecia-
bly influence the curve fit.

For the resonator to function as a gas sensor, it must be
possible to extract the molar mass from the resonance fre-
quency shift. In the inset to Fig. 3, the relative resonance
frequency shift is plotted as a function of the molar mass of
the gas at a pressure of 760 Torr. The resonant frequency
shift changes from 0.25% �or 2.5‰� to 0.71% �or 7.1‰� as
the molar mass increases from 4 to 40 g/mol, respectively. A
curve fit to Eq. �1� using the same value of R=5.4 �m is also
provided. The four experimental points lie on this curve to
within an average deviation of ±2 g/mol. While this accu-
racy is clearly not suitable for precision gas analysis, the
sensor could find application in determining changes in nor-
mal ambient conditions due to the introduction of contami-
nant gases. To demonstrate this capability, we performed
measurements on the resonance frequency shift as a function
of CO2 concentration in air at room temperature and atmo-
spheric pressure. The results of these measurements are
shown in Fig. 4. As the CO2 concentration increases, the
resonance frequency shift also increases, as would be ex-
pected due to the increase in the molar mass of the ambient
environment. A 20% change in the CO2 concentration results
in a 0.05% �or 0.5‰� change in the resonant frequency, cor-
responding to a frequency change of 20 Hz. The sensitivity
can be improved by decreasing the length of the cantilever,
since, according to Eq. �1�, the relative frequency shift is
inversely proportional to the mass and hence to the length of
the cantilever. It should be noted that temperature and hu-
midity of the environment also influence the resonance fre-
quency of the microresonator. Specifically, changes in the

environmental temperature will alter both the resonator tem-
perature and the resistance of the piezoresistive sensor,
which will result in a resonance frequency shift and a change
in signal amplitude, respectively. Humidity variations, on the
other hand, will alter the molar mass of the environment
which will directly influence the resonance frequency of the
microresonator. Thus, these factors need to be carefully con-
trolled during sensor operation.

In summary, we have demonstrated the influence of
gases with different molar mass on the resonance frequency
of a lateral vibrating silicon resonator in the viscous damping
regime. We also illustrate the potential of a microresonator
gas sensor based on the viscous damping force. The fabrica-
tion of the resonator is simple and the operation of the device
is easy, reliable and repeatable. Because the detection
method has a nonchemical basis, gas sensing is not limited
by the availability of reaction mechanisms.

The authors thank Professor Tim Dowling for providing
the original motivation for this work and Mehdi Yazdan-
panah for useful discussions. Funding provided by NSF/
ONR �No. ECS-0224114�, NSF �No. EPS-0447479�, NSF-
EPSCOR �No. 6016955� and DOE-EPSCOR �No.
46411101095�.
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Hysteretic switching in the magnetoresistance of short-channel, ferromagnetically contacted
individual single wall carbon nanotubes is observed, providing strong evidence for nanotube spin
transport. By varying the voltage on a capacitively coupled gate, the magnetoresistance can be
reproducibly modified between +10% and −15%. The results are explained in terms of wave vector
matching of the spin polarized electron states at the ferromagnetic / nanotube interfaces. © 2006
American Institute of Physics. �DOI: 10.1063/1.2164367�

Due to their unique structural and electrical properties,
carbon nanotubes have been investigated extensively for pos-
sible electronic device applications.1 Carbon nanotube spin
electronics, while less thoroughly explored, also holds sub-
stantial promise. Initial evidence for spin transport through
nanotubes was provided by the observation of hysteretic
magnetoresistance switching in ferromagnetically contacted
multiwall nanotubes �MWNTs�.2 These results have since
been reproduced and expanded on by a number of authors.3,4

There have also been numerous attempts to observe evi-
dence for spin transport through ferromagnetically contacted
single wall nanotubes �SWNTs�.5–8 SWNTs offer many ad-
vantages over MWNTs for spin transport studies, including
increased scattering lengths, well-defined electronic band
structure, enhanced Coulombic interactions �leading to novel
physical phenomena�, and the possibility to modify the nano-
tube resistance with a capacitively coupled gate. Despite
these advantages, measurements of SWNTs have so far pro-
vided less than ideal evidence for spin transport. Some
groups have reported magnetoresistance switching in ferro-
magnetically contacted SWNTs,5–9 while others fail to ob-
serve even a background magnetoresistance.8 Four-terminal
measurements of SWNTs provide evidence that some frac-
tion of the observed magnetoresistance is due to spin trans-
port through the nanotubes.9 However, magnetoresistance
switching has recently been reported in SWNT devices hav-
ing only one semiconducting ferromagnetic contact, which
brings into question the validity of interpreting any of the
magnetoresistance data in terms of spin transport.7

There is no clear answer for why it has been so difficult
to demonstrate SWNT spin transport in a reliable manner.
One possibility though, is that the nanotube transport length
must be made much shorter than simple scattering consider-
ations would imply in order for spin mediated resistance
changes to be observed consistently. Experiments suggest
that at low temperatures, carbon nanotubes can behave as
one or a series of conducting islands �rather than as a ballis-
tic wire�.10 Transport through such small islands will be
dominated by Coulomb charging effects, which will greatly
increase the electron transport time, and consequently pro-
vide more time for spin scattering to occur.11 Irrespective of

the exact spin scattering mechanism, it is reasonable to as-
sume that reduction of the nanotube transport length should
improve the chance of observing spin transport. Once reli-
ably observed, it will then be possible to characterize the
spin scattering mechanisms and optimize the spin mediated
resistance signal.

We have fabricated and characterized ferromagnetically
contacted “short channel” SWNT devices that show clear
hysteretic switching in the magnetoresistance, and provide
strong evidence for SWNT spin transport. The main differ-
ence between our work and previous studies is that we have
greatly reduced the transport length separating the ferromag-
netic contacts to distances on the order of 10 nm. Preliminary
measurements demonstrate this reduction to be extremely
beneficial. We have observed clear hysteretic switching in
the magnetoresistance in 75% of our devices, and are able to
modify the magnetoresistance between +15% and −10% as a
function of gate voltage. The gate mediated change in mag-
nitude and sign of the magnetoresistance switching allows us
to discount other nonspin related sources for the observed
signal and provides the basis for a SWNT spin transistor.

Our fabrication procedure is outlined in Fig. 1. Single
walled nanotubes 1 to 2 nm in diameter and 15 �m in length
are grown on an oxidized silicon substrate using a standard
CVD process. A two-step process is then used to define the
nanotube contacts. First, the left nickel contact is defined
using standard e-beam lithography and e-beam evaporation

a�Electronic mail: brucea@louisville.edu

FIG. 1. �a� and �b� Fabrication of a short-channel nanotube device. The
sample is angled so that the deposition of the right contact is partially
shadowed by the left contact. The oxide thickness is 400 nm, the left contact
thickness is 40 nm and the right contact thickness is 25 nm. �c� Field emis-
sion SEM image of a finished device. The inset shows a close-up of the
contact separation, which is approximately 10 nm.
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�Fig. 1�a��. Next, the right nickel contact is defined in a simi-
lar fashion, however, during the evaporation step, the sample
is angled so that the line of sight to the right contact is
partially shadowed by the left contact �Fig. 1�b��. Using this
procedure, the contact separation can be made arbitrarily
small, simply by varying the deposition angle.12 Figure 1�c�
shows an SEM image of a finished device, having nickel
contacts. The contact separation distance is approximately 10
nm. For three-terminal operation, the ferromagnetic contacts
form the device source and drain, while the silicon substrate
�which is heavily doped� acts as the gate terminal.

Figure 2�a� shows the two-terminal magnetoresistance of
the device shown in Fig. 1�c�, measured at 4.2 K, and with
zero voltage on the gate. Measurements were made using a
standard lock-in detection scheme using a 100 �V excitation
voltage with magnetic field from a superconducting magnet
directed parallel to the contacts, and perpendicular to the
current flow. As would be expected for spin transport through
the nanotube, the resistance is high near zero field when the
ferromagnetic moments in the two contacts are anti-parallel,
and low when the ferromagnetic moments are parallel.13 The
percent change in resistance �R /R=2�Ra−Rp� / �Ra+Rp� is
approximately 10%, where Ra and Rp are the resistances in
the anti-parallel and parallel configurations, respectively. Re-
sults from other similar devices demonstrate that the short-
channel contacting scheme produces a greatly improved
yield compared with the standard fabrication technique.
Three out of a batch of four devices that were measurable at
low temperature showed substantial change in the resistance
as a function of magnetic field at 4.2 K �see Figs. 2�b� and
2�c��. By comparison, only one out of more than 100 devices
that we measured having contact separations of 100 nm or
more showed any sign of magnetoresistance switching. �Re-
cently published work on Fe contacted SWNT devices re-
ports a yield of 4 out of 30 for long channel devices.�17

Surprisingly, the magnetoresistance trace in Fig. 2�c�
shows that the resistance is minimized in the anti-parallel
configuration �near zero field� and maximized in the parallel
configuration �above 100 mT� opposite to the predictions of
the simple Julliere model.13 All three of the measurements in

Figs. 2�a�–2�c� were performed with zero bias on the gate.
Further measurements show that the gate bias can be used to
alter the behavior of the device magnetoresistance between
the standard switching �Ra�Rp� and anomalous switching
�Rp�Ra� states. Figures 2�d�–2�f� shows the magnetoresis-
tance ratio of the device in Fig. 2�b� as a function of mag-
netic field directed parallel to the contacts for three different
values of the gate bias. �R /R is clearly dependent on gate
bias, varying from approximately +10% to −6% as the bias
changes from 1.44 to 2.76 V. In addition, as shown in Fig.
2�e�, at certain values of gate bias, very little magnetoresis-
tance is observed. To further elucidate this behavior, we per-
formed a set of magnetoresistance measurements on this de-
vice at 250 equally spaced values of gate bias between −3
and 11 V. The results of these measurements are compiled in
Figs. 3�a� and 3�b�, where �R /R is plotted as a function of
gate bias for �a� negative and �b� positive sweep directions.
While somewhat noisy, a series of reproducible fluctuations
can clearly be observed. Regimes are observed in which
�R /R is positive, negative, or close to zero.

Because the contact separation is so small, it is important
to estimate the magnitude of the current due to leakage via
tunneling through the oxide separating the two contacts. Fig-
ure 3�c� shows the conductance of the nanotube device as a
function of bias on the silicon substrate at B=100 mT, where
the contact magnetizations are in the aligned, or parallel con-
figuration. �These data points were extracted from the same
250 magnetoresistance measurements summarized in Figs.
3�a� and 3�b�.� The conductance is observed to fluctuate by
approximately 800% as a function of gate bias. These fluc-
tuations are most likely due to the combined influence of
Coulomb charging and quantum coherence on the transmis-
sion through the nanotube. Our results demonstrate that the
primary contribution to the conductance is transport through
the nanotube and not leakage, since the leakage current
should be independent of gate voltage. The maximum pos-
sible conductance due to leakage is equal to the minimum

FIG. 2. �a�–�c� Percent change in resistance as a function of magnetic field
for three nickel contacted short-channel SWNT devices. The solid �dashed�
line corresponds to the positive �negative� sweep direction. Measurements
were made at 4.2 K with the gate grounded. �d�–�f� Magnetoresistance ratio
of a nickel contacted, gated, short-channel SWNT device for three different
values of the gate bias. The solid �dashed� line corresponds to the positive
�negative� sweep direction. Measurements were made at 4.2 K.

FIG. 3. Magnetoresistance ratio of the device in Fig. 3 as a function of gate
bias in the �a� forward and �b� reverse sweep directions. �c� Two-terminal
conductance of the same device as a function of gate bias. All measurements
are at 4.2 K. �d� Parallel and anti-parallel transmission coefficients, and �e�
the resistance ratio as a function of the gate voltage calculated using a
one-dimensional model for a ferromagnetically contacted armchair nano-
tube. In the nickel contacts, the energy splitting between the spin-up and
spin-down electrons �E=1.0 eV, the Fermi energy EF=2.2 eV and the ef-
fective mass m*=1me. For the nanotube, the length L=10 nm, m*=1me, and
k=k0+�k with k0=0.8509/Å, �k=�E /hvF, and vF=8.2�10

5 m/s. Here
�E=� eVg with the gate efficiency factor � being taken to be 0.025.
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device conductance or approximately 5�10−8 mhos �corre-
sponding to a resistance of 2�107 ��. A simple circuit
analysis shows that this amount of leakage is insufficient to
account for the magnitude of the observed magnetoresistance
switching, and is clearly unable to explain the change in sign
in the magnetoresistance as a function of gate voltage.

Since characterization of the short-channel device re-
quires two-terminal measurements, we must also consider
the influence that fringing fields from the ferromagnetic con-
tacts have on the intrinsic SWNT magnetoresistance. For two
important reasons, however, we feel that this effect is not a
significant source of magnetoresistance in our measurements.
First, recent results have shown that, in contrast with
MWNTs, the magnetoresistance of SWNTs is very small,
and amounts to less than 1% at a field of 1 T at 4.2 K.14 This
is confirmed by our own measurements, which show no ap-
preciable magnetoresistance beyond the switching that we
observe at low fields. Second, this effect does not explain the
dramatic improvement in yield that we have achieved simply
by decreasing the contact separation. Fringing field effects
should be equally important at large and small contact sepa-
rations. For similar reasons, we feel that our results cannot be
related to the magnetoresistance switching recently observed
in SWNTs with single ferromagnetic semiconducting
contacts.7 Any single contact effect �whose origin is yet to be
explained� should be observed equally for large and small
contact separations.

We can qualitatively understand the mechanism behind
the gate dependent magnetoresistance in terms of a simple
one-dimensional model that takes into account wave function
matching across the ferromagnetic / nanotube / ferromag-
netic junction, with different Fermi wave vectors for the
spin-up and spin-down electrons in the ferromagnetic
regions15 and a variable Fermi wave vector of the nanotube
tuned by gate voltage.16 Similar models have previously
been applied to magnetic tunnel junctions17 and to MWNTs.4

The electron transmission through the junction for the paral-
lel �Tp� and antiparallel �Ta� configurations is calculated by
solving the one-dimensional Schrodinger equation. The re-
sistance ratio is then approximated by �R /R=2�Tp

−Ta� / �Ta+Tp�. Because of the different dispersion and dif-
ferent Fermi wave vectors for the two spin states and the
difference of the Fermi wave vectors in the ferromagnetic
regions and nanotube region, the outcome of the matching,
and hence the transmission coefficient depends on both the
magnetic configuration and gate bias. As the gate bias in-
creases, the transmission coefficients Ta and Tp oscillate,
each out of phase from one another, causing oscillation of
�R /R, as shown in Figs. 3�d� and 3�e�. A more precise de-
scription will most likely require treating the nanotube as a
quantum dot, and include the influence of Coulomb charging

and the zero-dimensional electron energy spectrum.18 How-
ever, this simple model does indicate that oscillations in the
magnitude and sign of the magnetoresistance are expected
provided that the nanotube wave vector can be adjusted in-
dependently of the contacts.

In summary, we have fabricated and characterized ferro-
magnetically contacted SWNT devices with extremely short
contact separation distances. We observe magnetoresistance
switching whose gate dependence provides strong evidence
for spin transport through the SWNT. We note that the short
channel contacting scheme is generally applicable to nonfer-
romagnetic contacts as well, and provides a straightforward
technique for fabricating SWNT quantum dot devices.
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ECS-0224114� and NASA �No. NCC 5-571�.
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Conductivity and thermopower measurements of artificial three dimensional bismuth crystals are
presented. Due to the size dependent band gap of bismuth, electron transport in the bismuth crystals
is a combination of both metallic and hopping conduction. The conductivity and thermopower due
to the hopping pathways alone can be extracted through a comparison of the properties of the
artificial bismuth crystal before and after it is compressed into bulk bismuth. In this way, evidence
for the influence of electron-electron interactions on the hopping conductivity is obtained. © 2007
American Institute of Physics. �DOI: 10.1063/1.2822463�

INTRODUCTION

In a variety of disordered systems1–9 electrical transport
occurs by hopping between localized states. As first de-
scribed by Mott,10 conductivity via variable range hopping in
a three dimensional sample is predicted to decrease with de-
creasing temperature, according to

��T� = �0 exp�− �T0/T�1/4� .

Later, Efros and Shlovoskii11 and Efros12 showed that if
electron-electron interactions are included, a Coulomb gap
forms, leading to a somewhat different temperature depen-
dence of the conductivity for thermal energy kT below the
Coulomb gap energy,

��T� = �0 exp�− �T0�/T�1/2� ,

independent of sample dimension. Experimental evidence for
a transition from a exp�T−1/4� to a exp�T−1/2� dependence in
the conductance with decreasing temperature has been re-
ported by a number of groups;13–17 however, it is inherently
difficult to discern the small difference between the two de-
pendencies. An alternative method to distinguish between in-
teracting and noninteracting hopping processes was put for-
ward by Burns and Chaikin,18 and relies on the
thermoelectric power. They showed that the thermopower for
a noninteracting three dimensional Mott system goes to zero
with a T dependence, while for a hopping system with
electron-electron interactions, the thermopower goes to a
constant nonzero value at zero temperature. While in prin-
ciple this provides an easier method to distinguish between
interacting and noninteracting hopping processes, the experi-
mental evidence for this effect is still very limited. One prob-
lem is that the conductivity of disordered samples at low
temperature is extremely low, making it difficult to measure
the thermopower.

In this paper, we describe electronic and thermoelec-
tronic measurements of an artificial three dimensional crys-
tal, in which evidence for Efros-type variable range hopping
conductivity including electron-electron interactions is ob-
served. The sample is formed by heat injecting bismuth into
a silica colloidal crystal, and then etching away the silica
template. Hopping conductivity occurs across constricted
bismuth interstitial regions which are insulating at room tem-
perature. Because bismuth is malleable and a low melting
point metal, it is possible to transform the artificial crystal-
line structure into bulk bismuth simply by compressing the
sample. This allows for direct comparison between hopping
conductivity and metallic transport within the same sample.
In this way it is possible to extract the hopping contribution
to the thermopower from a sample in which both metallic
and hopping conductivity pathways exist.

SAMPLE FABRICATION

Our samples are formed by melt injection of bismuth
into silica colloidal crystals. The colloidal crystals �obtained
from Dr. A. A. Zakhidov, University of Texas at Dallas� are
grown using slow sedimentation of monodispersed aqueous
silica colloids in a glass cylinder, followed by sintering at
700–750 °C for several hours.19 The resulting crystal con-
sists of closely packed, interconnected silicon dioxide
spheres arranged in a fcc lattice �Fig. 1� with interconnected
octahedral and tetrahedral voids between the spheres. The
silica colloids used in this investigation have average sphere
diameters of 300 nm and octahedral �A in Fig. 1�c�� and
tetrahedral voids �B in Fig. 1�c�� of approximately 120 and
60 nm in diameter, respectively. The voids are intercon-
nected by narrow regions �C in Fig. 1�c�� that are 10–20 nm
in diameter.

The voids are filled with bismuth using the melt-
injection method. A silica colloidal crystal approximately 5
�5�4 mm3 in size is combined with 99.999% pure
100 mesh bismuth powder in a stainless steel capsule. The
infiltration is done by applying a load of 13 000–15 000 lbsa�Electronic mail: brucea@louisville.edu.
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�8–10 kbars� on the capsule at a temperature of approxi-
mately 350 °C for 1–2 h. The bismuth infiltrated colloidal
sample is then removed from the capsule by cutting off the
stainless steel cap using a diamond saw. Next, the bismuth/
silica mixture is mechanically polished to remove the excess
uninfiltrated bismuth. Finally, a bismuth inverse replica of
the colloidal crystal �approximately 2�2�1 mm3 in size� is
obtained by etching out the silica spheres using a 2% HF
acid solution. Figure 1 shows the silica colloidal crystals �a�
before and �b� after filling with the bismuth. The long range
order of the samples can be clearly seen.

It is known that the electrical properties of nanometer
scale bismuth samples are strongly dependent on sample
size.20 Bulk bismuth is a semimetal with overlapping valence
and conduction bands and shows metallic conductivity. How-
ever, the energy separation between valence and conduction
bands increases with decreasing sample size, until eventually
a band gap opens up for bismuth nanowires with diameters
less than 50 nm.21 In our samples, the size dependent band
gap makes it so there will be a different band gap in different
regions of the crystal, even though the crystal is made from
only one material. The bismuth regions filling the 120 and
60 nm diameter voids are large enough that the conduction
and valence bands will still overlap. The bismuth in the in-
terconnecting regions is much more confined, however, and
should show a relatively large separation between valence
and conduction bands. Using the results of Lin et al.22 we
approximate that the band gap in the 10–20 nm diameter

interconnecting regions should be 80–90 meV, correspond-
ing to a thermal energy of 900–1000 K. At room tempera-
ture then, transport must occur by hopping from bismuth
island to bismuth island, across the barriers formed in the
narrow interconnecting regions. This hopping process is
shown schematically in Fig. 1�d�.

For conductivity and thermopower measurements, the
bismuth sample is thermally anchored to an integrated circuit
�IC� chip package consisting of two copper plates separated
by an air gap. A platinum heater is mounted on one of the
copper plates. The gap between the copper plates ensures
that the heat pulse travels through the sample and not the
chip package. Four wires are attached to the sample using
silver paste: two gold-chromel wires on opposite edges of the
sample act as thermocouples/current contacts and two copper
wires on one face of the sample act as voltage contacts. The
chip package containing the sample is inserted into an IC
receptacle mounted on the cold finger of a closed cycle re-
frigerator �Janis Inc.� operating from 300 K down to 8 K.

RESULTS AND DISCUSSIONS

Conductivity

The electrical conductivity is measured by applying an
excitation current through the thermocouple wires and mea-
suring the voltage across the copper wires. Figure 2 shows
the conductivity of a representative bismuth colloidal replica
sample �similar results were observed in the measurements
of two additional samples�. The samples are robust to ther-
mal cycling and show similar results for ascending and de-
scending temperatures. The conductivity decreases with de-
creasing temperature, as would be expected if hopping
conductivity is the dominant transport mechanism. However,

FIG. 1. Silica colloidal crystal �a� before and �b� after infiltration with
bismuth. In �b�, the dark regions are the silica spheres and the bright regions
are the bismuth infiltrated voids. �c� A sketch showing the bismuth crystal
formed by filling the voids between the silica colloids. �A� are the octahedral
voids, �B� are the tetrahedral voids, and �C� are the interconnects between
the voids. �d� Schematic representation of the band diagram across the in-
terconnects between the voids and the hopping conduction pathway �de-
noted by the arrows�.

FIG. 2. Conductivity of a bismuth artificial crystal �sample B� as a function
of temperature. The circles show the measured conductivity, and the solid
line is a fit to the equation �=��m+ �1−���h. The dashed line is the con-
ductivity extracted for the hopping pathways alone. Inset: the conductivity
vs temperature for sample B after compression into bulk bismuth. The solid
line shows a linear fit to the data.
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the conductivity does not approach zero at low temperature,
but instead levels off at a finite value. We believe this is
because there are imperfections present in the colloidal crys-
tal which when transferred to the bismuth replica create me-
tallic conducting pathways that short out some percentage of
the hopping pathways. At low temperature, the contribution
from the hopping conduction paths becomes negligible and
the metallic pathways dominate conduction through the
sample. Since bismuth is malleable, and is a low melting
point metal, there is a straightforward way to extract the
hopping conductivity from the data. The crystalline structure
including the narrow interconnecting regions can be removed
by heating the sample just below the melting point of bis-
muth �220–250 °C� while applying a small amount of pres-
sure. This produces a bulk bismuth sample that has approxi-
mately the same material properties as the original bismuth
inverse replica, but without the confined high band gap re-
gions �because of the high heat and pressure used to produce
the inverse replica, its material properties are expected to be
somewhat different than of a generic bismuth sample�.

The conductivity of the bismuth inverse replica sample
after compression is shown in the inset to Fig. 2. Rather than
decreasing with decreasing temperature, the conductivity
now increases with decreasing temperature, as is typical for
metallic conduction.23 A linear fit �m=a+bT to the metallic
temperature dependence gives a=685 � mm−1 and b
=0.99 K−1. This information can now be used to extract the
hopping conductivity in the crystalline bismuth sample. Prior
to compression, the conductivity of the bismuth replica is a
combination of the hopping conductivity �h and the metallic
conductivity �m. For the hopping conductivity, we assume
the presence of electron-electron interactions giving �h

=�0 exp�−T0� /T� ��0 and T0 are treated as fitting param-
eters�, while for metallic conductivity we use �m determined
from the compressed sample. The total conductivity is then

� = ��m + �1 − ���h, �1�

where � is the percentage of the sample volume occupied by
metallic conducting pathways. As shown in Fig. 2, a fit of the
conductivity of the bismuth artificial crystal to Eq. �1� is
quite good and gives a value for � of 10%. By subtracting
off the metallic conductivity, we can now extract the hopping
conductivity �h from the data. This is shown as a dashed line
in Fig. 2; the hopping conductivity goes to zero with decreas-
ing temperature as expected.

While the formula for the hopping conductivity includ-
ing electron-electron interactions fits the data well, it is not
possible to distinguish definitively between a exp�T−1/4� and
a exp�T−1/2� dependence. We thus turn to the thermopower to
help identify the specific hopping mechanism.

Thermopower

Thermopower is measured using the analog subtraction
method.24 This consists of heating the sample using a voltage
pulse �of varying amplitude of 0–10 V� and measuring the
temperature gradient across the two thermocouples. The ther-
mopower is then calculated using a simple analog subtrac-
tion circuit containing three instrumentation amplifiers. Fig-

ure 3 shows the thermopower measured as a function of
temperature for two different bismuth artificial crystals.
Sample A is measured from 300 to 50 K, and sample B is
measured from 300 to 8 K. �Sample B is the same sample
whose conductivity was described above.� In both cases, the
thermopower is negative at room temperature and decreases
in magnitude as the temperature decreases. There is also a
clear flattening out of the thermopower in the temperature
range of 100–50 K. Below 50 K, the thermopower of
sample B tends toward zero.

This flattening of the thermopower with decreasing tem-
perature is not observed in any published thermopower mea-
surements of bismuth: the thermopower of bismuth nano-
wires decreases approximately linearly in magnitude with
decreasing temperature �even in nanowires narrow enough to
show a semiconducting conductivity�,21,25,26 while the ther-
mopower of bulk bismuth decreases linearly with decreasing
temperature at low temperatures and tends toward a constant
value at high temperatures.27,28 In neither case is a flat, tem-
perature independent regime observed in the thermopower as
the temperature decreases. This suggests that the flattening of
the thermopower with decreasing temperature is due to the
hopping component of the conductivity in the artificial crys-
tals. Further evidence is provided by measurements of the
thermopower of sample B, performed after the sample is
compressed to reform a bulk bismuth sample. This is shown
in Fig. 3�c�. After compression, the temperature independent
regime is no longer observed, and instead the thermopower
tends quasilinearly to zero as temperature decreases, similar
to what is observed in bulk bismuth and bismuth nanowires.

The thermopower of the bismuth artificial crystal � is a
combination of the thermopower from both the hopping �h

and metallic �m transport paths,

� =
�m�m + �h�h

�m + �h
. �2�

As the temperature goes to zero, the hopping conductivity
also goes to zero, and the total thermopower is simply that of
the metallic pathways. In our samples then, we do not expect

FIG. 3. Thermopower of �a� sample A �b� sample B before compression, and
�c� sample B after compression as a function of temperature.
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to see the thermopower tend toward a constant, nonzero
value at zero temperature, even if the Efros-type variable
range hopping model applies. �A similar situation occurs in
any disordered sample, unless hopping conductivity is the
only transport mechanism present.�

Using our combined measurements, however, we can ex-
tract from Eq. �2� the thermopower due to the hopping con-
ductivity. The hopping and metallic conductivities, �m and
�h, are taken from our analysis above, while � and �m are
taken from the thermopower measurements of the bismuth
colloidal crystal—before and after compression, respectively.
The resulting thermopower due to hopping conductivity ex-
tracted in this way is shown in Fig. 4. The small difference
between the thermopower in the compressed and noncom-
pressed samples �� and �m� introduces increasingly large
noise based fluctuations in the data as the temperature de-
creases. As a guide to the eye then, the solid line shows the
approximate local average value of the thermopower. Plotted
in this way, it is clear that �h does not go to zero with
decreasing temperature, but instead increases in magnitude,
and then levels off below a temperature of about 150 K. This
is in qualitative agreement with the theory of Burns and
Chaikin for a hopping system in the presence of electron-
electron interactions. We note, however, that the limited
minimum temperature of our measurement setup makes it
difficult to say with certainty that the thermopower will con-
tinue to remain at a nonzero value as the temperature drops
below 8 K. Further, more precise measurements of this type
at lower temperatures are needed.

CONCLUSIONS

In conclusion, by comparing the properties of a bismuth
artificial crystal with bulk bismuth, we have demonstrated a

method to extract the conductivity and the thermopower due
to hopping conduction. The hopping contribution to the ther-
mopower shows a clear flattening out with decreasing tem-
perature and tends toward a finite value at zero temperature,
indicating the onset of Efros-type hopping conductivity at a
temperature of 100 K. Further measurements are needed to
determine whether this effect survives down to temperatures
below 10 K.
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ABSTRACT

In this report, we present a simple and generic concept involving metal nanoclusters supported on metal oxide nanowires as stable and high
capacity anode materials for Li-ion batteries. Specifically, SnO2 nanowires covered with Sn nanoclusters exhibited an exceptional capacity of
>800 mAhg-1 over hundred cycles with a low capacity fading of less than 1% per cycle. Post lithiation analyses after 100 cycles show little
morphological degradation of the hybrid nanowires. The observed, enhanced stability with high capacity retention is explained with the following:
(a) the spacing between Sn nanoclusters on SnO2 nanowires allowed the volume expansion during Li alloying and dealloying; (b) high available
surface area of Sn nanoclusters for Li alloying and dealloying; and (c) the presence of Sn nanoclusters on SnO2 allowed reversible reaction
between Sn and Li2O to produce both Sn and SnO phases.

One-dimensional, nanowire (NW)-based materials are prom-
ising candidates for lithium-ion (Li-ion) battery electrodes
due to their faster charge transport, better conducting
pathways, and good strain relaxation.1-3 Recently, Si NW
arrays4 as well as NWs of Co3O4,5,6 Fe2O3,7 and SnO28 in
the bulk powder form have shown to retain over 75% of
their maximum capacity over 10 charge-discharge cycles.
However, their stability over cycling is either unknown or
in some cases, capacity fading has been observed after 30-50
cycles.
Of the various metal and metal oxide materials systems,

both tin (Sn) and tin oxide (SnO2)9,10 are interesting anode
materials for Li-ion batteries because of their semiconducting
properties combined with high capacity (Sn, 994 mAhg-1

and SnO2, 781 mAhg-1)11,12 compared to that of graphite
(372 mAhg-1). However, significant capacity fading with
cycling is a problem specifically with metal oxide based
materials due to enormous volume changes during Li alloying
and dealloying leading to metal segregation and crystal-
lographic deformation,13 which in the case of Sn is as high
as 259%.14 So, there has been a recent interest in investigating
the use of nanowire-based oxide materials to improve the
capacity.
Recent studies showed that the SnO2 nanowires and

heterostructured SnO2/In2O3 nanowires retain a capacity of

∼700 mAhg-1 up to 15 cycles8,15 but quickly fade to ∼300
mAhg-1 after 50 cycles.16 Similarly, SnO2 nanorods have
been shown to retain a capacity of ∼400 mAhg-1 after 60
cycles.17 An amorphous tin-based oxide has shown a capacity
retention of ∼650 mAhg-1 after the first cycle and signifi-
cantly low fading up to 100 cycles.10 Also, Sn/SnO2 particle
composites have been tested with capacity retention of 549
mAhg-1 after 40 cycles.18 All the above studies using
nanoscale tin oxide-based materials report low capacities
ranging from 300 to ∼620 mAhg-1 after 50 cycles. There-
fore, it is important to develop strategies to increase the
stability of nanoscale metal/metal oxide systems with high
capacity retention.

Herein, we present a unique and simple generic design of
hybrid structures involving metal nanoclusters covered metal
oxide nanowires as stable anode materials with high revers-
ible capacity. Although, the present study demonstrates the
above concept with Sn and SnO2 material system, it can be
extended to a wide range of metal oxides, nitrides, and other
semiconductors such as Si and Ge. For the present study,
gram quantities of tin oxide nanowires are synthesized using
a process that uses direct oxidation of tin powder in a
microwave plasma. The resulting tin oxide nanowires are
free of any foreign metal contamination that otherwise may
hinder their electrochemical performance.

Experimental Section. SnO2 nanowires were synthesized
by reacting Sn metal powders directly in the gas phase with

* To whom correspondence should be addressed. E-mail: mahendra@
louisville.edu.

† Department of Chemical Engineering, University of Louisville.
‡ Department of Physics, University of Louisville.

NANO
LETTERS

2009
Vol. 9, No. 2

612-616

10.1021/nl802864a CCC: $40.75 © 2009 American Chemical Society
Published on Web 01/21/2009

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

LO
U

IS
V

IL
LE

 o
n 

Ju
ly

 1
, 2

00
9

Pu
bl

is
he

d 
on

 Ja
nu

ar
y 

21
, 2

00
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
nl

80
28

64
a

Reference No 66

267



oxygen containing plasma without the use of a substrate in
a microwave (MW) plasma jet reactor at a power of 2 kW.
This process is discussed in detail elsewhere.19 The as-
synthesized SnO2 nanowires were purified by dispersing them
in 1-methoxy 2-proponal followed by gravity sedimentation.
Pure SnO2 nanowires were exposed to H2 plasma in a
microwave chemical vapor deposition reactor at a power of

500 W for 15 min to obtain the Sn-nanocluster-covered SnO2
nanowires. All the samples were characterized using field
emission scanning electron microscopy (FE-SEM) (FEI Nova
600), X-ray diffraction (XRD) (Bruker D8 Discover), and
transmission electron microscopy (TEM) (Tecnai F20 FEI
TEM with a Gatan 2002 GIF system). The material for the
working electrode was prepared by spreading the SnO2
nanowire-based material uniformly on a platinum foil by
applying pressure. The electrodes were made by mixing the
SnO2 nanowire-based material with carbon black and a
poly(vinylidene fluoride) binder in a weight ratio of 80:10:
10, respectively, in a 1-methyl-2-pyrrolidone solvent and then
spreading it onto platinum foil. A three electrode cell with
the SnO2 nanowire electrode as the working electrode and
lithium foil as both the reference and auxiliary (counter)
electrodes was used. The electrolyte consisted of 1 M LiPF6
in a 1:1 (volume) mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC). The electrochemical measure-
ments were performed using eDAQ e-corder and potentiostat
in the voltage range of 0 to 2.2 V.

Figure 1. The concept of engineered metal nanocluster covered metal oxide nanowires. (a) Schematic showing evenly spread out Sn
nanoclusters on a SnO2 nanowire surface with spacing dependent on the droplet diameter. (b) A low-magnification SEM image showing a
network of Sn-nanocluster-covered SnO2 nanowires. (c) An HRTEM image showing well-spaced crystalline Sn nanoclusters on the nanowire
periphery.

Figure 2. Electrochemical measurements of SnO2 nanowire-based
materials. (a) Cyclic performance comparison of (i) Sn-nanocluster-
covered SnO2 nanowires, (ii) SnO2 nanowires with dispersed Sn
metal, and (iii) pure SnO2 nanowires measured between 0 to 2.2
V. Results are shown from the second cycle to the 40th cycle. (b)
Capacity fading for the hybrid structures under the same conditions
showing exceptional reversibility. Columbic efficiency of each cycle
is also presented on the secondary y-axis in the right. QE )
Columbic efficiency.

Figure 3. The voltage-capacity curves of the hybrid structures for
the first eight cycles between 0 to 2.2 V performed at a rate of 100
mAg-1 and room temperature.
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Results and Discussion. The design principle for the
proposed hybrid structures is that the SnO2 nanowires are
covered with Sn nanoclusters with spacing ∼1.4 times the
diameter of each cluster as shown in Figure 1a. The spacing
is necessary to accommodate the volume expansion of Sn
clusters during alloying thereby preventing the Sn ag-
glomeration. The faster electron transport through the
underlying SnO2 nanowires is expected to allow for efficient
Li alloying and dealloying while the exposed Sn nanoclusters
and SnO2 nanowire surfaces serve as Li alloying sites. The
SEM image in Figure 1b distinctly shows the Sn-nanocluster-
covered SnO2 nanowires with diameters ranging from
30-100 nm and a few microns long. The as-synthesized
SnO2 nanowires were reduced using H2 plasma exposure
producing nanometer-sized Sn clusters on the nanowire
surfaces. The H2 plasma exposure also reduced the nano-
wire diameters from 50-200 nm range to 30-100 nm range.
See Figure 1c for a high resolution TEM image showing a
SnO2 nanowire covered with 15 nm sized, crystalline Sn
nanoclusters evenly spaced from each other.
All materials systems are tested using anodic measure-

ments over a potential window of 0 to 2.2 V (versus Li/
Li+). The data using pure SnO2 nanowires showed a high
initial capacity of 2400 mAhg-1 but severe capacity degrada-
tion occurred within the next 15 cycles leading to a reversible
capacity of 166 mAhg-1 after 40 cycles as shown in Figure

2a. In comparison, Sn-nanocluster-covered SnO2 nanowires
exhibited a reversible capacity of 845 mAhg-1 after 40 cycles
as shown in Figure 2b. Other types of Sn/SnO2 composite
nanowire systems (metal Sn nanoclusters distributed in
between the SnO2 nanowire networks) showed an initial
capacity of 2800 mAhg-1 with a final reversible capacity of
490 mAhg-1 after 40 cycles. This result is similar to that
obtained in prior studies using Sn/SnO2 composites.18

Figure 2b depicts the discharge specific capacity and the
columbic efficiency with cycling at 100 mAg-1 current
density, demonstrating for the first time that the mechanical
stability of the material can be sustained for up to 100 cycles
with an exceptional reversible capacity of 814 mAhg-1. The
hybrid structures show an initial irreversible capacity of 413
mAhg-1, which accounts to a columbic efficiency of 74%,
notably the highest reported until now in SnO2 systems. See
the secondary axis in Figure 2b. The columbic efficiency in
the subsequent cycles is shown to be over 98%. The capacity
fading at a rate of∼1.3% for the initial 15 cycles and∼0.8%
after the 15th cycle is considerably lower than that reported
for other nanoscale SnO2 material systems.8,16 The reasons
for enhanced capacity retention and Coulombic efficiency
could be attributed to their high surface area to volume ratio
which increases the net amount of Li alloying and dealloying.
Figure 3 shows the initial charge and discharge curves of
the hybrid SnO2 structures in a potential window of 0 to 2.2
V. High discharge capacity of 2013 mAhg-1 in the first cycle
is attributed to the fact that Li intercalates into SnO2 during
the first cycle followed by the subsequent alloying of Li with
Sn forming a LixSn alloy, which corresponds to the plateau
observed below 0.5 V in the charge-discharge curves. For
pure phase SnO2 nanowires, rapid capacity degradation is
observed with cycling and capacity retention of 166 mAhg-1

is obtained after 40 cycles. The XRD and SEM characteriza-
tion of the material after cycling showed that the SnO2 NWs
reduce completely to Sn while destroying the nanowire
morphology. These observations about severe degradation
of nanowire morphology and reduction in the capacity are
consistent with prior studies involving SnO2 and other metal
oxide nanowires.8,15,16 In some cases, the as-synthesized SnO2
nanowire samples have exhibited capacity retention over a
range of values (166-300 mAhg–1), which is possibly due
to the presence of some excess Sn metal on nanowire surfaces
similar to our hybrid nanowire systems. Complete reduction
of the SnO2 nanowires at various microwave powers yielded
Sn crystals of varying diameters rather than Sn nanowires.
SEM image of the completely reduced system is shown in
the Supporting Information. The performance of Sn thin films
as anodes has been studied before20 and performs similarly
to that of pure phase SnO2 system, that is, the capacity fades
quickly to about 200 mAhg-1 in 20 cycles.

The stability of the Sn-nanocluster-covered SnO2 nanow-
ires could possibly be explained with the following Li
alloying mechanism:21

SnO2+ 2Li
++ 2e-f SnO+Li2O (1)

SnO+ 2Li++ 2e-f Sn+Li2O (2)

Figure 4. X-ray diffraction spectra of (a) as-synthesized SnO2
nanowires and as-synthesized, Sn-nanocluster-covered SnO2 nanow-
ires and (b) lithiated pure phase SnO2 nanowires and lithiated Sn-
nanocluster-covered SnO2 nanowires.
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Sn+ xLi++ xe-TLixSn (0e xe 4.4) (3)

The reaction of SnO2 with Li ions, electrolyte decomposi-
tion, and solid electrolyte interface formation are believed
to be the reasons for large irreversible capacity during the
first cycle. In the case of pure SnO2 materials including
nanowires, the reduction of SnO2 to Sn takes place in the
first cycle. Repeated cycling induces enormous volume
changes in Sn that tends to expand and coalesce with the
nearby Sn atoms, leading to large agglomerates, thus
reducing the available surface area for the Li-ion storage
capacity of the material and eventually destroys the pure
oxide nanowire structure.
In the case of our hybrid structures involving Sn-nano-

cluster-covered SnO2 nanowires, the spacing between clusters
was adequate enough to accommodate the volume changes
induced by the lithiation process, preventing agglomeration
thus explaining high capacity even after hundred charge-
discharge cycles. In addition, the underlying nanowires must
retain both morphology and conductivity for the observed
stability with cycling. So, the XRD spectra were obtained
for both pure phase and Sn-nanocluster-covered SnO2
nanowire samples after they were subjected to several
charge-discharge cycles. Figure 4a depicts the XRD spectra
of as-synthesized rutile phase SnO2 nanowires and Sn-
nanocluster-covered SnO2 nanowires. Figure 4b shows the
XRD spectra of both pure phase and Sn-nanocluster-covered
SnO2 nanowires after 25 and 100 charge and discharge
cycles, respectively. After lithiation, the majority of the SnO2

nanowires get completely converted into Sn phase in the case
of pure SnO2 nanowire samples along with unreacted SnO2
phases. In comparison, the Sn-nanocluster-covered SnO2
nanowires after hundred charge-discharge cycles show the
presence of SnO phase in addition to Sn phases. The
observed, small peak shifts with both SnO (301) and SnO
(002) peaks toward the lower diffraction angle indicate that
the observed SnO phase might be a lithiated SnO phase. The
observed capacity retention can be attributed to the presence
of Sn as well as SnO phase. The SnO phase is formed as a
result of the reversibility of eq 3 in which the nanoscale Sn
domains can decompose the Li2O, which is otherwise
irreversible. This reversibility gives rise to the formation of
SnO nanodomains from Sn-nanosized particles during the
delithiation process. Such nanodomains are clearly seen to
be present in an amorphous matrix within the nanowires after
they were subjected to 100 charge-discharge cycles. See
the high-resolution TEM (HRTEM) image in Figure 5b. The
reversibility of the metal particles to metal oxides by the
decomposition of Li2O in nanosized domains was shown to
be feasible in other reports.1,6

The SEM image in Figure 5a distinctly shows unblemished
hybrid nanowires after 100 charge-discharge cycles. How-
ever, the image shows the enlarged Sn nanoclusters on the
nanowire periphery that is due to the volume expansion of
Sn as well as the Sn segregation from the interior of the
nanowire. The proposed reversibility with the Sn nanocluster-
covered SnO2 nanowires is schematically illustrated in Figure

Figure 5. Characterization of hybrid structures after 100 cycles of charge and discharge. (a) SEM image of hybrid nanowires. (b) HRTEM
image of the Sn nanocluster-covered SnO2 nanowires. (c) A schematic illustrating the reversible Li alloying and dealloying steps in the
Sn-nanocluster-covered-SnO2 nanowires.
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5c. As shown in the schematic, the nanowire is composed
of SnO and LixO in which SnO promotes the electronic
conductivity while the LixO phase promotes the Li-ion
migration during Li alloying and dealloying stages as well
as prevents further Sn agglomeration inside the nanowire.18

Hence, the nanowire morphology is retained after several
cycles avoiding major structural changes. The SnO phase
could also arise due to the slightly reversible nature of the
reaction in eq 2 during the dealloying process, that is, the
faster kinetics for SnO formation compared to SnO2.22,23

Conclusions. In summary, a new class of hybrid struc-
tures involving SnO2 nanowires decorated with well-
separated Sn nanoclusters exhibit a reversible storage
capacity greater than 800 mAhg-1 over 100 cycles. These
hybrid structures with improved stable capacity better
relieve the stresses associated with volume changes com-
pared to the pure phase SnO2 nanowires. The capacity
fading after the first few cycles is the lowest at less than
1% per cycle. Post-lithiated samples show the intact hybrid
structure after 100 cycles. The proposed new concept
could be applied to other nanoscale metal oxide, nitride
systems including Co3O4 (∼900 mAhg-1)1 and other
material systems, such as Si,4 leading to stable and high
capacity Li-ion batteries and could lead to major advance-
ments in portable power applications.
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Supporting Information Available: The details of the
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We report near-infrared lasing in the telecommunications band in gallium antimonide semiconductor
subwavelength wires. Our results open the possibility of the use of semiconductor
subwavelength-wire lasers in future photonic integrated circuits for telecommunications
applications. © 2006 American Institute of Physics. �DOI: 10.1063/1.2198017�

Semiconductor subwavelength wires �SWWs� are ideal
structures for lasers in photonic integrated circuits that have
distinct advantages over current planar heterostructure semi-
conductor lasers.1–3 SWWs are wires of subwavelength
cross-sectional dimension and typically 10–100 �m in
length that allow for high-density integration of optical
components.4 Because the gain medium of SWW lasers is
the semiconductor material, they can cover a broad range of
wavelengths depending on the SWW material. Unlike planar
heterojunction laser structures, electronic confinement in
semiconductor SWW lasers is provided by air or vacuum,
and the choice of material for SWW lasers is also not as
limited by lattice matching to a substrate as current semicon-
ductor heterostructure lasers.5 The strong optical confine-
ment with electronic confinement in SWW lasers results in a
large confinement factor3,6 �. A large � leads to a more ef-
ficient laser,3 making semiconductor SWW lasers in prin-
ciple more efficient than standard heterostructure semicon-
ductor lasers. Here we report the demonstration of near-
infrared �NIR� lasing in a semiconductor SWW.

To demonstrate NIR SWW lasing, we study NIR lasing
in GaSb SWWs with a cross-sectional dimension of
700–1500 nm and lengths of 10–70 �m dispersed on a sap-
phire substrate. Note that these GaSb SWWs are larger in
cross-sectional dimension than semiconductor SWWs �nano-
wires, in particular1� that have previously demonstrated las-
ing, due to the longer wavelength involved here. We use
GaSb as the gain medium because it has direct-band-gap
NIR emission ��1520 nm at 10 K� �Ref. 7� in the telecom-
munications band and has been used previously in double-
heterostructure lasers.8 With the large refractive index for
GaSb of n�3.8, a GaSb SWW freestanding in air has a large
� for a cross-sectional dimension greater than the wave-
length of light in the wire, i.e., d�� /n=408 nm at �
�1550 nm.3,9

A detailed description of the synthesis of the GaSb
SWWs can be found elsewhere.10 Briefly, the GaSb SWWs
are synthesized using the spontaneous nucleation and growth
technique demonstrated previously.11 Pools of gallium sup-
ported on amorphous quartz substrates are employed for this
purpose. Antimony is supplied through the vapor phase from
a solid antimony source by using 10% hydrogen in argon as
the carrier gas. The dissolution and subsequent supersatura-
tion of the molten gallium droplets formed on the substrate
with antimony lead to the multiple nucleation and growth of
GaSb SWWs. The SWW growth experiments are performed
at various temperatures ranging from 800 to 1050 °C. Fol-
lowing growth, the SWWs are removed from the growth
substrate, suspended in alcohol, and dispersed onto sapphire
substrates for optical characterization.

We utilize a temperature-dependent photoluminescence
�PL� apparatus to study the NIR light emission properties of
the GaSb SWWs. The samples are illuminated by a passively
mode-locked Ti:sapphire laser �810 nm, �150 fs pulse dura-
tion, 80 MHz repetition rate, and 1.5 W average power�. The
laser is directed towards the sample at normal incidence
through a 25 mm focal length lens �f /#=1� using a dichroic
beam splitter. The dichroic beam splitter allows the PL emit-
ted from the sample and collected by the same 25 mm focal
length lens to be directed into the entrance slit of a 0.3 m
grating monochromator �600 grooves/mm grating�. The la-
ser beam diameter at the sample is �45 �m. The dispersed
GaSb SWW substrates are placed in a microscope cryostat
�under vacuum� to allow the temperature of the SWWs to be
lowered. Low-temperature PL is observed by using a liquid
nitrogen �LN2� cooled InGaAs array detector coupled to the
monochromator. Temperature-dependent PL measurements
are performed using a single-element LN2 cooled extended-
InGaAs detector with an optical chopper and lock-in ampli-
fier to reduce detector noise. The highly divergent nature of
the light emission from the ends of the SWWs �Ref. 12�
allows the study of NIR lasing in this configuration.
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Figure 1�a� shows the PL of a single GaSb SWW com-
pared to a GaSb wafer. The presence of multiple PL peaks in
the GaSb wafer is due primarily to impurity-bound exciton
emission.7 The lack of observable features in the GaSb SWW
PL may be due to line broadening from an increase in the
temperature of the SWW relative to the GaSb wafer under
the laser excitation. Figure 1�b� shows the shift in the peak of
the PL with substrate temperature and the effect of higher
laser power on the PL from a GaSb SWW. For low power
excitation, the change in PL peak position with substrate
temperature follows the change in band gap with temperature
of bulk GaSb.13 The consistent shift and overlap of PL emis-
sion between the SWW and the bulk confirm that the SWW
is made of GaSb. With high power laser excitation, some
thermal broadening occurs, but the peak position remains
essentially the same when the sample is cooled to 20 K.
However, at 150 K, there is clearly an effect due to laser
heating. This laser heating is caused by reduced thermal
transport from the SWW to the sapphire substrate which can
pose a serious problem that needs to be addressed for prac-
tical SWW laser devices. Here we mitigate the problem by
cooling the GaSb SWWs to cryogenic temperatures.

With high laser fluence excitation and at low tempera-
tures ��100 K�, we are able to excite GaSb SWW lasers
strongly enough such that lasing can occur. Figure 2�a�
shows the change in the PL spectrum for an �35 �m long
SWW laser at different pump laser fluences. At low fluence,
the PL spectrum has a broad peak and the PL increases lin-
early with increasing fluence. At higher fluence, sharp peaks
in the PL spectrum appear, indicating that the lasing thresh-

old has been exceeded, and the PL peak at the primary lasing
wavelength abruptly increases while the spectral width of the
PL decreases. As the fluence is increased further, the primary
lasing peak increases more rapidly than the spontaneous
emission and the spectral width of the primary lasing line is
clearly much narrower than the low-intensity PL. Figure 2�b�
shows the change in the primary PL spectral width and peak
height as a function of fluence, clearly showing a slope
change when the lasing threshold is exceeded.

Different lasing mode spacings can be obtained by vary-
ing the diameter �transverse modes� or length �longitudinal
modes� of the SWW lasers. Figure 3 shows NIR lasing be-
havior for GaSb SWW lasers of different lengths, demon-
strating the change in mode spacing with cavity length. Due
to the presence of the multiple transverse mode ��20 al-
lowed modes� of the SWW lasers studied, it is difficult to
identify the longitudinal modes and correlate longitudinal
mode spacing to the length of the SWW.14 However, for the
data in Fig. 3�a�, we can see that around threshold there are
primarily four broad peaks, one of which has a narrow peak
within the broad peak. We attribute the �14 nm spacing be-
tween the broad peaks to the longitudinal mode spacing of
the SWW. To confirm this, we can estimate the longitudinal
mode spacing by using the Fabry-Pérot mode spacing rela-
tionship �approximately valid in our case, due to the rela-
tively large waveguide cross-sectional dimension�,6

��=�2 / �2nL�, where �� is the longitudinal mode spacing, �
is the wavelength ��1540 nm�, n is the waveguide refractive
index ��3.8, where the group velocity is approximately
equal to the phase velocity in our case of strong confinement,
neglecting both waveguide and material dispersion�, and L is

FIG. 1. GaSb SWW PL and effects of laser heating. �a� Normalized PL at
30 K of a GaSb SWW �gray� compared to a GaSb wafer �black�. �b� Nor-
malized PL of a GaSb SWW at 20 K �solid line� and 150 K �dashed line�
under low �black� and high �gray� laser average power excitations, demon-
strating the shift with temperature of the band gap and the effects of laser
heating. Data are taken using an extended InGaAs detector with an optical
chopper and lock-in amplifier.

FIG. 2. GaSb SWW NIR lasing. �a� PL spectra below �black, 38 �J /cm2�
and well above threshold �gray, 73 �J /cm2�, demonstrating spectral narrow-
ing above threshold. �b� Peak PL height at the lasing line wavelength of
1553 nm �black, up triangles� and PL width �gray, down triangles� vs laser
fluence, demonstrating increased output in the lasing line and spectral nar-
rowing to the laser linewidth above threshold. Both the PL full width at half
maximum �FWHM� and peak height at each laser fluence are determined by
a Gaussian fit. Data are taken at 30 K using an InGaAs array detector.
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the waveguide length �26 �m�. We estimate the longitudinal
mode spacing to be �12 nm, which is close to the observed
�14 nm spacing. For a longer SWW laser �Fig. 3�b��, we
observe a smaller longitudinal mode spacing ��6 nm�, and
more resonances are observed around threshold within the
gain bandwidth. We attribute the more closely spaced peaks
within each longitudinal mode group to be due to longitudi-
nal modes of different transverse modes.14,15 Different modes
will experience different amounts of gain, depending upon
the mode confinement, reflectivity, and wavelength �position
in the gain spectrum� of the mode.3 As a result, at high ex-
citation, the lasing peaks are spaced in a manner that does
not necessarily appear to be correlated with the longitudinal
mode spacing. In addition, the peaks broaden and shift to
longer wavelengths with high fluence excitation, which may
be attributed to heating, band gap renormalization, and
carrier-induced refractive index changes.14

The performance of our NIR SWW lasers can be esti-
mated by considering the carrier density at threshold. The
pump fluence at the lasing threshold for the NIR SWW laser
�Fig. 2�b�� is �50 �J /cm2. With an absorption coefficient of
�5.2�104 cm−1 ��190 nm absorption depth�7 at the excita-
tion wavelength �810 nm�, the peak carrier density is

�2�1019 cm−3. �dN /dt=�F /h��p leads to N=�F /h�,
where N is the carrier density, F is the fluence, � is the
absorption coefficient, h� is the photon energy, and �p is the
laser pulse width.� Assuming an �1000 nm diameter SWW
and negligible Auger recombination, the thermalized carrier
density �through carrier diffusion� is �4�1018 cm−3, which
is about two to three times the threshold carrier density in
typical edge emitting double-heterostructure lasers.6 Addi-
tional loss mechanisms due to poorly cleaved facets, surface
roughness, and/or the SWW-substrate interface may be the
cause of this reduced performance. Improved growth and
dispersion of the GaSb SWWs will address this issue.

In summary, we have demonstrated NIR lasing in a
semiconductor SWW laser. Our results are a first step to-
wards the use of NIR semiconductor SWW lasers in photo-
nic integrated circuits for telecommunications applications.
Issues such as electrical injection and thermal transport need
to be addressed before implementation of NIR SWW lasers
becomes practical.
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Synthesis of Group III Antimonide Nanowires
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Synthesis of nanowires of Group III antimonides (GaSb and InSb) is studied in detail using two approaches:
(i) direct antimonidization of Group III metal droplets and (ii) reactive vapor transport of Group III metals
in the presence of antimony in the vapor phase. The diameter of the GaSb nanowires ranged from 30 to 700
nm and length from a few to hundreds of micrometers. GaSb nanowires as long as 1 millimeter have been
synthesized using direct antimonidization of large (several millimeters) sized gallium droplets. Reactive vapor
transport of Group III metals in the presence of antimony in the vapor phase led to the formation of
homoepitaxially oriented GaSb nanowire arrays on top of GaSb crystals. In the case of InSb, 100-nm-thick
nanowires were obtained by direct antimonidization of indium droplets. Optical and electrical measurements
of the GaSb nanowires, performed using photoluminescence and scanning tunneling spectroscopy, reveal a
band gap of ∼0.72 eV, similar to that of bulk GaSb.

Introduction

Synthesis of inorganic semiconductor nanowires has attracted
much interest over the last 10 years1-4 with potential applica-
tions in nanoscale lasers, detectors, sensors, and other informa-
tion technology components.5-8 So far, most of the synthesis
work focused on wide band gap III-V or II-VI materials where
optical transitions are in the UV-visible-blue wavelength
ranges.5-7 There is, however, a vast wavelength range in the
infrared regime, where detectors and lasers are highly desired.
Nanowire technology might be able to provide unique solutions
for these wavelength ranges. GaSb and InSb, with respective
band gaps of 0.72 eV and 0.17 eV, have long been recognized
as important materials for midwave and long-wave infrared (IR)
detection and lasing applications.9-10 In addition, the low
effective masses of the carriers and the large exciton Bohr radii
of these antimonides make them ideal candidates for studying
the quantum confinement effects in nanowires.9

Despite much interest in antimonide semiconductors, the
synthesis of one-dimensional structures of GaSb and InSb has
not been reported extensively in the literature, although the
synthesis of the same in bulk11 and quantum dot12 forms has
been reported. Very few reports, including the synthesis of GaSb
nanowires using a single source precursor13 and InSb nanowires
using electrodeposition in porous templates,14 do exist in the
literature. Recently, we have synthesized GaSb nanowires and
successfully demonstrated lasing from a single GaSb sub-
micrometer-sized wire in the IR wavelength regime.15

Here, we present a detailed study on the synthesis of both
GaSb and InSb nanowires. The goal of the work is to determine
whether antimonidization reactions behave similar to nitridation
reactions in terms of nanowire growth from the Group III metal

droplets. The original concept for bulk nucleation and growth
of nanowires from low melting molten metal pools was
demonstrated and developed for Si, Ge, and later for Group III
nitrides, oxides, and sulfides.3,16-18 Another goal is to determine
whether Group III metal droplet-led growth via “self-catalysis”
can be employed for antimonide nanowire synthesis, similar to
previous demonstration of InN growth.19 In addition to the
synthesis, results from band gap and surface electronic structure
characterization are presented.

In the direct antimonidization of gallium (indium) approach,
droplets of gallium (indium) are exposed to antimony vapor.
The dissolution and supersaturation of gallium (indium) with
antimony leads to the nucleation of GaSb (InSb) crystals on
top of droplets. Further, growth of these droplets into nanowires
occurs by basal attachment. In contrast, the reactive vapor
transport approach involves the vapor transport and subsequent
reaction of gallium and antimony, both supplied through the
vapor phase. In this case, the formation of GaSb crystal nuclei
occurs on the substrate in the initial stages. This is followed by
selective wetting and gallium droplet formation on top of the
GaSb crystals. Hence, further growth of these crystal nuclei
occurs in a tip-led growth fashion leading to the formation of
GaSb nanowires.

Experimental Methods

Synthesis of GaSb nanowires was performed in a hot-wall
chemical vapor deposition (HWCVD) setup (Figure 1) which
consists of a 1-in. quartz tube housed inside a programmable,
single temperature zone Lindberg oven. The oven is capable of
heating up to 1100 °C with an accuracy of (1 °C. Growth of
GaSb nanowires was accomplished by both spontaneous
nucleation3,16-18 and reactive vapor transport techniques.19-20

For the direct antimonidization approach, amorphous quartz
substrates with molten gallium droplets were exposed to
antimony. Antimony was supplied using either pure antimony
or antimony chloride (SbCl3). Experiments using pure solid
antimony as the source were performed by placing antimony
powder in a quartz crucible on the upstream side of the reactor.

* To whom correspondence should be addressed. E-mail:
mahendra@louisville.edu (M.K.S.); cning@asu.edu (C.Z.N.).

† University of Louisville.
‡ NASA Ames Research Center.
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In that case, the antimony powder source and the molten gallium
covered substrates were at the same temperature because of the
use of a single temperature-zone furnace. In the case of the SbCl3
source, a sample cylinder, maintained at 80 °C, was attached
to the HWCVD setup. A gas mixture of 50 sccm hydrogen and
20 sccm argon was used as the carrier gas in all the above
experiments, for the vapor-phase transport of antimony/SbCl3
onto the molten gallium at pressures ranging from 30 mTorr to
100 Torr and substrate temperatures of 800-1050 °C.

Reactive vapor transport experiments for the synthesis of
GaSb nanowires were performed under similar conditions
wherein gallium (from a pure gallium source) was supplied in
the vapor phase along with antimony. Here, the reaction of
antimony and gallium vapors occurred on a blank quartz
substrate placed directly above the gallium source. The place-
ment of the substrates, for both the direct antimonidization and

reactive vapor transport approach, is shown in the inset to Figure
1. In all the cases, the substrates were supported on quartz boats
(inset to Figure 1) inside the quartz tube reactor setup. The
substrates for direct antimonidization approach were placed
inside the quartz boat (Figure 1) and the temperature of the
substrates is expected to follow that of the oven. However, the
substrates for reactive vapor transport experiments were placed
on top of the boat, mechanically supported by the walls of the
boat. In this configuration, the temperature of the substrates,
measured using a pyrometer, was observed to be about 100 °C
lower than the oven temperature.

For the case of InSb, only direct antimonidization of indium
droplets was used. Substrates pre-coated with droplets of indium
using simple evaporation were used in these experiments. The
substrates were placed on a boron nitride crucible filled with
indium. The crucible was then placed on a ceramic heater (GE

�i�ure �� (a) Schematic representation of the reactive vapor transport setup employed for Group III antimonide nanowire synthesis. The inset
shows the schematic representation of the setup of the substrates used for both direct antimonidization and reactive vapor transport approaches.

����E �� Experimental �onditions Emplo�ed �or the ��nthesis o��a��and In���ano�ires
no. group III metal source antimony source process conditions result
1 direct antimonidization

of molten gallium
droplets

pure gallium droplets
supported on amorphous
quartz substrates

pure antimony vapor
transported from a crucible
onto the gallium droplets

100 Torr,
800-1050 °C, 50 sccm
of 10� Ar in H2

700-900-nm-thick
GaSb nanowires

SbCl3 vapor transported
from a sample cylinder
onto the gallium droplets

150 m Torr,
800-1000 °C, 50 sccm
of 10� Ar in H2

20-30-nm-thick
GaSb nanowires

2 reactive vapor
transport method

pure gallium vapor
transported onto amorphous
quartz substrates

pure antimony vapor
transported from a crucible
onto gallium droplets

150 m Torr,
1000 °C, 50 sccm
of 10� Ar in H2

100-200-nm-thick
GaSb nanowires

3 direct antimonidization
of molten indium
droplets

pure indium droplets
supported on amorphous
quartz substrates

InSb powder supported
in a crucible

150 m Torr,
450 °C, 50 sccm of H2

100-nm-thick
InSb nanowires

indium droplets on
amorphous quartz
substrates in
the presence of chlorine

InSb powder supported
in a crucible

150 m Torr,
450 °C, 50 sccm of H2

100-nm-thick
InSb nanowires
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Advanced Ceramics) and heated in the presence of hydrogen
atmosphere at a temperature of 800 °C to obtain droplets of
indium on the substrates. The size of the indium droplets on
the substrate under these conditions varied from 20 nm to 2
μm. Antimony was then supplied onto these droplets in the
quartz tube setup mentioned above using pure InSb powder as
the source. The antimonidization of indium was performed by

placing substrates on top of the quartz boat containing the InSb
powder, with the indium droplet coated side of the substrate
facing the InSb source. In this case, the temperature of the
substrate is lower than that of the InSb source by 100 °C (450
vs 550 °C). Experiments were performed both with and without
the presence of chlorine. The addition of chlorine was ac-
complished by simply dipping the indium droplet-coated quartz

�i�ure 2� (a) Micrograph of GaSb nanowires synthesized using direct antimonidization of gallium droplets. (b) Optical micrograph of a 1-mm-
long nanowire synthesized using this approach. (c) Micrograph of a molten gallium droplet with GaSb nanowires coming out radially in all directions.
(d) SEM image showing rectangular faceting of a GaSb nanowire. (e) SEM image showing hexagonal faceting of a GaSb nanowire. (f) �RD of
the bulk synthesized nanowires showing that they have a diamond cubic crystal structure, with a lattice parameter of 6.096 �. (g) Raman spectrum
of the synthesized nanowires, showing a primary mode at 159 cm-1, corresponding to GaSb.

Synthesis of Group III Antimonide Nanowires J. Phys. Chem. C, �ol. 111, No. 20, 2007 73��
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substrates in 30 vol � hydrochloric acid solution before the
experiments. The experimental conditions used for the synthesis
of both GaSb and InSb nanowires are summarized in detail in
Table 1. The STS measurements were performed in vacuum
(10-6 Torr), using an Oxford mini cryo scanning tunneling
microscope (STM) equipped with mechanically cut Pt-Ir tips.
Typical set point bias voltage and tunnel currents employed were
1 V and 0.1-1 nA, respectively.

�esults and �iscussion

�a��a���ano�ire ��nthesis�First set of experiments were
performed by supplying antimony through the vapor phase onto
large (several millimeters) sized gallium droplets at 100 Torr
pressure. The scanning electron microscopy (SEM) image in
Figure 2a shows a high density of nucleation and growth of
well-faceted GaSb nanowires from a millimeter-sized gallium
droplet. Figure 2a shows only a small part of a droplet with
nanowires coming out of it. Nanowires as long as 1 mm were
synthesized under these conditions. An optical micrograph of a
1-mm-long nanowire is presented in Figure 2b. In this approach,
the direct antimonidization of gallium droplets lead to bulk
supersaturation of molten gallium with antimony, which leads
to spontaneous nucleation of GaSb crystal nuclei on top of the
droplet. Further growth of the nuclei occurs via basal attachment.
This leads to the formation of GaSb nanowires growing outward
from the droplet in all directions as shown in Figure 2c similar
to our earlier observations with Si, Ge, and III nitrides.3,16-18

All the nanowires are well faceted, and they predominantly
exhibit a rectangular cross-section consistent with the �110�
growth direction (see Figure 2d). In some cases, hexagonal
cross-sectional faceting is also observed (Figure 2e), which is

due to the appearance of (111) facets along with (110) facets.
�-ray diffraction (�RD) spectrum shown in Figure 2f for the
as-synthesized nanowires contains primary reflections corre-
sponding to the diamond cubic structure of GaSb with a lattice
parameter of 6.0959 �.10 Raman spectrum of the nanowires in
Figure 2g shows a longitudinal phonon mode peak (159 cm-1)
corresponding to GaSb. In addition to the primary phonon mode,
higher order phonon modes are also seen.

The SEM images in parts a and b of Figure 3 show the GaSb
nanowires synthesized using SbCl3 as the source for antimony.
Nanowires with diameters in the range of 20-30 nm (Figure
3c) and 5 μm in length were obtained. The growth of nanowires
in this case followed the same model as above, i.e., the
spontaneous nucleation and basal growth from large gallium
droplets. Here, the presence of chlorine aided in suppressing
the lateral growth while promoting growth of GaSb crystal
nuclei in one dimension. High-resolution TEM image in Figure
3d shows that these nanowires grow in �110�direction. Selected
area diffraction pattern of a nanowire obtained along the �-111�
zone axis is also shown as inset in Figure 3d.

GaSb nanowires were also synthesized using the reactive
vapor transport approach wherein both gallium and antimony
were supplied onto blank quartz substrates. The growth of
nanowires was observed only on the side of the quartz substrates
facing the gallium source, similar to the growth of InN
nanowires reported previously.19 The diameter of the nanowires
was approximately 100-200 nm. In this case, the nanowires
were observed to grow from the underlying crystals as shown
in Figure 4a with gallium droplets at their tips. In this self-
catalytic mode, the nucleation of the crystal initially occurs and
then the Group III metal droplets on top of these crystals lead

�i�ure 3�(a) and (b) Micrographs of GaSb nanowires synthesized using antimony chloride (SbCl3) as the source of antimony. (c) Low magnification
transmission electron micrograph of a GaSb nanowire. (d) High magnification transmission electron micrograph and the corresponding diffraction
pattern indicating the growth direction of the nanowires to be �110�.

73�2 J. Phys. Chem. C, �ol. 111, No. 20, 2007 Vaddiraju et al.
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to one-dimensional growth via liquid-phase epitaxy with the
underlying crystal. These results are similar to InN19 and GaN20

nanowire growth, where the Group III metal is vapor transported
onto the substrates in a dissociated ammonia environment. In
all these cases, the size of the resulting nanowires is primarily
controlled by the size of metal droplet formed. The droplet size
could increase with time, thus leading to extensive tapering
upward. The diameters of the nanowires could be as small as
10 nm at the base and could reach a few hundreds of nanometers
at the tip. Here, the increase in the size of the droplet could be
due to the change in the wetting behavior and hence the change
in the contact angle between the molten metal droplet and the
underlying crystal as the growth proceeds.

In some cases, the formation of large crystals of GaSb was
observed on the substrate, and the nanowires were found to be
in epitaxy with the underlying crystal, as shown in parts c and
d of Figure 4. The nanowires were found to be oriented relative
to both the (111) and (100) planes of the underlying crystals.

In particular, the nanowires were either oriented at an angle of
∼54.7° to the (111) plane (Figure 4c) or were parallel to the
(100) plane (Figure 4d) of the underlying crystal. On the (100)
plane, the nanowires were observed to grow perpendicular to
the surface in the initial stages. This is followed by a sharp
bend and the growth of the nanowires parallel to the (100) plane.
In addition, the formation of etch pits was also observed under
the nanowires grown on the (100) plane, which might be due
to the dissolution of antimony from the crystal into gallium
during the wire formation by liquid-phase epitaxy. On the basis
of the orientation of the nanowires relative to the crystal planes,
the growth direction of the nanowires is expected to be �110�.
TEM analysis (Figure 4e) of the nanowires shows that the
growth direction is �110�. The high magnification micrograph
in Figure 4e shows the plane spacing to be 0.431 nm, which
corresponds to the �110�planes of GaSb. The results indicate
the possibility of obtaining epitaxially oriented nanowire arrays
over single-crystal substrates. Also, the results show that the

�i�ure �� (a) Low magnification micrograph of GaSb nanowires synthesized using reactive vapor transport approach. (b) High magnification
micrograph showing homoepitaxial growth of GaSb nanowires on GaSb crystals. (c) Image of a single nanowire growing at an angle of 54.7° on
a (111) surface. (d) Image of a single nanowire growing at an angle of 90° on a (100) GaSb surface. (e) High-resolution TEM image of a GaSb
nanowire synthesized under these conditions, showing the growth direction of the nanowires to be �110�.

����E 2� �i��s �ree Ener���han�e �or the �eactions In�ol�ed in the �ormation o��a��, at a �ressure o��atm
reactive vapor transport spontaneous growth

temperature
(K)

Ga(g) + 1/2Sb2(g)f
GaSb(s)

(Δ�, J/mol)
Ga(g) + Sb(g)f

GaSb(s)

Ga(g) + SbCl3(g) +
3/2H2(g)f

GaSb(s) + 3HCl(g)

Ga(s+l) + Sb(g)f
GaSb(s)

Ga(s+l) + 1/2Sb2(g)f
GaSb(s)

Ga(s+l) + SbCl3(g) +
3/2H2(g)f

GaSb(s) + 3HCl(g)

300 -364026.55 -498097.8 -258157.25 -265940. 2 -728053.1 -25999.65
400 -342058.1 -470807.8 -251248.4 -249655. 2 -684116.2 -30095.8
500 -320231.75 -443600 -244048.5 -233361. 5 -640463.5 -33810
600 -298561.1 -416501 -236617.8 -217146 -597122.2 -37262.8
700 -277139.95 -389615.6 -229146.65 -201021. 1 -554279.9 -40552.15
800 -255700.4 -362679.2 -221404.3 -184995. 2 -511400.8 -43720.3
900 -234512.9 -335967.9 -213707.75 -169055. 7 -469025.8 -46795.55
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nanowires tend to attain a steady-state growth direction based
on the process conditions even though the growth direction could
be determined by epitaxial conditions.

Thermodynamic analysis of the gallium-antimony system
shows that the reaction between gallium and antimony for the
formation of solid GaSb is spontaneous in both the spontaneous
nucleation and basal growth and reactive vapor transport
approaches,21 as shown in eqs 1 and 2, respectively

Even though the sublimation of solid antimony into vapor is
not spontaneous, it is well-known that antimony evaporates at
high temperatures. In addition, it is also known that antimony

forms a dimer in the vapor. Gallium also evaporates at high
enough temperatures. The reactions of gallium with Sb2 for the
formation of GaSb are also spontaneous and represented below
in eqs 3 and 4

Hence, it is thermodynamically possible to react gallium with
antimony and obtain GaSb. The Gibbs free energy changes
associated with each of the above reactions at various temper-
atures are presented in Table 2.

Further, the reaction of gallium and antimony chloride for
the formation of GaSb is also spontaneous in both spontaneous
nucleation and reactive vapor transport approaches. The reac-
tions are represented below

The gallium-antimony phase diagram22 has a eutectic point at
a temperature of 29.7 °C in the excess gallium region. The
melting point of GaSb is 709.6 °C. From the phase diagram, it
can also be observed that the solubility of antimony in gallium
is negligible at temperatures below 400 °C. Hence, in principle,
it should be possible to spontaneously nucleate GaSb crystal
nuclei by supersaturating molten gallium droplets with antimony.
Similar to our earlier results with silicon and germanium
nanowire growth from molten gallium droplets, the nucleation
of GaSb nanowires from molten gallium droplets also occurred
in a spontaneous manner. The spontaneity of nucleation can be
clearly inferred from the uniformity of the lengths and also the
monosize distribution of the obtained nanowires.23 The spon-
taneity of nucleation could be explained based on the thermo-
dynamic arguments proposed by Chandrasekeran et al.,23-24 i.e.,
there exists a supersaturation limit at which the nucleation of
GaSb from gallium melt tends to be spontaneous. Because of
the lack of data to account for the variation of the above
parameters with varying gas-phase composition, the theoretical
prediction of the diameters of the nanowires is difficult. This is
because of the dependence of surface tension of gallium,
interfacial energy, and the interaction parameters on the gas-
phase composition along with temperature. In addition, the
dynamics of nuclei in the initial stages, depending upon the

�i�ure ��Photoluminescence of GaSb nanowires. (a) GaSb nanowires
(red) compared to GaSb wafer (black) at room temperature. (b)
temperature-dependent photoluminescence of a single GaSb nanowire.

Ga(l) + Sb(s)f GaSb(s) (1)

Ga(g) + Sb(g)f GaSb(s) (2)

�i�ure �� (a) Current-voltage (I-�) characteristics of GaSb nanowires obtained using STS measurements. (b) The dI/d� curve clearly shows a
band gap of ∼0.7 eV, consistent with that obtained using PL measurements.

Ga(s+l) +
1
2 Sb2(g)f GaSb(s) (3)

Ga(g) +
1
2 Sb2(g)f GaSb(s) (4)

Ga(s+l) + SbCl3(g) +
3
2 H2f GaSb(s) + 3HCl(g) (5)

Ga(g) + SbCl3(g) +
3
2 H2f GaSb(s) + 3HCl(g) (6)
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temperature and the gas phase, could alter the final nanowire
size. For example, the nuclei size estimated using the super-
saturation with the concentrations at the spinodal limit (the

concentrations at which spontaneous nucleation occurs) and the
equilibrium solubility may not be preserved as the final nanowire
size. The observed variation in the diameter of the obtained

�i�ure 7�InSb nanowires synthesized using indium (a) without the presence of any chlorine and (b) with the presence of chlorine. Pure InSb was
used as the source of antimony in both the cases. (c) �RD of the bulk synthesized nanowires showing that they have a diamond cubic crystal
structure, with a lattice parameter of 6.458 °A. (d) Raman spectrum of the synthesized nanowires, showing modes corresponding to InSb. (e)
Low-magnification transmission electron micrograph of an InSb nanowire, and (f) high-magnification transmission electron micrograph and the
corresponding diffraction pattern indicating the growth direction of the nanowires to be �110�.
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GaSb nanowires with varying gas-phase composition (presence
or absence of chlorine) is suspected to be as follows. Addition
of chlorine to the gas phase (through the SbCl3 source) leads to
an increase in the surface tension of the gallium, leading to the
suppression of lateral growth, thereby leading to the formation
of thin nanowires. However, in the absence of chlorine in the
gas phase, the coalescence of the smaller GaSb nuclei may result
in bigger crystals, leading to the formation of thick nanowires.
A second possibility is the lateral growth of thin nanowires
formed into thicker nanowires due to the better wetting of GaSb
by gallium in the absence of chlorine.

Photoluminescence (PL) studies show that the GaSb nanow-
ires exhibit a band gap of 0.72 eV (∼1720 nm). The room-
temperature PL spectrum of the nanowires along with that
obtained from a commercial single-crystal GaSb wafer is
presented in Figure 5a. The spectrum obtained from the
nanowires match well with that for the bulk wafer. Furthermore,
our lasing experiment15 showed that the GaSb nanowires are
of high optical quality. Figure 5b shows the temperature-
dependent PL of a single GaSb nanowire, showing the expected
blue-shifting of the PL peak with decreasing temperature. In
addition to the PL measurements, scanning tunneling spectros-
copy (STS) of the nanowires also confirmed the band gap of
GaSb to be approximately 0.7 eV (Figure 6). Current-voltage
characteristics of the GaSb nanowires obtained using STS are
presented in Figure 6a. The I-� curve is asymmetric, with a
steeper slope in the negative bias region, corresponding to
electrons tunneling from the valence band of the semiconducting
nanowires. The normalized differential conductivity �(dI/d�)-
(�/I)�,proportional to the density of states at (EF) obtained
numerically from the measured I-�characteristics, is presented
in Figure 6b. The curve clearly reveals the conduction and the
valence band edges and shows a broad band gap of ∼0.7 eV.

���In���ano�ire ��nthesis�The growth conditions cor-
responding to the direct antimonidization of indium droplets
for the spontaneous nucleation and growth of InSb nanowires
are presented in Table 1. These nanowires are approximately
100 nm in diameter and about 2 μm long as seen in Figure 7a.
In some cases, chlorine chemistry was used for enhancing the
surface tension of the indium melt surface for reducing the
lateral growth. These experiments were performed by dipping
the indium droplet coated substrates in 30� (by volume)
hydrochloric acid for 2 min before the experiment. The SEM
image in Figure 7b indicates high densities of straight InSb
nanowire arrays on top of indium droplets. The use of
chlorinated indium metal source allows for the formation of
spherical shape of indium metal droplets (Figure 7a) compared
to a more flat film like appearance observed in the absence of
any chlorine (Figure 7b). Nevertheless, both cases exhibited

spontaneous nucleation and growth of high densities of InSb
nanowires from pure indium metal. Chemical composition and
phase of the obtained nanowires were verified using Raman
spectroscopy and �RD, respectively. �RD of the nanowires,
in Figure 7c, shows that they have a diamond cubic phase with
a lattice parameter of 6.4959 �. Raman spectrum (Figure 7d)
of the nanowires shows two primary modes of InSb at 179 and
190 cm-1.25 The growth direction of the InSb nanowires is �110�
as confirmed by the TEM image in Figure 7f. In the case of
GaN, the growth direction obtained in the spontaneous nucle-
ation and growth approach is always C-plane oriented, and
different from the A-plane orientation observed in reactive vapor
transport approach. In contrast, GaSb has a diamond cubic
crystal structure and the growth direction expected is �111�and
not the observed �110�direction. However, the growth direction
can be varied in the case of InSb by varying the growth kinetics
using temperature as a parameter. This was previously observed
for the case of Ge nanowires synthesized from molten pools of
gallium in a spontaneous nucleation and growth approach.22

Further, high vapor pressures of indium at the experimental
temperatures always led to indium-rich conditions by forming
indium droplets in the initial stages. The antimonidization of
these droplets always led to spontaneous nucleation and growth
of a high density of nanowires as shown in parts a and b of
Figure 7. Nevertheless, experiments using metal organic com-
pounds of indium and/or other compounds could be used for
developing self-catalysis schemes of InSb nanowire arrays onto
single-crystal substrates similar to that observed for GaSb
nanowires.

STS analysis performed on the synthesized InSb nanowires
is presented in Figure 8. The I-� curve obtained from InSb
nanowires is more asymmetric, compared to that observed in
the case of GaSb. Further, InSb nanowires show a U-shaped
dI/d� with negligible density of states, making it difficult to
estimate the exact value of the gap accurately, consistent with
InSb being a very narrow band gap semiconductor having a
bulk gap of 0.17 eV.

�onclusions
In summary, we have presented a detailed study on the direct

synthesis of GaSb and InSb nanowires using gallium/indium
pure metal sources and antimony or SbCl3 as the antimony
source. The results clearly illustrate that the direct antimonidiza-
tion reaction of Group III metal droplets lead to spontaneous
nucleation and growth of a high density of nanowires from larger
sized metal droplets. In the second approach, the vapor transport
of gallium in the presence of antimony in the gas phase, led to
gallium droplet at tips, and thereby the tip-led growth of
nanowires with liquid-phase epitaxy. The synthesis concept

�i�ure �� (a) I-� characteristics of the synthesized InSb nanowires, and (b) tunneling conductance of the nanowires showing negligible DOS.
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shown here could be extended to other materials, such as
aluminum antimonide (AlSb). In addition, our results show that
homoepitaxially oriented antimonide nanowires can be synthe-
sized over large areas by employing single-crystal substrates
and by controlling the supply of Group III metal.
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Abstract

This report presents studies performed on high contrast electrochromic devices based on WO3 nanowires. The devices were made in
two formats. The first kind was made with vertically oriented nanowires grown on fluorinated tin oxide (FTO) coated glass substrates
using a low pressure hot filament CVD process. The devices made with these substrates showed a highly reversible transmission

modulation of over 70% with almost 0% transmission in the colored state, at a wavelength of 700 nm. In the second kind of devices,
made using dispersed nanowires in a mat-like format, a transmission modulation of over 50% was observed in the same wavelength
regime. The bleaching times of electrodes with high densities of nanowire arrays showed a large dependence of bleaching timescales based

on the coloration timescales used. Beyond the observed enhancement in the optical transmission contrast characteristics, the coloration
and bleaching timescales can be further improved by optimizing the nanowire array characteristics such as their densities and aspect
ratios.
r 2007 Elsevier B.V. All rights reserved.

Keywords: Electrochromics; Nanowires; CVD; WO3

1. Introduction

Nanoporous devices based on nanowires and columnar
structures are gaining importance in various electrochemi-
cal device applications due to their high surface area and
their potential to offer low resistance to charge and mass
transport [1]. So, there is a need to synthesize nanowire-
based films in a controlled and uniform manner and
understand their behavior in a variety of electrochemical
energy applications. So far, there have been only a few
reports on the use of vertical arrays of nanowires for both
dye sensitized solar cells and electrochromic devices [2–5].
But, it is not clear whether the nanowire-based porous films
made using nanowire dispersions could be employed for
high contrast electrochromic devices. Also, much more
needs to be understood in order to optimize the use of
vertical arrays for electrochromic devices. In addition, the
ease of mat-like thin film preparation using nanowire
dispersions is suitable for roll-to-roll manufacturing
processes on an industrial scale and onto a wide variety

of substrates. So, we fabricated electrochromic devices
both in the mat-like and nanowire array formats and
investigated their electrochromic performance.
Electrochromism is the phenomenon of inducing a

reversible change in the optical properties of a material
by the application of a small electric field [1]. Transmission
modulation in these films is achieved by varying the
oxidation state of the electrochromic material by an electric
field assisted insertion and extraction of small alkali metal
ions, like lithium (Li+) [1]. Tungsten trioxide has been a
choice for these applications for a long time owing to its
high stability and good electrochromic behavior [6].
Development of electrochromic materials has gained
increased importance in the last few years due to their
potential to reduce air conditioning costs and thus the
energy consumption in buildings by cutting off the infrared
(IR) part of the solar spectrum, and also as information
display devices [7]. Thin films of WO3 deposited using
various methods like sol–gel technique, photochemical
vapor deposition, vacuum evaporation, anodic oxidation,
template assisted methods, etc. [8–12] have been success-
fully used in the past for making these devices. The
performance of electrochromic devices is a function of the
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nature of the material (amorphous or polycrystalline),
morphology, composition, as well as their water content
[1]. Nanocrystalline forms of these materials offer higher
porosity while still maintaining a high intercrystalline
contact necessary for electrical conductivity. Such films
have higher transmission and are expected to exhibit better
electrochromic optical modulation compared to the con-
ventional films due to their open structure [6]. There have
been only two reports in literature on the fabrication of
electrochromic devices based on nanowires [4,5]. The
materials used in these studies were oxygen deficient
W18O49 and V2O5 nanowires. In both the reports, the
vertically oriented nanowires were directly deposited on the
FTO substrates by thermal evaporation using powders as
sources. Nanowires in the present study were synthesized
using a scalable hot filament CVD process. This method of
synthesis allows easy change in processing conditions to
vary the density, diameters, and aspect ratio of the
nanowires.

2. Experimental

Fig. 1 shows a schematic of the hot filament CVD
reactor setup used for the synthesis of tungsten oxide
nanowires. The setup consists of a 2-inch diameter quartz
tube housed in a tube-furnace. The ends of the quartz tube
are connected to the necessary accessories for flow and
pressure control. The filament used for the experiments is
mounted on hollow ceramic rod as shown in Fig. 1. A
0.5mm diameter tungsten wire was used as the source of
tungsten in these experiments. The tungsten filament is
heated up using an electrical feed-through to temperatures
of about 1950K. The temperatures within our system were
monitored using a dual wavelength pyrometer. Quartz
boats were employed to curtail the deposition of tungsten
oxide directly onto the tube walls. Typically, the substrates
(FTO coated glass slides) were placed on the boat as shown
in the schematic. The temperature of the substrate during
the nanowire growth was �823K at 770mTorr and a flow
of 11 sccm of air. The synthesis procedure and the
nanowire growth mechanism is explained in more detail
elsewhere [13].

In order to make dispersions of the synthesized
nanowires, the as-synthesized nanowires were collected as
dry powders by scraping the material from the quartz
substrates. The as-obtained nanowire powder was dis-
persed into dimethyl formamide (DMF) with an ultrasonic
horn for 2min followed by sonication in a low energy
density bath for about 15min. The dispersions were
allowed to settle for few minutes and the initial sediments
were taken out and weighed. The initial sediments always
contained nondispersed agglomerates and thicker nanowire
bundles. The dispersions were allowed to settle over two
days. The sediments were examined using SEM to observe
the agglomeration patterns. The upper portions of the
solution contained well-dispersed nanowires. This solution
was used to make the mat-like electrodes.
Electrodes in mat-like format were made by depositing

1wt% dispersion of WO3 nanowires in DMF solution on
FTO substrates, over an area of approximately 0.25 cm2.
After depositing the nanowires, the electrodes were heated
in ambient atmosphere at a temperature of 773K, to
oxidize the substoicheometric tungsten trioxide to WO3.
The electrodes after oxidation became highly transparent
forming the WO3 phase, which was confirmed by XRD.
The counter electrode for this device was another FTO
glass piece. The two electrodes were assembled face to face
into a sandwich-like structure with 1M LiClO4 in
propylene carbonate as the electrolyte between them. For
this purpose, the electrodes were separated by a plastic
spacer of �150 mm thickness. Electrochromic devices based
on nanowire arrays were also made in a similar fashion.
Schematic representations of these devices are shown in
Figs. 2(a) and (b).

3. Results and discussion

Fig. 3(a) shows the SEM micrograph of a substrate on
which the nanowires were grown for 10min, indicating a high
density of vertically oriented nanowire arrays. The nanowires
obtained had diameters ranging from 40 to 60nm and lengths
up to 2mm. The number density of nanowires on these
substrates was found to be �7� 1010 nw/cm2 (Fig. 3(b)).
From the SEM image, it can be seen that there is a
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Fig. 1. Schematic representation of the CVD reactor used for the synthesis of WO3 nanowires.
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modification in the interface between the nanowires and the
FTO substrate, compared to the bare FTO surface before the
experiment. This modification could have helped in decreas-
ing the contact resistance by making an alloy at the interface.
However, the Li+ intercalation/deintercalation characteristics
for such alloys may differ from WO3. Also, the diffusion of
sodium atoms into the FTO layer during the nanowire
synthesis may have adversely affected the final characteristics
of the electrode. The properties of the interface, although
interesting with regard to the electrochromic behavior of the
electrodes, have not been carried out at this point in time. The
as-synthesized nanowires were blue in color. The X-ray
diffraction (XRD) spectrum (Fig. 4(a)) indicated that the as-
synthesized bluish nanowire deposit was composed of an
oxygen deficient monoclinic W18O49 phase (JCPDS#05-0392,
a ¼ 18.28 Å, c ¼ 13.98 Å, and b ¼ 3.775 Å). Oxidation of the
as-synthesized nanowires in ambient atmosphere at a
temperature of 500 1C for about 30min changed the color
of the nanowires to yellow, and the corresponding XRD
spectrum (Fig. 4(b)) indicated that the phase of the nanowires
changed from W18O49 to WO3 (JCPDS #20-1324;
a ¼ 7.384 Å, b ¼ 7.512 Å, and c ¼ 3.846 Å). At the same
time, no structural damage or change is observed for
nanowires after the oxidation. In comparison, the SEM of
the electrodes with nanowires deposited on them from
dispersions had a number density of �109 nw/cm2 (Fig. 3(c)).
The optical transmission measurements on these electro-

des were performed using a Perkin-Elmer Lambda 950
UV–vis spectrometer. An EG&G PAR 273A potentiostat
was used to apply potentials to the WO3 electrode with
respect to the counter electrode (bare FTO glass). All the
optical transmission measurements were performed with
respect to a blank device which consisted of two FTO coated
glass pieces sandwiched and sealed together in the same
fashion as the devices and filled with the electrolyte. Thus,
the transmission measurements included contributions from
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Fig. 2. Schematic representation of the electrochromic devices made with (a) vertical arrays of WO3 nanowires grown on FTO substrates, and (b)

nanowires deposited from dispersions.

Fig. 3. Scanning electron micrographs of (a) cross section of vertical

arrays of nanowires grown on FTO substrates, (b) top view of the

nanowires, and (c) nanowires deposited from dispersions.
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the WO3 films only. For coloration of the films, a voltage of
�3.5V was applied to the working (WO3) electrode. During
the bleaching process, a voltage of 2.5V was applied to the
electrode. Optical photographs of electrodes made with
vertical arrays of nanowires in the colored and bleached
states are shown in Fig. 5. All the spectra were collected in

the wavelength range of 350–800 nm. Fig. 6(a) shows the
variation of optical transmission through an electrochromic
device made using a WO3 vertical array of WO3 nanowires
on an FTO substrate. The plots show the transmission
through the device at potentials of 0.0, �3.5, and 2.5V. In
this case, film electrode was kept at the coloration potential
for 5min. These films show a high change in the
transmission before and after applying the coloration and
bleaching potentials. From the transmission spectra of these
devices, it can be seen that the films are highly electro-
chromic in the near IR wavelengths, with the transmission
values falling to 0% from 76% on applying the potential.
Upon applying bleaching potential, the optical transmission
through the films go back to 71% transmission. It was
found that although the coloration process seems to be fast
in these films, the bleaching process takes a long time. In the
above case, the coloration took place almost instanta-
neously, but the bleaching took almost 30min to reach a
value of 71%. The difference in the coloration and bleaching
timescales was also observed when the electrodes were
subjected to step potential changes at intervals of 5min
(Fig. 6(b)). As shown in Fig. 6(b), a transmission modula-
tion of about 40% at 700 nm is observed. Although the slow
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Fig. 5. Optical photographs of the electrochromic device made with

vertical arrays of nanowires in the bleached and colored states.
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bleaching is consistent with reports by Maruyama and
Kanagawa [9] for CVD grown films at 300 1C, the reason
attributed for it was the inclusion of microcrystalline
particles, whereas the films prepared in this report have
much smaller length scales.

It was also observed that the transmission through the
electrodes increased continuously with the application
of a bleaching potential, reaching a saturation value after
about 30min. The initial steep rise in the bleaching
behavior and a slowdown in the bleaching with time
indicate that there are two different steps involved in the
bleaching process, a fast component and a slow compo-
nent. The channels in the nanowire array films get
narrower in the interior parts as they go toward the
substrate. As soon as the coloration potential is applied, all
the Li+ ions intercalate into the upper regions of the WO3

nanowire arrays instantaneously. Most of the coloration in
the first few seconds is observed mostly due to the
intercalation of Li+ ions in the upper parts of the
nanowires closer to the bulk electrolyte solution. Further
application of the potential makes Li+ ions intercalate into
the interior parts of the nanowires as more and more Li+

ions diffuse into interior regions depleted with the Li+

ions. The continued application of coloration potential and
subsequent intercalation of Li+ into the interior parts of
the WO3 nanowire arrays does not seem to effect the
optical contrast significantly. During this period, a
significant amount of Li+ intercalation related current is
observed. The rapid coloration of these films due to the top
layer of the film is further confirmed by the XPS spectra of
these films taken after 15 s of coloration. The XPS spectra
of the films clearly show the well-resolved spin-orbit split
doublet peaks which correspond to the W 4f7/2 and W 4f5/2.
Fig. 7(a) shows the W 4f7/2 and W 4f5/2 peaks at 36.6 and
38.6 eV, respectively, which correspond to the W+6

oxidation state. Fig. 7(b) shows the peak positions at 36
and 38 eV, corresponding to the +5 oxidation state of W.
The bleaching process seems to be most effected by the
longer durations of the coloration. When bleaching
potential is applied, the Li+ deintercalates from the WO3

and goes into the electrolyte solution. The Li+ from the
upper parts of the nanowires quickly deintercalates but the
optical transmission does not change significantly because
of intercalation of interior parts of the nanowire arrays.
The subsequent deintercalation process from the interior
parts of the WO3 nanowire arrays occurs slowly for the
following reasons: First, due to the Li+ already present in
the electrolyte solution, further deintercalation becomes
difficult and due to the slow rate of mass transport of Li+

from the interior parts of the film to the bulk, Li+ ion
concentration builds up, which slows down the deinterca-
lation even further. Therefore, the color which remains for
a long time during the deintercalation process is due to the
Li+ ions in the interior parts of the WO3 film. The above
dependence of the performance of these devices on the
nanowire array density requires further optimization of
these structures.

The above measurements were also performed on WO3

films grown for 2min which had very high density of
nanowires (Fig. 8). It was observed that the timescales
associated with the transmission change through the
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Fig. 8. SEM image of nanowires grown on the FTO substrates for 2min.
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Fig. 7. XPS spectra of the nanowire arrays (a) before and (b) after Li+

intercalation.

S. Gubbala et al. / Solar Energy Materials & Solar Cells 91 (2007) 813–820 817

Reference No 69

288



electrodes was a strong function of the time for which they
were subjected to a coloration potential. Fig. 9 shows the
dependence of transmission modulation of these electrodes
with time when a coloration potential of �3.5V was
applied for (a) 10 s, (b) 30 s, and (c) 5min, followed by a
bleaching potential for 5min. These substrates had an even
higher density of nanowires. The variation of bleaching
time scales with different coloration times is again due to
the high density of nanowires on the films which limits the
mass transport of Li+ out of the nanowires after applying
long coloration potentials and indicates that the bleaching
behavior is more dependent on the nanowire density,
rather than the interface between the nanowires and the

FTO. The dependence of coloration and bleaching times
on the porosity of tungsten trioxide films was studied
recently in ‘‘nanohole-array membranes’’ by Nishio et al.
[14] Their study showed that as the hole size in the films
increased the coloration and bleaching times decreased
significantly. This was attributed to the different rate of
diffusion of Li+ ions into the WO3 membranes with
different porosities. The dependence of bleaching times on
the density of nanowires suggests that the density of these
nanowires on the substrate has to be optimized in order to
obtain bleaching times to less than 30min irrespective of
the coloration time scales and at the same time maintaining
high contrast.
Fig. 10 shows the cyclic voltammogram performed on

one of these devices. The voltammograms shows cycles
after 50 and 200 cycles. The electrochemical cycling
performed on these electrodes at 100mV/s scan rate in
the potential range of �3.5 and 2V does not indicate any
degradation with lithium intercalation and deintercalation
even after 200 cycles.
The electrochromic performance of mat electrodes was

also measured in a similar fashion. The optical photo-
graphs of these electrodes are shown in Fig. 11. Fig. 12(a)
shows the transmission spectra of the electrode from 350 to
800 nm. The scans were taken with 0 bias, �3.5V, and
2.5V. From the transmission spectra of these electrodes, it
can be seen that these films also show an acceptable
electrochromic behavior. The transmission at 700 nm for
these films at 0 bias is about 85%, which falls down to 32%
upon Li+ intercalation. The transmission goes back to
�80% upon bleaching. The cycling behavior of these
devices taken in 5min intervals shows a transmission
modulation of about 35% as shown in Fig. 12(b). These
devices also show no electrochemical degradation with
cycling similar to the data shown in Fig. 10 for devices
made using nanowire arrays grown directly on FTO
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substrates. The high transmission through these films in the
colored state is due to the low density of these wires on the
FTO substrate, which allows the direct passage of light
through the FTO, without interacting with the nanowires.
The transmission through these electrodes in the colored

state can be decreased further by increasing the loading of
nanowires on these substrates. As in the case of the
electrodes with WO3 vertical arrays, the bleaching times are
again dependent on the time of coloration.
Chronoamperometry was performed on both kinds of

devices to study the currents during lithium intercalation
and deintercalation. The plots (shown in Fig. 13) indicate a
faster decay in the currents in the case of mat-like devices
when compared to the array-based devices, both during
coloration and bleaching. Although, this suggests that
bleaching and coloration should be faster in mat-like
configurations, it is observed that coloration is faster in the
case of array electrodes, while bleaching is faster in the case
of mat-like electrodes. This indicates that the change in the
transmission of these electrodes is not a simple function of
current.

4. Summary

The results described here demonstrate that WO3

nanowires can be used as high contrast electrochromic
devices. The devices can be made from vertically oriented
nanowires on FTO substrates or with nanowires deposited
on FTO substrates from dispersions. The optical transmis-
sion modulation of the two devices was comparable, with
the vertical arrays showing a relatively higher performance.
The bleaching times of the devices made with nanowires in
the mat-like format were found to be shorter than the ones
made with vertical arrays. The transmission characteristics
of devices made in mat-like format can be further improved
by optimizing the nanowire density, diameters, and their
aspect ratios.
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Band-Edge Engineered Hybrid Structures for Dye-Sensitized Solar
Cells Based on SnO2 Nanowires**
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1. Introduction

Over the past decade, TiO2 nanoparticle films have been

used widely for dye sensitized solar cells (DSSC).[1,2] The

electron injection rates from the excited dye into the TiO2

nanoparticles are ultra-fast, on the order of femto seconds, but

the electron recombination rates are high due to low electron

mobility and transport properties.[3] Thus, there has been an

interest in search for alternate materials and assemblies. ZnO

and Nb2O5 are possible candidates, since they have a more

negative conduction band edge than TiO2, but suffer from

chemical instability and poor dye adsorption properties.[4,5] Tin

oxide (SnO2) on the other hand is a promising wide band gap

oxide material because of its higher electronic mobility and

large band gap (3.8 eV). Mobility reported in both single

crystal SnO2 (me� 250 cm2V�1 s�1)[6] as well as nanostructures

(me� 125 cm2V�1 s�1)[7] are orders of magnitude higher than

in both single crystal TiO2 (me< 1 cm2V�1 s�1)[3] and ZnO

(me� 1–5 cm2V�1 s�1).[8] Furthermore, SnO2 has a low

sensitivity to UV degradation due to its larger band gap and

hence has better long term stability.[9] In spite of these

advantages the open circuit voltage, Voc, of SnO2 nanoparticle

based DSSCs has been limited to less than 400mV,[10–14]

making them less attractive. Various attempts to improve the

efficiencies of SnO2 nanoparticle based cells such as electrode

surface and electrolyte modification to improve the dye

attachment,[14,15] mixing with nanoparticles of other materi-

als,[12,16–18] and coating with thin layer of other oxide materials

to form core-shell structures have resulted in moderate

improvements in efficiency.[9,19–22]

The main drawback for any nanoparticle (NP) based cells is

poor interconnectivity between particles that results in high

recombination losses and low fill factor.[23] Nanowires (NW)

on the other hand are promising for DSSC because they can

provide faster electron transport for the injected electrons to

the back contact. The use of nanowire arrays was first proposed

for photoelectrochemical generation of hydrogen from

water,[24] followed by reports on their use in DSSC.[23,25–27]

Although, the majority of the reports on DSSC used vertically

aligned nanowires on conducting substrates for fast electron

transport, the morphology and orientation of nanowires is

shown to play an important role in enhancing the dye loading

and light absorption specifically indicating that the photon

absorption and fill factor are better with ‘‘flower-like’’

structures compared to vertical arrays.[28] In the current work,

we used nanowire powder containing highly branched and

interconnected SnO2 nanowires to fabricate a dense matrix.

This method will allow for large scale manufacturing of solar

cells on a roll to roll basis on flexible substrates.

Most importantly, the use of NWs allows the implementa-

tion of hybrid structures designed based on band-edge

engineering. In this work, hybrid electrodes were fabricated

by coating SnO2 nanowire matrix with TiO2 nanoparticles. See

Figure 1 for the energy band diagram of SnO2, TiO2, and N719

dye at pH¼ 1 with respect to the electrochemical scale. The

conduction band edge of SnO2 is 0.4V more positive than that

of TiO2. Thus the electrons injected into TiO2 from the excited
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In this report, we show for the first time that SnO2 nanowire based dye sensitized solar cells exhibit an open circuit voltage of

560mV, which is 200mV higher than that using SnO2 nanoparticle based cells. This is attributed to the more negative flat band

potential of nanowires compared to the nanoparticles as determined by open circuit photo voltage measurements made at high

light intensities. The nanowires were employed in hybrid structures consisting of highly interconnected SnO2 nanowire matrix

coated with TiO2 nanoparticles, which showed an open circuit voltage of 720mV and an efficiency of 4.1% compared to 2.1%

obtained with pure SnO2 nanowire matrix. The electron transport time constants for SnO2 nanowire matrix were an order of

magnitude lower and the recombination time constants are about 100 times higher than that of TiO2 nanoparticles. The higher

efficiency observed for DSSCs based on hybrid structure is attributed to the band edge positions of SnO2 relative to that of TiO2

and faster electron transport in SnO2 nanowires.
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dye will be efficiently injected into SnO2. The excellent

transport properties of interconnected nanowires should allow

fast transport of electrons to the back contact, thus lowering

the recombination rate. Thus in principle one can tailor the

properties of hybrid DSSC to maximize the efficiency by

choosing different semiconductors with appropriate band

lineup and electronic properties.

2. Results and Discussion

The SEM images in Figure 2 show morphologies of the as-

synthesized nanowires. The sizes of SnO2 nanowires ranged

from 20nm to 200 nm in diameter and lengths up to a few tens

of micrometers depending on the growth conditions. In this

method, the growth of nanowires follows that of a self catalytic

vapor-liquid-solid (VLS) mechanism.[29] The branching and

interconnectivity of nanowires is promoted by providing Sn

droplets intermittently for secondary nucleation. This is done

by fluctuating the temperatures of both the Sn source and the

substrate (see Fig. 2b). In the case of excess Sn in the initial

stages, oxidation proceeds via spontaneous nucleation of high

density of nanowires from large size Sn droplets leading to

flower-like morphologies (Fig. 2d).[30,31]

Figure 3 shows the SEM image of hybrid electrodes

fabricated using SnO2 nanowires. The diameters of the

SnO2 nanoparticles coated on the nanowires were found to

be in the range of 20–40 nm. It is interesting to note that on the

nanowires, the SnO2 particles aggregates into clusters. On the

other hand, the TiO2 particles form a uniform coating along

the length of nanowires. The diameters of TiO2 nanoparticles

ranged from 5 to10 nm. The XRD spectrum of the TiO2 coated

nanowires confirmed that they were highly crystalline phases of

SnO2 nanowires and rutile phase TiO2 nanoparticles. Figure 3c

shows themorphology of ALD coating of TiO2 onto SnO2NW.

Figure 3d shows the SEM of the 20–30 nm sized, commercially

obtained tin oxide nanoparticles.

Figure 4 shows the current–voltage characteristics of DSSCs

made using four different types of SnO2 materials. The various

cell parameters obtained from the data shown in Figure 4a are

summarized in Table 1. The electrodes made using nanowires

irrespective of their size and morphology consistently showed

higher open circuit voltage (Voc¼ 520–560mV) and fill factor

(FF¼ 0.5) than the nanoparticles electrodes (Voc¼ 350mV

and FF¼ 0.36). However, the higher current density of the

nanoparticle based DSSC (Isc¼ 11mAcm�2) can be attributed

to their higher surface area (Roughness factor�900) compared

to the nanowire (5.7mAcm�2) based electrodes (Roughness

factor �100–200) fabricated here. The roughness factors were

estimated using both the weights of materials used within the

films of similar thicknesses (25–30mm) and the specific surface

areas determined using BET isotherms for sintered nanowire

and nanoparticle samples. In the case of NWs, the surface

roughness factors were different between samples produced in

separate synthesis experiments due to differences with the

diameter distribution and the interconnectivity in the resulting

nanowire powders. In terms of different nanowire samples, the

current density was highly dependent on the morphology of

the wires. Typically, current densities ranged from 1mAcm�2

for individual nanowires to 6mAcm�2 for the thin, highly

branched, nanowire based electrodes. Higher efficiencies were

observed for electrodes made using branched and highly

interconnected nanowire samples (2.1%) compared to the

electrodes made using powder containing mainly individual

NWs (0.58%). The efficiency values reported above were

estimated using the transmitted light intensity through the

FTO substrate (�70mWcm�2). The overall efficiency values

for these cells without considering 30% transmission loss

through the FTO substrate are approximately 1.5% and 0.4%,

respectively. It should however be noted that some studies in

literature have used conducting glass substrates with anti-

reflective coatings that can give over 95% transmission.[32] In

this case, the efficiency values reported while correcting for the

transmission loss for the specific FTO substrates used would be

most appropriate.

As shown in Figure 4, the Voc of all nanowire electrodes was

observed to be greater than 520mV (typically closer to

560mV) irrespective of the size and morphology of NWs.

These values are about 200mV higher than the typical Voc

values for nanoparticle electrodes reported here and else-

where. Figure 5 shows the changes in the open circuit potential

of SnO2 nanowire and nanoparticle DSSC’s with increasing

light intensity. The Voc, which is the difference between the

Fermi level in the semiconductor and the redox potentials of

I�/I3
�, of all the electrodes increased with increased light

intensity and saturated at high light intensities. The measured

Voc values under high light intensities can give a rough estimate

of the Fermi level position assuming that it is not limited by the

charge injection from the dye. In the measured intensity range,

the maximum value of Voc of nanowire electrode is 250mV

S. Gubbala et al. /Band-Edge Engineered Hybrid Structures for Solar Cells

Figure 1. Energy band diagram of SnO2, TiO2 and N719 dye with respect
to the electrochemical scale at pH¼ 1.
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higher than the nanoparticle electrode. Assuming the potential

of I�/I3
� at þ0.4V versus SHE, the flat band potentials

estimated for SnO2 nanoparticle, and nanowire electrodes

were þ0.1V versus SHE, and �0.16V versus SHE, respec-

tively. The Mott–Schottky analysis also showed similar

difference between the flat band potentials for nanoparticle

and nanowire electrodes. However, the data exhibited large

frequency dependence and thus is not considered further for

estimating the absolute position of the flat band potential.

Nevertheless, one must still explain the origin for the observed

difference between Fermi level positions of nanowire and

nanoparticle electrodes from the observed, open circuit

potentials. Since nanowires typically have only one or two

types of facets, the surface of all nanowires could represent that

of a single crystal surface. Such faceted structures have been

observed for other nanowire systems also. For example, in the

case of GaN, such faceting was clearly observed after

homoepitaxial growth on thin (<30 nm) nanowires to form

belts and thicker wires depending on the growth direction of

the starting nanowire.[33] In fact, the measured value of the flat

band potential for SnO2 nanowire electrode determined using

the open circuit potential at high light intensities is close to the

flat band potential value (approximately �0.1 vs. SHE at

pH¼ 7) for single crystal electrode determined using Mott–

Schottky analysis.[34] Nanoparticles on the other hand have

mixed facets and a large number of edge sites leading to a high

degree of surface polycrystallinity. Such shifts in the flat band

potential with crystallographic orientation have also been

noted before in other materials.[35,36] Further in-depth work is

underway using ultraviolet photoelectron spectroscopy (UPS),

Kelvin probe along with Mott–Schottky analysis to determine

the absolute positions of Fermi level and conduction band edge

in both nanoparticle and nanowire electrodes.

The data in Figure 4a suggests that the SnO2 nanoparticle

coated SnO2 nanowire DSSC’s showed a very little increase

(Isc¼ 6.3mAcm�2) in the short circuit current compared to

SnO2 nanowire electrodes (Isc¼ 5.7mAcm�2) while the value

of their open circuit potentials (484mV) were between those of

SnO2 nanoparticle (356mV) and SnO2 nanowire electrodes

(522mV). The TiO2-SnO2 hybrid structures showed the

highest efficiencies (4.1%), with a high short circuit current

(8.56mAcm�2) and open circuit voltage (686mV). The current

S. Gubbala et al. /Band-Edge Engineered Hybrid Structures for Solar Cells

Figure 2. Representative SEM images of the as-synthesized a) straight tin oxide nanowires, b) branched tin oxide nanowires c) large diameter, low aspect
ratio SnO2 nanowires, and d) tin oxide nanowires growing out of one single droplet of tin during initial growth. Longer experiments lead to the complete
conversion of tin droplets into nanowires.
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densities of the TiO2-SnO2 hybrid electrodes depended on the

morphology of SnO2 nanowires used and typical values for

samples made in this work ranged from 3 to 9mAcm�2. At

high light intensity, the maximum voltage shown by the hybrid

electrode was�750mV, corresponding to�0.35V versus SHE.

If one were to calculate the efficiency without correcting for the

transmission loss from FTO substrate, the efficiency value is

about 2.9%. The corresponding IPCE curves are shown in

Figure 4b. The higher IPCE values of the nanoparticle

electrode compared to nanowire electrode is due to their

higher surface area and higher dye loading. Also, both the

absorption spectra and the IPCE spectra obtained for another

set of SnO2 nanoparticle and nanowire electrodes illustrate the

same aspect (shown in the Supporting Information). Note that

these electrodes have different thickness and are prepared

using a different batch of nanowires than those used for the

data in Figure 4.

In order to understand the differences observed with

different electrodes in Figure 4, we conducted photocurrent

and photovoltage decay measurements. Figure 6 shows the

photocurrent decay measurements for different electrodes.

The current responses were fitted using first order decay

kinetics and the time constants were obtained accordingly and

summarized in Table 2. The transport time constants of various

nanowire samples were varied depending upon how well they

are interconnected and branched. These values ranged from

4.5ms for high aspect ratio branched nanowires to 30ms for

low-aspect ratio loosely connected wires. Also, the electron

transport in the nanowire electrode is generally found to be

faster than the nanoparticle electrode (t¼ 17ms). Earlier,

much dramatic improvement in the electron transport was

reported for ZnO NW array (t¼ 30ms) compared to its

counterpart NP cells (t¼ 10ms).[37] Fast current decay in

nanowire based electrodes in these cell indicates a higher

diffusion constant (Dn) for electron transport through them

(since the film thicknesses are almost the same). Since the

electron diffusion length (Ln) in the electrode is directly

related the diffusion coefficient and the electron recombina-

tion time constant (tr) by the relation Ln¼ (Dn tr)
1/2, it is clear

that the electron diffusion lengths in the nanowire based cells

are longer than the nanoparticle based cells. The longer

diffusion length of the electrons in these films means that the

S. Gubbala et al. /Band-Edge Engineered Hybrid Structures for Solar Cells

Figure 3. Representative SEM images of the fabricated electrodes a) SnO2 nanowires coated with TiO2 nanoparticles, b) SnO2 nanowires coated with
SnO2 nanoparticles, c) SnO2 nanowires coated with a layer of TiO2 by atomic layer deposition, and d) SnO2 nanoparticles.
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electrons travel farther in the film before they recombine with

the electrolyte solution, thus decreasing the recombination

reaction. The time constants for electron transport in hybrid

electrodes consisting of SnO2 nanoparticle coated nanowires

(9ms) and TiO2 nanoparticle coated nanowires (9ms) was also

observed to be close to the transport constants for the bare

SnO2 nanowire electrodes.

Figure 7 shows the changes in the dark recombination

current with applied bias. This current is indicative of the

recombination of the electrons with the electrolyte. The onset

of recombination current occurs at higher potential for

S. Gubbala et al. /Band-Edge Engineered Hybrid Structures for Solar Cells

Figure 4. A) I–V characteristics of the solar cells made from a) SnO2

nanoparticles, b) SnO2 nanowires, c) SnO2 nanowires coated with SnO2

nanoparticles, and d) SnO2 nanowires coated with TiO2 nanoparticles.
B) IPCE spectra of a) SnO2 nanowires, b) SnO2-TiO2 hybrid structure, and
c) SnO2 nanoparticles.

Table 1. Summary of performance of the different kinds of cells tested using 100mWcm�2 light intensity (or about 70mWcm�2 transmitted through FTO
substrate).

Solar Cell Characteristics Jsc [mA cmS2] VOC [mV] Fill Factor Efficiency [%]

SnO2 NP 11 356 0.36 2

High aspect ratio,

interconnected nanowires

SnO2 NW 5.7 522 0.5 2.1

SnO2 NW coated with SnO2 NP 6.3 484 0.53 2.3

SnO2 NW coated with TiO2 NP 8.56 686 0.49 4.1

Low aspect ratio,

thick nanowires

SnO2 NW 1.23 560 0.59 0.58

SnO2 NW coated with TiO2 NP 1.39 720 0.61 0.87

SnO2 NW coated with ALD TiO2 2 725 0.62 1.29

Figure 5. Open circuit potential measurements at different light intensities
for (a) SnO2 nanoparticles, (b) SnO2 nanowires and (c) SnO2-TiO2 hybrid
structure.

Figure 6. Transient photocurrent decay measurements for solar cells
made from a) SnO2 nanowires, b) SnO2 nanowires coated with TiO2

nanoparticles, c) SnO2 nanowires coated with SnO2 nanoparticles, d) SnO2

nanoparticles, and e) TiO2 nanoparticles.

Table 2. Summary of the transport properties of solar cells made using
different materials. The nanowire based DSSCs were made using high
aspect ratio, interconnected nanowires.

Transport time constants [ms]

SnO2 NP 17

TiO2 NP 25

SnO2 NW 4.5

SnO2 NW coated with TiO2 NP 9

SnO2 NW coated with SnO2 NP 9
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nanowire electrodes when compared to the nanoparticle

electrodes. The charge leakage from the nanoparticles may

be mediated by traps whose energy shifts with applied

potential. One of the reasons for the observed low fill factor

for nanoparticle electrode (see Fig. 4) is probably due to the

influence of bias induced acceleration of electron recombina-

tion kinetics. This would lower the fill factor. Higher

recombination reactions decrease the electron density in the

semiconductor phase, which lowers the resulting open circuit

voltage.

Figure 8 shows the electron recombination lifetime for

different electrodes. The recombination lifetimes were calcu-

lated from the open circuit potential decay curves. The values

were obtained from the expression

tr ¼ � kT

e

� �
dVOC

dt

� ��1

(1)

The SnO2 nanowire DSSC’s show about two orders of

magnitude slower recombination rate than the SnO2 nano-

particle and also TiO2 nanoparticle basedDSSC over the entire

range of Voc values. Hybrid structures consisting of SnO2

nanoparticle coated SnO2 nanowire DSSCs showed a recom-

bination time constant that was between that of the pure SnO2

nanoparticle and SnO2 nanowire DSSC’s. It was also observed

that the recombination time constant for TiO2 nanoparticle

coated SnO2 nanowire electrodes was very close to that of pure

SnO2 nanowire based DSSCs, which was about two orders of

magnitude slower than pure TiO2 nanoparticles. Faster

transport through the nanowires can only partially explain

the observed differences with recombination kinetics in the

nanoparticle and nanowire electrodes. Further in-depth work

is being carried out to understand the differences in the

electronic properties of nanoparticles and nanowires.

Even though, the hybrid structures consisting of SnO2 or

TiO2 nanoparticles on SnO2 nanowires were not optimized for

their best performance, a two fold increase in the efficiencies

were clearly observed when compared to the pure SnO2 NW

DSSC and TiO2 nanoparticle electrodes which were fabricated

in a similar fashion (Supporting Information). Although the

efficiencies observed for TiO2 nanoparticle based electrodes

are low, such values been reported previously.[23,38,39] For

SnO2 NP-NW cell, the higher surface area of SnO2

nanoparticles made a small improvement to the Jsc. Both

SnO2 NW-NP and SnO2NW/TiO2 systems had a similar

transport time constant (9ms), similar to that of pure SnO2NW

electrode (see Table 2) which is expected since the transport

properties are primarily determined by the underlying matrix

material. Hence, the electron transport through TiO2 can be

increased up to 10 times by employing them in hybrid cells

involving SnO2 type semiconducting matrix. The faster

electron transport of hybrid cells also decreases the rate of

recombination by 2 orders of magnitude. It is interesting to

note that both the Voc and the recombination properties of

SnO2 NP-NW cell shows mixed properties of both NP and NW

cell. TheVoc of the hybrid cell probably depends on the ratio of

total surface area of NPs and NWs exposed to the dye. The

TiCl4 treatment on the other hand results in almost uniform

coverage of TiO2. In this case, the Voc for SnO2/TiO2 is almost

same as that of a pure TiO2 based DSSC. The fast electron

transfer from TiO2 to SnO2 due to the respective positioning of

band edges and subsequent fast transport through SnO2 is

expected to lower the recombination and lead to higher current

densities.

ALD coatings of TiO2 on SnO2 nanowires also resulted in an

improvement in the short circuit current and the open circuit

voltage. Figure 7 compares the dark recombination current for

S. Gubbala et al. /Band-Edge Engineered Hybrid Structures for Solar Cells

Figure 7. Dark recombination currents for electrodes made with a) SnO2

nanoparticles, b) SnO2 nanowires coated with SnO2 nanoparticles, c) SnO2

nanowires, d) SnO2 nanowires coated with TiO2 nanoparticles, and
e) SnO2 nanowires coated with a layer of TiO2 by atomic layer deposition.

Figure 8. Electron recombination time constants for a) TiO2 nanoparti-
cles, b) SnO2 nanoparticles, c) SnO2 nanowires coated with SnO2 nano-
particles, d) SnO2 nanowires, and e) SnO2 nanowires coated with TiO2

nanoparticles.
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all the above mentioned electrodes. The recombination

current is smaller for the nanowire based cells, compared to

the nanoparticle based cells. Further, SnO2 nanoparticle

treated films show recombination current characteristics which

are between nanoparticles and nanowires. TiO2 nanoparticle

treated films show a lower recombination current than

nanowire films and an even greater suppression of the dark

current is seen in TiO2 ALD coated films. Similar results were

shown using semiconducting single walled carbon nanotube

(SWNT) matrix coated with TiO2 based PEC cells in which the

band-edges allow for faster electron transfer from TiO2 to

SWNTs.[40]

However, the band-edge engineered hybrid structures are

not possible by employing core-shell type particles. In core-

shell nanoparticles, the electron transport occurs primarily

through the interconnected shell particles as there is high

transport resistance between individual core particles. Several

authors have reported ZnO/TiO2 and TiO2/SnO2 core shell

DSSC’s have lower short circuit current and efficiency.[41,42]

The CBM of ZnO is higher than that of TiO2 and thus presents

a barrier for electron transport from TiO2 to ZnO. This results

in lower Jsc.

The efficiencies reported here with our hybrid assembly of

SnO2 NWs coated with TiO2 nanoparticles can further be

improved by optimizing the NW film thickness, NW size,

interconnectivity, NW film density, and TiO2 NP loading. Most

importantly, the paper provides a scheme for designing novel

hybrid structures for DSSCs that can lead to very high

efficiency cells. For example, controlled alloying with other

materials can also be used to tune the band edges with respect

the redox couple to maximize the efficiency. These designs

could easily be extended to include several new oxide

(tungsten oxide and iron oxide) and nitride materials for

DSSC that have otherwise been thought to perform poorly.

3. Conclusions

The DSSCmade using SnO2 nanowires show 200mV higher

open circuit voltages compared to those based on nanopar-

ticles. The shift in the open circuit voltages arises due to the

differences in the position of bulk Fermi level in the two

materials, as illustrated by the open circuit photo voltage

measurements at high light intensities. The electron transport

through the SnO2 nanowire matrix is found to be an order of

magnitude faster than the nanoparticles. The performance of

DSSCmade using SnO2 nanowire powders is dependent on the

morphologies of the as-synthesized nanowires, i.e., branched

and interconnected nanowires yield the maximum efficiency.

The performance of these nanowire electrodes were further

improved by employing them in hybrid structures consisting of

conducting SnO2 nanowire matrix coated with TiO2 nanopar-

ticles. Both the transport and recombination properties of TiO2

showed significant improvement when employed in hybrid

cells. This is because the electron transfer between TiO2 to

SnO2 occurs fast due to the proper line-up of band edges

followed by fast transport through SnO2 nanowire matrix.

4. Experimental

SnO2 nanowires were synthesized on quartz substrates by reactive
vapor transport method using Sn metal as the tin source in oxygen
(5 sccm) and hydrogen (200 sccm). The temperature of the heater was
1100 8C and that of the quartz substrate was 850 8C and the pressure
was 700mTorr. The heater was switched on and off periodically during
the synthesis to grow branched and highly interconnected nanowire
structures over a total period of 30 minutes. Low aspect ratio, thick
nanowires were grown at 1400 8C. The nanowires deposited on the
quartz substrate were scraped and dispersed in a mixture of water and
Triton-X surfactant. The suspension was sonicated and then centri-
fuged to obtain a uniform paste. The paste was then mixed with a 1:4
mixture of ethyl cellulose and terpiniol (weight equal to that of
nanowires) to facilitate the easy spreading on the FTO glass piece. The
electrodes were prepared by depositing the paste on the FTO glass
slide using the doctor blade technique, followed by sintering at 575 8C
for 1 hour. The thickness of the deposited electrodes was 25–30mm.
Films thicker than these were mechanically unstable. The preparation
technique for the nanoparticles electrodes were similar to the nanowire
electrode except the paste was made using commercially available
SnO2 and TiO2 nanoparticles (Alfa Aesar and Aldrich). The surface
area of the electrodes was determined by BET measurements
(Micromeritics Tristar 3000).

Hybrid structures were prepared by coating the SnO2 nanowires
with SnO2 or TiO2 nanoparticles. The coating with SnO2 nanoparticles
was done by immersing the SnO2 nanowire electrodes in SnO2

nanoparticles in water (0.2 M) and Triton-X surfactant for 1 h. Two
differentmethods were used to deposit TiO2 onto the nanowires. In the
first method the nanowire electrodes were dipped in a TiCl4 aqueous
solution (0.2 M) for 1 h and sintered again at 400 8C for 1 h. In the second
method, a thin layer of TiO2 was deposited using an atomic layer
deposition (ALD) system (Cambridge Instruments Savannah 100).
ALD was performed at 600mTorr pressure and a temperature of
300 8C with water and titanium isopropoxide as the precursor
materials. The deposition was done for 200 cycles which resulted in
a coating thickness of �10 nm.

The electrodes, with an active cell area of 0.25 cm2, were immersed
in a 0.5mML�1 Ru-535-bisTBA (also known as N719, Solaronix,
Switzerland) sensitizer dye in absolute ethanol for �18 hours. The
excess dye from the electrodes was rinsed with ethanol. Although, the
N719 dyemay not be ideal for SnO2, it is primarily used to compare the
performance of different electrodes and the concept of hybrid
structures studied here. The solar cells were made by assembling
these electrodes with a platinum coated FTO counter electrode, and
filled with the I�/I3

� redox electrolyte (Iodolyte, Solaronix). The cells
were sealed with Surlyn sealant (Solaronix). The cells were illuminated
from the semiconductor side using a 100mWcm�2 power AM 1.5
filtered Xenon light source (Newport Instruments). The light intensity
decreased to �70mWcm�2 from 100mWcm�2 upon passing through
the FTO glass. The efficiency values were, therefore calculated based
on 70mWcm�2 light intensity. Transient photocurrent decay measure-
ments done using a 650 nm laser source with a pulse intensity of
15mWcm�2 superimposed on a background illumination intensity of
50mWcm�2.

The time constant for electron transport, tc, was determined by
fitting an exponential curve to the photocurrent decay data. This
technique has previously been discussed by Boschloo et al. [43].
Open circuit photovoltage decaymeasurements, as described by Zaban
et al. [44], were done to determine the electron recombination time
constants, which was determined from Equation 1. All solar cell
fabrication and measurements were done in ambient atmosphere. The

S. Gubbala et al. /Band-Edge Engineered Hybrid Structures for Solar Cells
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electrochemical measurements were performed using an EG&G
Princeton Applied Research 273A potentiostat.
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One-dimensional and conical carbon structures were reported 
as early as 1960 [1,2], however, no evidence of hollowness was 
presented at that time. The carbon nanotubes were discovered 
much later in 1991 [3], consisting of single or multiple layers of 
cylindrical graphene sheets. The morphology of all the derived 
structures of nanotubes was primarily cylindrical in nature with 
internal diameters ranging from 1 to 25 nm [4].

In the last five years, a number of new morphologies of carbon 
tubular structures with hollow cores have been discovered. These 
include the conical carbon morphologies tapering from micron-
sized base to a nanometer scale tip [5–7], with a hollow core not 
exceeding few tens of nanometers, and micron-scale morphologies 
with internal diameters exceeding several hundred nanometers 
[8–10]. All these morphologies are unique compared to carbon 
nanotubes in that they provide a clearer connection between the 
micrometer and nanometer scales, at the same time facilitating 
newer applications [6]. The promising application areas include 
electrochemistry, biosensors, field emission, high surface area 
catalysts/supports, and possibly drug delivery. This chapter is 
devoted to providing a detailed discussion on their synthesis, 
possible growth mechanisms, and applications.

22.1 Introduction

In this chapter, all the new morphological forms of carbon are 
considered and are divided in to two main categories for ease of 

discussion: (a) carbon microtubes (CMTs), which include all the 
structures containing internal diameters greater than 100 nm, 
and (b) conical carbon nanotubes (CCNTs), which include all 
tapered morphologies with hollow cores and internal diameters 
of only a few nanometers.

22.1.1 Carbon Microtubular Morphologies

Typically, carbon nanotubes are formed as a result of self-assembly 
of graphene sheets into tubular structures on the surface of the 
nanometer-sized catalyst cluster [3]. However, such self-assembly 
processes cannot take place readily on micron-sized catalyst 
clusters. Many of the earlier processes using micron-sized catalyst 
particles yielded solid graphite/carbon whiskers but not tubular 
structures [11]. So, a set of different process conditions than those 
used for typical self-assembly processes are required for making 
carbon tubular structures with large internal diameters.

The main types of morphologies of carbon microtubes 
achieved are illustrated with electron microscopic images in 
Figure 22.1: (a) Graphite tubes with internal diameters ranging 
from 70 to 1300 nm having inner obstructions reminiscent of 
bamboo styling; (b) thin-walled, straight carbon tubular structures 
with internal diameters ranging from few hundred nanometers 
to few microns; (c) thin-walled, conical microtubular structures; 
and (d) micro-tubular carbonaceous tubes made by the pyrolysis 
of polymeric fibers.
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22-2 Smart Materials

FIGURE 22.1 Various carbon microtubular morphologies. (a) CMTs with encapsulated liquids and catalyst particles using a hydrothermal method. 
(From Libera, J. and Gogotsi. Y., Carbon, 39, 1307, 2001. With permission.) (b) Straight CMTs with diameters in the range of a few microns obtained 
using low-melting metals such as gallium. (c) Tapered CMTs with thin walls using low-melting metals such as gallium with a different set of conditions 
than (b). (d) Carbon tubes made by pyrolizing polymeric fibers. (From Han, C.C. et al., Chem. Mater., 11, 1806, 1999. With permission.)
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The wall structures of the carbon microtubes, shown in 
Figure 22.1, are all different from each other depending upon 
their morphology and method of synthesis. The graphite 
tubes shown in Figure 22.1a exhibit crystalline, graphitic 
walls but contain bamboo-styled internal obstructions remi-
niscent of the nickel catalyst used for their synthesis. The 
walls of the microtubes resulting from the pyrolysis of polymeric 
fibers typically contain disordered carbon. The thin-walled, 
carbon microtubes shown in both Figures 22.2b and c con-
tain clear internal channels and their walls are made of gra-
phene sheets. However, the straight morphologies with 
uniform diameter contain walls of parallel graphene sheets 
similar to that of multiwalled carbon nanotubes (see Figure 
22.2a). Even a slight conical angle makes the walls exhibit 
discontinuous regions with parallel graphene sheets. The 
walls within the conical microtubular structures cannot 
maintain any sort of ordered arrangement and so break down 
into an ordered arrangement of small graphitic domains 
within a disordered carbon matrix as shown in Figure 22.2c. 
Almost all of the microtubular structures with their thin 
walls are electron transparent even at modest accelerating 
voltages of 15 keV or more.

22.1.2  Conical Carbon Nanotube 
Morphologies

Theoretical calculations predict that a single graphene sheet can 
be folded through a specific arrangement of pentagonal and 
hexagonal rings to produce a set of conical morphologies with a 
limited number of discrete conical angles [12]. Some of the 
structures synthesized to-date include fullerene cones [13] and 
nanohorns [14]. All the above structures are true nanoscale 
morphologies. However, there is another important class of 
conical morphologies that extend from micron to nanometer 
scale. By definition, we refer to them as CCNTs in which the wall 
thickness tapers from micron to nanometer scale but contains 
a uniform hollow interior with a diameter range similar to that 
of multiwalled carbon nanotubes. Several morphologies of the 
conical carbon nanotubes were referred to earlier as tubular 
graphite cones (TGCs) [6], carbon nanopipettes (CNP) [5], 
conical graphite tubes [15], and conical nanocarbon (CNC) [7]. 
The morphologies of several of these CCNT structures are 
illustrated in Figure 22.3. All of them have micron-scale bases 
extending conically to form nanoscale tips similar to that shown 
in Figure 22.3a. In some cases, as seen in Figure 22.3b, carbon 
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Carbon Microtubes and Conical Carbon Nanotubes 22-3

nanotubes with extended lengths can be found at the tip of a 
CCNT [16]. In some cases, thick multiwalled carbon nanotubes 
can themselves be tapered at the tips to produce conical shape 

(see Figure 22.3c). In other cases, conical structures having a 
hollow core with the catalyst particle closing the tip have been 
observed (see Figure 22.3d).

Although these morphologies look similar from the exterior, 
the wall structures could be completely different. The CCNTs 
can be divided into three main types based on the wall structure 
as shown in Figure 22.4. One type of structure consists of a cen-
tral carbon nanotube with graphene sheets helically rolled over 
the tube giving the conical structure [5] (Figure 22.4a). The second 
type also consists of a central nanotube, but its wall is made of 
concentric cylinders of graphene sheets with gradual reduction 
in the thickness along the length to yield conical shape [6] 
(Figure 22.4b). Neither of these structures contain any metal 
contamination or obstructions within their internal channels. 
The third structure has stacked graphene layers (similar to 
multiwalled carbon nanotubes) and tapers after a certain length 
towards its tip. The internal channel of the third type of structure 
may not be as perfect as that of the first two types and also contains 
several types of internal obstructions resulting from the cata-
lyst particle assisted growth for extended periods of time [17] 
(Figure 22.4c).

22.2  Synthesis and Morphological 
Control of Carbon Microtubes

22.2.1  Synthesis Methods and Growth 
Mechanisms

The synthesis of carbon microtubes requires totally different 
process conditions and catalysts compared to that of MWNTs. 
Carbon microtubes with thick walls, as shown in Figure 22.1a, 
were produced using micron-sized nickel catalyst particles by a 
hydrothermal synthesis method at temperatures and pressure of 

800°C and 100 MPa, respectively [9]. The precipitation of 
carbon at high pressures onto larger nickel catalyst particles sus-
pended in water leads to the formation of highly crystalline 
graphite tubes with larger internal diameters. The bamboo-
styled internal obstructions observed are similar to those seen in 
the MWNTs grown using nickel catalysts.

The most predominant morphologies of CMTs, i.e., thin-
walled carbon microtubes with no internal obstructions are 
made only using low-melting metals such as Ga, Sn, Zn, and In. 
See Table 22.1 for a concise review of all the synthesis studies 
reported. The first set of studies used carbothermal reduction of 
gallium oxide powder to produce thin-walled, straight CMTs 
half-filled with Ga [8,18]. Several other reports showed minor 
variations to produce CMTs with encapsulated metals with a 
range of internal diameters [19–23]. With subtle variations in the 
gas phase chemistry along with low-melting metals, a number of 
morphological shapes ranging from conical to straight tubes 
have been reported [10]. As shown in Table 22.1, all methods 
except the hydrothermal synthesis utilize chemical vapor 
deposition of carbon onto low-melting metals such as Zn, Sn, In, 
and Ga. These studies utilized various oxide, nitride, and sulfide 
sources for metals such as ZnS, SnS, GaN, Ga2O3, CdS, SnO, In, 
and Ga along with different gases and solid carbon sources.

AQ1

FIGURE 22.2 Variations observed in the wall structures for CMTs 
synthesized using low-melting metals: (a) CMT walls made of long 
continuous concentric graphite sheets. (From Hu, J. et al., Adv. Mater., 
16, 153, 2004. With permission.) (b) The walls made up of parallel, but 
discontinuous graphene sheets. (From Bhimarasetti, G. et al., Adv. 
Mater., 15, 1629, 2003. With permission.) (c) TEM photograph of the 
wall structure showing aligned nanocrystals of graphite. (From 
Bhimarasetti, G., Cowley, J.M., and Sunkara, M.K., Nanotechnology, 16, 
S362, 2005. With permission.)
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All methods that employed sulfides, nitrides, and oxides for 
metal sources produced straight, thin-walled CMTs. Another 
method using a mixture of activated carbon, ZnS and SnS, 
produced both straight and conical carbon tubes using different 
process conditions [21]. The reaction was carried out in low-
pressure N2 atmosphere at 1350°C. It was suspected that the Sn 
nanostructures with different morphologies templated the 
growth of carbon microtubes with a similar variation in mor-
phology. When Ga2O3 was used as the metal source, the gallium 
droplets formed during dissociation assisted the growth of 
carbon wall around them [8,18]. In the case where Mg and Fe 
catalyst were used as the metal sources, growth of carbon tube at 
the interface of MgO and Fe was proposed [23].

There are different mechanisms proposed for CMT growth 
using low-melting metals. However, only two of the suggested 
mechanisms are generic and can explain the growth of a variety 
of CMT morphologies. One of the suggested mechanisms 
involves vapor-liquid-solid type growth, i.e., preferential disso-
lution of carbon into low-melting metals such as Zn followed by 
precipitation as a thin wall forming the tube around the 
micron-sized droplets (see the schematic in Figure 22.5a). Here, 
ZnS was used as the source for Zn metal along with activated 
carbon [19]. The synthesis was carried out in N2 atmosphere at 
200 mtorr base pressure and 1400°C. However, there is no 
thermodynamic data available to suggest the possibility of 
carbon dissolution into molten gallium and other low-melting 
metals. On the other hand, the hydrocarbon adsorption onto the 

surface of low-melting metal melt is more likely (similar to that 
of bonding in trimethyl gallium). The adsorbed hydrocarbons 
could contribute to the growth of graphene wall around the 
molten metal droplet, leading to the growth of the carbon 
microtube. The molecular level aspects of carbon precipitation 
on molten metal surface still need to be explored.

The droplet-led mechanism by itself does not provide any 
insight into the growth of various CMT morphologies. In order to 
understand the low-melting metal droplet led growth of CMTs, it 
is proposed that the addition of carbon at the molten metal–
carbon interface occurs in such a way that the contact angle 
between the metal and carbon is constantly maintained. This 
mechanism is schematically illustrated in Figure 22.5b. As the 
carbon tube grows in length, the interface lifts the metal droplet 
maintaining a steady contact angle between the meniscus and the 
growing carbon wall, thus setting up the conical angle of the overall 
structure. The meniscus angle and the conical angle of the result-
ing carbon tube are related by the following relationship:

  = 2 180  (22.1)

where f is the conical angle and q is the meniscus angle. The 
latter is directly related to the contact angle between the liquid 
metal and the carbon wall. For example, a meniscus angle of 90° 
should lead to a straight microtube [10].

The meniscus angle is primarily controlled by the wetting 
behavior of molten metal with carbon. The wetting or contact 

FIGURE 22.3 Various morphologies of conical carbon nanotube morphologies: (a) CCNT structures termed as “carbon nanopipettes” with 
constant hollow cores and open tips. (From Mani, R.C. et al., Nano Lett., 3, 671, 2003. With permission.) (b) A CCNT structure termed as “tubular 
graphitic cone” with a nanotube at the tip. (From Shang, N., Milne, W.I., and Jiang, X., J. Am. Chem. Soc., 129, 8907, 2007. With permission.) 
(c) Long carbon nanotubes with conical tips and the inset shows the high resolution image of the conical tip. (d) A conical carbon nanotube with 
the catalyst encapsulated at the tips. (From Merkulov, V.I. et al., Appl. Phys. Lett., 79, 1178, 2001. With permission.)
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Carbon Microtubes and Conical Carbon Nanotubes 22-5

FIGURE 22.4 Different wall structures observed for conical carbon nanotube structures: (a) TEM image of a CCNT with the diffraction 
pattern showing spiral graphene sheets. (From Mani, R.C. et al., Nano Lett., 3, 671, 2003. With permission.) (b) HRTEM image of a CCNT wall 
showing stacked graphene layers forming tapered inner hollow core. (From Zhang, G., Jiang, X., and Wang, E., Science, 300, 472, 2003. With 
permission.) (c) TEM of CCNT showing graphene edge planes. (From Gogotsi,Y., Dimovski, Y.S., and Libera, J.A., Carbon, 40, 2263, 2002. 
With permission.)
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TABLE 22.1 Review of All Synthesis Methods Reported to-Date for Carbon Microtubes

Carbon Source Metal Source Carrier Gas
Other Gas Phase 

Components Process Conditions Resulting Morphology Reference

Graphite powder ZnS, SnS N2 S (from dissociation of ZnS 
and SnS)

Thermal CVD, 1400°C, 
20 Pa base pressure

Straight tube, conical horn [19]

C2H2 GaN Ar N (from dissociation of 
GaN)

Thermal CVD, 1150°C, 
200 torr

Tubes with very low conical angles 
with bulb like morphology on the 
top

[8]

Activated carbon Ga2O3 N2 O from dissociated Ga2O3 Thermal CVD, 1360°C Straight morphology [9,17]
Activated carbon CdS, SnO N2 S and O from dissociated 

CdS and SnO
Thermal CVD, 1150°C, 

1 atm
Straight tubes with very small 

conical angle
[20]

Polyethylene Ni powder — — Pyrolysis, 730°C–800°C, 
90–100 MPa

Straight tubes [54]

CH4 Ga H2 Varying amounts of O2  
and N2

PECVD, 600–800°C, 
40 torr

Straight tubes, cones, tune- 
on-cones, funnels, n-staged 
morphologies capsule, dumbbells

[22]
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22-6 Smart Materials

FIGURE 22.5 Schematics illustrating various suggested mechanisms for growth of CMTs using low-melting metals. (a) A schematic illustrating 
a mechanism in which carbon dissolves into the molten metal droplet and precipitates as carbon microtube. (b) A schematic illustrating another 
mechanism, which explains the molten metal-carbon wall interface and its influence on the morphology of the resulting CMT.
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angle of molten metal on carbon surfaces could vary both 
with the gas phase composition and the temperature. If the 
contact angle q , between carbon and the low melting metal 
droplets, can be varied in-situ during growth, it is possible to 
control the morphology of the growing carbon structure. In 
the case of gallium, it is known that the contact angle between 
gallium and carbon can be reduced in the presence of oxygen 
or nitrogen [24,25], resulting in carbon tubular structures 
with very small conical angles or near straight tubes as pre-
dicted by Equation 22.1. It is also likely that the presence of 
sulfur in the gas phase could modify the surface of the low-
melting metal melt reducing its surface tension and, in turn, 
improving its wetting on carbon surface [26]. This mecha-
nism of “wetting angle controlled growth” can also be applied 
to almost all the methods reviewed in Table 22.1. For exam-
ple, the use of gallium oxide powder provides the necessary 
dosing of oxygen in the gas phase and can explain the results 
of straight CMTs with encapsulated gallium when using 
Ga2O3 and carbon powder [8]. Similarly, the straight CMT 
structures were obtained when using ZnS [21], which is also 
consistent with the proposed mechanism of the gas-phase 
sulfur reducing the surface tension. However, the wetting 
properties also depend on the temperature with contact 
angles being higher at lower temperatures. The observation of 
conical CMTs in the low-temperature regions of the furnace 
lead to better understanding about the wetting properties as a 
function of temperature.

22.2.2 Control of Morphology

According to Equation 22.1, the conical angle of the CMTs can 
be varied by changing the wetting behavior of molten metals 
with carbon, which in turn, can be controlled by changing the 
gas phase composition or temperature during their growth. In 
the absence of oxygen or nitrogen, experiments done at  
600–1100 W microwave power, 40–90 torr pressure over 
molten gallium with molybdenum as the promoter and CH4/H2 
plasma environments, yielded only conical morphologies with 
conical angles of +20° (Figure 22.6a). Similar experiments with 
intentional gas phase dosing of 5 sccm of oxygen have yielded 
straight morphologies (Figure 22.6b). Later experiments in the 
absence of oxygen and then followed by oxygen dosing yielded a 
predictable shape of tube-on-cone morphology as shown in 
Figure 22.6c. As predicted, the reverse sequence during CMT 
growth, i.e., initial dosing of oxygen followed by no dosing of 
oxygen produced a cone-on-tube or funnel-shaped morphology 
(Figure 22.6d). Repeating these dosing sequences “n” times, one 
can obtain “n-staged” morphologies as shown in Figure 22.6e.

Even small amounts of O2 (5 sccm) leads to reduced surface 
tension of Ga, in turn reducing the conical angle of the resulting 
morphology significantly. However, there is a limitation to how 
much O2 can be used before gallium oxidizes, resulting in Ga2O3 
nanostructures [24]. Nitrogen on the other hand, does not read-
ily form GaN at the process temperatures used, and therefore, 
can be used to further fine-tune the conical angles. In fact, the 
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Carbon Microtubes and Conical Carbon Nanotubes 22-7

experiments using nitrogen dosing with amounts ranging from 
0 to 35 sccm yield morphologies with conical angles ranging 
from +20° to −15° (see Figure 22.7a and b). At higher nitrogen 
dosing, the conical angles of the resulting structures were nega-
tive, leading to converging cones compared to the observed 
diverging cones with no or little amounts of dosing (Figure 
22.7c). The converging conical geometry limits the length of the 

resulting morphologies, ultimately leading to nanocapsules with 
high nitrogen dosing (Figure 22.7a). The ability to create con-
verging cones could be used to create pinched morphologies 
using a three-step sequence of nitrogen dosing: the first step 
involves growth for few minutes without the presence of nitro-
gen; the second step involves high amounts of nitrogen during 
the growth for few minutes to create a converging cone; and the 

FIGURE 22.6 SEM images showing various morphologies of CMTs synthesized by controlled, in-situ oxygen dosing: (a) funnels (From 
Bhimarasetti, G., Cowley, J.M., and Sunkara, M.K., Nanotechnology, 16, S362, 2005. With permission), (b) cone-on-tube, (c) straight tubes, 
(d) tube-on-cone, and (e) six-stage morphology. (Figures c, d, e taken from Bhimarasetti, G. et al., Adv. Mater., 15, 1629, 2003. With permission.)
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FIGURE 22.7 SEM images and a plot showing the control of conical angle of the resulting microtube morphology using nitrogen dosing during 
growth: (a) capsule, (b) a plot showing the effect of increasing nitrogen concentration as a function on the conical angle of the resulting CMT, 
(c) horn structures with converging conical angles, and (d) dumbbell-shaped morphologies. (From Bhimarasetti, G., Cowley, J.M., and Sunkara, 
M.K., Nanotechnology, 16, S362, 2005. With Permission.)
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third step involves growth without the presence of nitrogen. The 
net morphology will be a dumb-bell-shaped pinched structure 
as shown in Figure 22.7d in which the lengths of each portion are 
controlled by the durations used for each step. One can also con-
trol the internal diameters of the resulting structures by varying 
the times at which nitrogen is introduced during the CMT 
growth [26].

The walls of the conical CMTs contain nanocrystals of graphite 
whose orientation with respect to the wall depend very much on 
the conical angle of the tube. The specific orientation of each 
nanocrystal can be directly related to the contact angle between 
carbon and gallium during the tube formation [26]. The molten 
metal droplets on the tips of two or more CMTs could coalesce 
quickly into one larger droplet during growth upon physical 
impingement leading to Y- and multiple-junction CMTs for 
microfluidic applications as shown in Figure 22.8a and b. The 
as-synthesized CMT structures are partially filled with the low-
melting metal used. As the CMTs have open channels, it is fairly 
easy to remove the low-melting metals using either acids to 
dissolve the metals or by heating them in vacuum.

The availability of CMT structures in large quantities will find 
uses as mesoporous materials, lithium ion batteries, and for 
other electrochemical energy conversion applications. Current 
efforts in the laboratories of the authors and others are aimed a 
large-scale production and purification of these structures from 
the metal contamination. In addition to large-scale production, 
the integration of these structures into microfluidic devices will 
also need to be addressed.

22.3  Synthesis and Morphological 
Control of Conical 
Carbon Nanotubes

22.3.1  Synthesis Methods and Growth 
Mechanisms

The synthesis of the CCNT structures differs extensively from 
that of thin-walled, carbon microtubular structures. Firstly, 

the synthesis methods do not involve low-melting metals 
and secondly, the CCNT structures are synthesized at much 
higher temperatures. Most of these CCNT structures are 
formed with the help of transition metal catalyst particles and 
characteristically contain a nanometer scale hollow core or a 
central nanotube.

The plasma discharge assisted growth of multiwalled carbon 
nanotubes using catalysts resulted in the formation of conical 
carbon nanotubular structures or termed as CNC [7]. These 
structures contained the catalyst particle encapsulated at their 
tips while the thickness tapered from microns at the base to 
nanometers at the tip. The synthesis was performed using a 
PECVD system with acetylene and ammonia in the gas phase at 
700°C and pressures of 2–5 torr. The growth of conical morphol-
ogy is explained by the growth of central carbon nanofiber from 
the catalyst particle, and further carbon deposition from the 
plasma-assisted hydrocarbon decomposition. The net result is 
the growth in two directions, vertically (inner carbon fiber) and 
laterally (the deposition on the outer wall) forming the carbon 
nanocone. Figure 22.9a depicts the various steps in the above 
mechanism [7].

Two similar synthesis studies were reported for CCNT 
structures with open-ended tips and inner channels free of 
any internal obstructions: One of the studies produced coni-
cal morphologies termed as TGC by placing iron needles ver-
tically in a microwave plasma discharge with methane and 
nitrogen, at 750 W, 600°C, 15 torr pressure [6]. In this case, 
the iron from the needle acted as the catalyst to promote the 
central carbon nanotube growth. In the other report, similar 
CCNT morphologies termed as CNPs were synthesized on 
platinum wires placed vertically in a microwave plasma dis-
charge containing methane and hydrogen, at 950 W and 
25 torr pressure [5]. Both types of structures are very similar, 
having open tips with no metal catalyst particles and no 
obstructions within the internal channel. In both reports, it 
was suggested that small amounts of methane diluted in 
either hydrogen or argon resulted in high surface tempera-
ture at the wire substrate. In both cases, a catalyst particle 

(a) 0.5 m
(b)

2 m0.5 m

Channel 2

Channel 1

Main channel

FIGURE 22.8 TEM images of branched morphologies: (a) Y-junctions formed by spontaneous coalescence of liquid metals upon physical 
impingement of two CMTs. (b) A CMT structure with multiple branches resulting through coalescence of several CMTs during growth.
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Carbon Microtubes and Conical Carbon Nanotubes 22-9

(either iron or platinum) helped with the nucleation and 
growth of a multiwalled carbon nanotube. However, there are 
two contrasting suggestions on how tapered growth occurs: 
The first suggested mechanism implies that the basal accu-
mulation of iron catalyst initiates nucleation of new graphene 
walls thickening at the base and its competition with vertical 
growth allows tapering (Figure 22.9b). The second suggested 
mechanism states that as the central multiwalled nanotube 
continues to grow axially with catalyst at its tip, it acquires a 
tapered morphology in the early stages as an effect of the 
shrinkage of the catalyst particle due to evaporation. Because 
of the presence of plasma discharge containing methane and 
hydrogen, further growth can occur with initiation of new 
scrolling graphene sheets and growth at the open-ended tip 
without the presence of catalyst (Figure 22.9c). In addition to 
deposition, the plasma exposure leads to greater etching near 
the tip, preserving the conical morphology even at longer 
synthesis timescales.

Experiments involving hydrocarbon decomposition on to 
presynthesized carbon fibers also resulted in sparse growth 
of conical-shaped morphologies on carbon fiber substrates 
[27]. The underlying mechanism is not clear but may be simi-
lar to that shown in Figure 22.9b. Conically shaped tips on 
multiwalled carbon nanotubes were also observed with fur-

ther hydrocarbon decomposition onto iron catalyst loaded, 
presynthesized carbon fibers [28]. Similar structures of coni-
cal shaped tips on multiwalled carbon nanotubes shown in 
Figure 22.4c were synthesized using a synthesis temperature 
of 1325°C and bubbling of ferrocene in toluene, using hydro-
gen and argon gas mixtures [15]. One of the suggestions is 
that the conical shape is acquired from the multiwalled 
carbon nanotube growth basally on a conically faceted cata-
lyst in the early stages.

Irrespective of the underlying growth mechanism, it is essen-
tial to grow CCNT arrays on to large area, f lat substrates for 
applications. However, it is difficult to reproduce the exact 
conditions on the f lat substrates with those existing on the 
wire substrates immersed in plasma discharges for forming 
the CCNT structures. For example, the temperature and the 
radical species density that exist on the immersed wire sub-
strates are much higher than the typical conditions that can 
be obtained for f lat substrates. Only one to two reports beyond 
the authors’ laboratory exist on the growth of CCNTs on 
planar substrates and the results indicated limited control 
on the resulting morphology and the array density [16,29]. 
Much more work needs to be done in obtaining similar CCNT 
array structures on large area, f lat substrates for various 
applications.

FIGURE 22.9 Schematics illustrating different growth mechanisms suggested for conical carbon nanotubular growth: (a) the catalyst assisted 
growth of central carbon nanotube along with uneven plasma deposition/etching enables the observed growth of conical graphite structure, (b) the 
catalyst-assisted basal growth of a central carbon nanotube followed by continuous nucleation of new graphene walls for thickening the base while 
tapering vertically in thickness forming a conical structure, and (c) catalyst assisted tip-led growth of a central carbon nanotube followed by the 
evaporation of the catalyst particle and simultaneous deposition and etching of the helical graphite edge planes leading to the conical morphology.
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22.3.2 Morphological Control

The shape of the conical carbon nanotube structures grown 
on planar substrates with tip-led growth were mostly affected 
by the gas phase composition [7]. In the case of the CCNT 
structures grown using direct immersion of substrates inside 
plasma discharges, the length, tapering, and the array den-
sity are affected by varying different process conditions such 
as pressure, microwave power, and the wire substrate’s place-
ment inside the plasma discharge [5,6,16,29]. The latter con-
dition seems to be the most effective in terms of controlling 
the tapering geometry and the structure of the resulting 
tapered morphology with simultaneous etching and growth. 
Rapid deposition of loose carbon at bases results in low 
aspect ratio conical structures as shown in Figure 22.10a. 
The high aspect ratio CCNTs are grown where growth/etch-
ing is optimized as shown in Figure 22.10b. The aspect ratios 
can also be controlled by changing the composition of H2 
and CH4 [30]. In a similar way, the density of the CCNTs can 
be varied by changing the process conditions as shown in 
Figure 22.10c.

Postsynthesis strategies could also be used for altering the 
tapered morphology of the presynthesized CCNT structures. 
The H2 plasma etching can be used to remove the loose carbon 
flakes and prolonged etching can lead to straight multiwalled 
CNT as shown in Figure 22.11a and b [30]. Hydrogen etching 
can also result in carbon nanotube on CCNT tips as shown in 
Figure 22.11c. The oxidation of conical carbon tubular structures 
grown on silicon wafers [16] modified the CCNT structure to 
stepped cylindrical morphology as shown in Figure 22.11d.

The tip size and inner diameter can be altered by changing the 
initial catalyst particle size as the latter plays a key role in 
determining the size of the MWNT. It is also assumed that the 
spinning of the catalyst droplet formed on the surface promotes 
the growth of helical graphite sheets surrounding the core CNTs 
[29]. The temperature (controlling the size of catalyst particle) 
and the methane concentration should be sufficient for the growth 
on flat substrates, where conditions are different from the wires 
immersed into the plasma. Though the temperature of substrate 
was low, self-bias around the iron needles including the strong 
electric field in the plasma resulted in conical structures [6]. 

FIGURE 22.10 SEM images illustrating different morphologies of CCNT structures grown using platinum wire substrates placed vertically in 
the microwave plasma discharge: (a) the CCNTs with large bases containing heavy amount of loose carbon around their bases, (b) the typical 
morphology of a high density of CCNTs grown in an array fashion, and (c) low-density arrays of CCNTs.
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FIGURE 22.11 SEM images of the CCNTs after postsynthesis etching treatments: (a) an as-synthesized CCNT; (b) the CCNT after fully etched 
using hydrogen plasma exposure at 800–900°C temperature; (c) the CCNT structure after partial etching with hydrogen plasma exposure, and (d) 
the telescopic structure of the CCNT structure formed with thermal oxidation using oxygen. (From Shang, N., Milne, W.I., and Jiang, X., J. Am. 
Chem. Soc., 129, 8907, 2007. With permission.)
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Continuous supply of metal suppressed the growth of CNTs, 
encouraging the growth of TGCs [29]. The formation of tubes 
having a continuous tapered morphology, as shown in Figure 
22.3c, can be explained by catalyst assisted growth, with con-
tinuous evaporation of the catalyst particle, forming 200 nm 
long conical structures, before the catalyst particle evaporates 
completely. A steady supply of catalyst particles leads to the 
growth of new tapered tubes on top of the already existing ones 
from the new catalyst particles, ultimately forming long tubes. 
Structures, similar to this, as shown in Figure 22.4b can also be 
explained by the same growth mechanism.

22.4 Applications

22.4.1 New Electrode Materials

All conical carbon tubular structures have unique surface struc-
tures compared to both single walled and multiwalled carbon 
nanotubes. The surfaces of the conical carbon tubular structures 
are completely made up of highly reactive graphene edge sites [5]. 
So, the electrochemical properties of any conical carbon 
material will be different from that of traditional carbon-based 
materials such as highly oriented pyrolytic graphite, carbon nano-
tubes, and diamond. Typically, several redox reactions involving 
neurotransmitters such as dopamine exhibit irreversibility on a 
number of carbon-based materials with peak separations as high 
as 1000 mV. However, the kinetics of the same redox reaction on 
the as-synthesized conical carbon tube arrays are fast and revers-
ible with peak separations less than 150 mV. In addition, dopamine 
needs to be detected in the presence of high amounts of ascorbic 
acid. But, the oxidation peaks of dopamine and ascorbic acid 

compounds occur at nearly the same potential ( 200 mV vs. Ag/
AgCl). The as-synthesized conical carbon tube array electrodes 
after one-time oxidation treatment at anodic potential of 2.0 V 
vs. Ag/AgCl in 0.5 M H2SO4 shifts the ascorbic acid peak while 
leaving the dopamine peak intact. See Figure 22.12 showing well 
resolved peaks of ascorbic acid and dopamine [31]. In essence, 
the CCNT arrays can become an important class of electro-
chemical materials for sensing neurotransmitters and other 
important biological species.

22.4.2  Templates for Nanoelectrode 
Ensembles

Conical carbon nanotubular structures are also of interest  
for nanoelectrode applications due to their nanoscale tips. 
Nanoelectrodes offer several advantages compared to their 
micron-sized counterparts due to their small critical dimen-
sions. Nanoelectrodes exhibit radial diffusion, rapid attainment 
of steady state currents, increased signal to background ratios, 
higher sensitivities, and decreased effects from an ohmic poten-
tial drop compared to large electrodes [31]. However, an ensem-
ble of nanoelectrodes instead of a single nanoelectrode is 
required for obtaining the increased signals. In order to make 
such an ensemble, the spacing between each nanotip should be 
in the order of microns to avoid overlapping concentration 
boundary layers.

Conical CNP arrays, due to their conical geometry, contain 
tips spaced from each other by few microns depending upon 
their base widths. However, the as-synthesized conical carbon 
nanopippette arrays behave as microelectrodes. This is because 
the conical carbon structures touch each other at their bases. 

FIGURE 22.12 A cyclic voltammogram using CNP electrode at 100 mV/s scan rate in a 0.1 mM dopamine and 10 mM ascorbic acid solution in 
0.1 M KCl in 0.2 M phosphate buffer solution, pH 7, after a single anodic oxidation treatment. (From Lowe, R.D. et al., Electrochem. Solid State Lett., 
9, H43, 2006. With permission.)
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22-12 Smart Materials

FIGURE 22.13 Fabrication and electrochemical testing of nanoelectrode ensembles using the conical carbon nanotube arrays: (a) a schematic 
illustrating the effect of dip coating of CCNT array using a polymer for the separation of diffusion boundary layers for each nanotip exposed. 
Polymer coating helps to space the electrodes; (b) the SEM of CNP NEE after polymer coating showing the well-spaced nanotips; (c) the cyclic 
voltammograms taken at 10–400 mV/s scan rates for an uncoated CNP array exhibiting planar electrode behavior with peak-shaped responses; 
and (d) the cyclic voltammograms using polymer-coated CNP NEE showing the sigmoidal response indicating the nanoelectrode behavior. 
(From Lowe, R.D. et al., Electrochem. Solid State Lett., 9, H43, 2006. With permission.)
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A simple dip coating of CNP arrays using a polymer exposes 
only the top portion of well-separated, conical tips to electrolyte 
as shown in Figure 22.13a and b. Electrochemical studies per-
formed on these electrode assemblies show a very clear shift 
from microelectrode behavior to nanoelectrode behavior 
when coated with the polymer. Cyclic voltammetry performed 
on these electrodes is shown in Figure 22.13c and d. The plots 
show that the uncoated electrodes exhibit a planar electrode 
behavior with a peak-shaped response and the coated elec-
trodes exhibit a sigmoidal response, indicative of steady-state, 
diffusion-limited currents [31].

Even though carbon itself is an interesting material for several 
applications based on nanotips, conical-shaped nanotip arrays 
of other materials are also interesting. In this regard, the nano-
electrode ensembles of other materials could easily be fabricated 
by depositing materials of interest onto the conical carbon tube 
arrays. The diamond nanotip array electrodes are fabricated 
easily by depositing boron-doped diamond on to conical carbon 
tube arrays (see Figure 22.14a and b).

22.4.3 Field Emission Applications

The CCNT structures with conical geometry and nanoscale tips 
are interesting for field emission applications. A recent study 

[32] reported very low threshold voltages of 0.27 V/ m and a 
current density of 1 A/cm2. A stable emitting current density 
of 1.9 mA/cm2 at only 0.6 V/ m was reported. In addition to 
having low work function, the conical bases allow for maximum 
contact with the substrate for high field emission currents over 
long periods of time. The threshold voltage shown by these 
structures was three times lower than that shown by conical 
nanofibers [33]. The results shown in Ref. [32] are affected to 
some extent by the presence of encapsulated metal catalyst par-
ticles at their tips. However, the true work function and field 
emission properties of conical carbon nanotube structures are 
yet to be understood.

22.4.4 Porous Carbons

Large quantities of carbon microtubes with controlled inter-
nal diameters and conical angles could be useful as mesopo-
rous carbons for high surface area and catalyst support 
applications. In general, the applications of porous carbons 
can be grouped into two categories: (i) based on the architec-
ture of their pores for structural and thermal applications and 
their use as templates for making ceramics and (ii) as activated 
carbons. Activated carbons are used extensively as catalysts 
and catalyst supports for water and air purification, removing 
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FIGURE 22.14 (a) SEM image of conical carbon nanotube arrays covered with diamond, (b) visible Raman spectra obtained on the diamond 
coated conical carbon nanotube arrays, (c) SEM image of a diamond coated carbon microtube, and (d) UV Raman spectra obtained on the 
diamond coated carbon microtube indicating the presence of ultrananocrystalline diamond.
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color from various types of sugar syrups, separating amino 
acids from their solution acetic acid, separating aromatic 
acids, catalysts, and catalyst supports [34]. Activated carbon 
materials are also being investigated for possible applications 
in hydrogen storage [35]. Microtubular materials can offer 
highly interconnected porous structures enabling facile diffu-
sion of species into and out of the carbon structures. The non-
carbon-based microtubular materials are also of interest. For 
example, the aluminum borate microtubular materials are 
used in structural applications [36,37], zinc oxide microtubes 
show promise in gas sensing [38], and ZnO nano/microtubes 
are good candidates for safe biological cavities and template 
materials due to their innocuity and chemical characters. High 
surface area silicon carbide (SiC) is used as an important 
high-temperature structural material, such as catalyst support 
and hot-gas filter, and offers many advantages due to its unique 
properties, e.g., low thermal expansion coefficient, good 
thermal shock resistance, and chemical stability at elevated 
temperature [39] Similarly, TiO2 microtubes for photocata-
lytic applications [40], diamond microtubes as reinforcement 
agents [41] are known applications. The carbon microtubes 
can serve as templates for producing microtubes of other 
materials. For example, diamond can easily be deposited on 
to carbon microtubes transforming them into diamond 
microtubes with shapes of the original carbon microtubes as 
shown in Figure 22.14c and d.

22.4.5  Drug Delivery, Fluid Flow, and Other 
Miscellaneous Applications

Conventional syringes used for drug delivery are often painful 
and limit targeted drug delivery. In this regard, nano and 

microneedles present a suitable alternative as they are painless 
and can be used for highly localized drug targeting. Many differ-
ent designs of microneedle-based drug delivery systems have 
been demonstrated. In many cases, these micropipettes are fab-
ricated rather than synthesized. One limitation in microfabri-
cating vertical microneedles is their maximum achievable length 
[42]. Also, the materials which have been used for fabricating 
these needles are mainly limited to silicon [43], glass [44], metal, 
and biodegradable polymer [45]. Carbon based nanopipettes 
were fabricated using chemical vapor deposition of carbon onto 
catalyst coated, interior surfaces of pulled quartz capillary (or 
nanopipette) tubes, and removing the quartz exterior [46]. Such 
carbon-based nanopipettes situated at the end of a long quartz 
capillary will be useful in both drug delivery and sensing 
applications.

The synthesized carbon based micro/nanopipette arrays 
and needles are also of immense interest to the above type of 
transdermal drug delivery applications if they can be inte-
grated into macroscale systems. Moreover, recent studies on 
fluid flow through carbon nanotubes have shown interesting 
fluid behavior due to the hydrophobicity of the interior sur-
face. The fluid flow through 7 nm diameter nanotubes was 
shown to be four to five orders of magnitude faster than that 
predicted by conventional fluid dynamics [47]. This was attrib-
uted to the almost frictionless interface at the CNT wall. 
Similar results were obtained using even smaller nanotubes 
( 2 nm) for liquids and gases [48]. Further studies showed that 
by attaching different end groups to nanotubes, selective liq-
uids can be flown [49,50]. With open-ended tips and the 
mechanical rigidity of the conical structure, the fluid flow 
through CCNT arrays should find several applications includ-
ing drug delivery.
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Micropipette structures are also of interest for many new types 
of applications such as fountain pen chemistry when integrated 
with atomic force microscope’s cantilever [51]. Nanopipette 
syringes, which can dispense fluids with a precise control of 
volume, are of tremendous interest. Two kinds of syringes were 
reported, a double barrel nanopipette [52] and an electrochemical 
attosyringe [53]. In the double barrel type nanopipette, an electro-
chemical potential is applied to two different fluid compartments, 
which sets up an electroosmotic flow of the fluid out of the nano-
pipette. By controlling para meters, such as the applied voltage and 
pulse duration, the volume of fluid coming out of the syringe can 
be controlled to attoliter precision. In the electrochemical attosy-
ringe [54], an applied potential between electrodes immersed in 
the fluid inside and the fluid surrounding the nanopipette induced 
the fluid flow into or out of the pipette with attoliter precision.

Another interesting application for the electron transparent 
micro tubes, partially filled with gallium is their use as nano-
thermometers [8]. Gallium exists as liquid from 29.8°C to 1050°C 
while exhibiting low vapor pressure. Interestingly, the expansion 
coefficient of gallium inside the nanotube was the same as the 
expansion coefficient of gallium in the macroscopic state. This 
was unlike the melting point for nanoquantities of materials 
which are influenced by surface effects.

22.5 Summary

The synthesis, structure, and applications of various micron-
scale and conical morphologies of carbon tubes have been 
described and discussed.
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Abstract
In this paper, we report a synthesis strategy for a new class of hollow, curved
carbon morphologies, ‘carbon microtubes’ (CMTs), with absolute control
over their conical angles and internal diameters. Our synthesis methodology
employs nitrogen or oxygen dosing to change the wetting behaviour of
gallium metal with the growing carbon walls to tune the conical angles.
Increasing N2 concentrations in the gas phase during growth increases the
conical angles of CMTs from +25◦ to about −20◦. A methodology using the
timing of oxygen or nitrogen dosing during CMT growth is shown to tune
the internal diameters anywhere from a few nanometres to a few microns.
The walls of the carbon microtubes are characterized using transmission
electron microscopy (TEM) and Raman spectroscopy and are found to
consist of aligned graphite nanocrystals (2–5 nm in size). Furthermore, dark
field images of CMTs showed that the graphite nanocrystals are aligned with
their c-axes perpendicular to the wall surface and that the crystals
themselves are oriented with respect to the wall surface depending upon the
conical angle of the CMT.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The unique electrical, chemical and mechanical properties
of carbon nanotubes (CNTs) offer enormous potential for a
wide range of applications. However, the potential of carbon
nanotubes (CNTs) for microfluidics applications is limited
owing to their smaller inner diameters (typically 1–10 nm). In
addition, CNTs often have bamboo styled internal obstructions
as a result of their typical growth process [1, 2]. The smaller
inner diameters and internal obstructions pose challenges
to fluid flow applications. Carbon tubes with larger inner
diameters are ideal candidates for microfluidic applications
such as micro-pumps, flow channels and nano/micro reactors.

Libera and Gogotsi [3, 4] used a hydrothermal technique
to synthesize carbon tubular structures with diameters ranging
from 70 to 1300 nm with fluid (water) encapsulated between

3 Current address: Intel Corporation, Hillsboro, OR 97124, USA.
4 Author to whom any correspondence should be addressed.

internal obstructions. Gao and co-workers synthesized
gallium filled carbon nanotubes using carbothermal reduction
using gallium oxide and activated carbon [5, 6]. These
gallium filled carbon nanotubes have been projected as carbon
nanothermometers based on the movement of gallium within
the tube as a response to temperature variations. However,
the resulting carbon tubular structures were straight and the
internal diameters were limited to sizes much below a micron.
Hu et al [7] recently reported the synthesis of carbon tubes with
diameters in the range of 1–2 μm using a technique similar
to carbothermal reduction but with ZnS powder. Earlier, we
reported a concept employing low-melting metals such as Ga
to synthesize a wide variety of carbon tubular morphologies
(cones, tubes, funnels, n-staged structures and Y-junctions) [8]
with large internal diameters referred to here as carbon
microtubes (CMTs). Using low melting metals to mediate
carbon film growth on their surface allows us to tune the
morphology of the carbon shell or wall around the droplet by
appropriately varying the shape of the liquid during growth.
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In other words, it can be visualized as a process where the
shape of the catalyst particle is changed constantly during
growth. However, it must be emphasized here that gallium
is not catalytic to carbon tube growth. Rather, molybdenum
(Mo) was used to promote carbon deposition onto Ga.

In this paper, we have extended the above concept for
absolute control over the internal diameters and the conical
angles of the resulting carbon microtubular structures. The
wall structures are critically examined using transmission
electron microscopy to provide insight into the microscopic
growth mechanism involved. In order to generalize the
synthesis concept, studies were also performed using indium
instead of gallium. In the rest of the discussion, carbon
microtubes (CMTs) are used to refer to various morphologies,
not just straight tubes.

2. Experimental details

The synthesis experiments were performed in a Microwave
Plasma CVD chamber operated at 600–1100 W and 40–
90 Torr reactor pressure. A thin film of gallium spread onto
a graphite substrate followed by molybdenum powder dusting
was exposed to 18% CH4/H2 plasma. In order to tune the
conical angles and internal diameters, different N2/O2 dosages
were used at various stages of growth. The appropriate dosing
amounts as well as the timing of the impurity addition will be
discussed in detail.

The wall structure of CMTs thus synthesized was analysed
using selected area diffraction (SAD), electron nanodiffraction
(END), dark field scanning transmission electron microscope
(STEM) imaging and Raman spectroscopy.

3. Results and discussion

3.1. Macroscopic growth mechanism

Gallium is a low melting metal with extremely low vapour
pressures over a range of temperatures (30–1200 ◦C). The
solubility of carbon in gallium is expected to be very low and
is in fact unknown. Also, gallium is not known to form any
carbide under the conditions used here. Ga is also not known
to catalyze carbon deposition from a hydrocarbon gas phase,
so molybdenum is used here to promote the precipitation of
carbon onto the gallium droplets. Upon exposure to plasma,
the gallium film on the substrate splits into several droplets.
The growth mechanism for carbon tube formation around the
liquid metal droplets is illustrated in figure 1. The growth of
tubes is initiated with the deposited carbon forming a wall or
a sheet around the droplet. Further addition of carbon lifts
the gallium droplet by continuing the growth at the gallium–
carbon interface as shown in figure 1(b). Macroscopically, the
morphology of the evolving structure depends on the curvature
of the gallium droplet, or the contact angle, at the gallium–
carbon interface. Based on the schematic shown in figure 1,
the conical angle of the evolving morphology can be related to
the contact angle by the relation

φ = 2θ − 180◦. (1)

Our hypothesis for the above growth concept is that the
conical angle can be altered in situ during growth by changing

(b) (c) (a) 

Carbon Wall 
Ga-Carbon
interface 

Ga drop tle  

φ

θ

Figure 1. Schematic illustrating the macroscopic growth mechanism
involved for carbon micro-tubular growth using low-melting metals:
(a) formation of the initial Ga droplets upon plasma exposure;
(b) formation of carbon shell around the Ga droplet and further
addition of carbon at the Ga–C interface; and (c) the geometric
definition of the contact angle and conical angle of CMTs.

the contact angle, θ . Under normal conditions, gallium does
not wet carbon due to its high surface tension. However,
gallium can be made to wet carbon, in the presence of activated
oxygen and nitrogen, which reduces the contact angle θ [9–11].

3.2. Tuning the conical angles

Earlier experiments showed how one could use oxygen
to synthesize various morphologies such as straight tubes,
tube-on-cone, cone-on-tube (funnel) and other multistaged
morphologies [8]. In those experiments, 5 sccm of oxygen was
added and removed at different stages of growth to ‘tune’ the
morphology in situ during growth. Even such a low amount
of oxygen is sufficient to reduce the contact angle and form
straight tubes (conical angle 0◦). The further reduction in
contact angles to result in negative conical angles requires
the use of much higher oxygen dosages. However, higher
oxygen concentrations lead to the spontaneous formation of
gallium oxide nanostructures [9]. Nitrogen, on the other hand,
has the same qualitative effect as oxygen but does not form
gallium nitride under the conditions used here. The nitrogen
dissolution necessary for GaN formation requires increased
temperatures and high amounts of dissociated nitrogen [11].
Therefore, the amount of nitrogen added to the feed gas
composition can be used as an ideal ‘tuner’ to obtain CMTs
with conical angles over a wide range.

The conical angles of CMTs obtained without the presence
of O2 or N2 are typically around 20–25◦. The addition of
nitrogen to the feed gases throughout the duration of growth
reduces the contact angle between carbon and gallium, thus
reducing the conical angles of CMTs. For example, the
addition of 10 sccm of nitrogen (in 18 sccm CH4/100 sccm
H2 feed gases) reduced the average conical angles to 0◦–5◦.
Increased nitrogen dosing further reduced the conical angles,
yielding CMTs with ‘negative’ conical angles. Here, the
negative conical angles refer to CMTs whose diameters
decrease during growth along the conical axis (in other words,
converging cones). Control over the conical angles of CMTs is
easily obtained using different amounts of N2 (10–35 sccm) as
illustrated in figure 2. The normalized distribution of conical
angles is also shown in figure 2. Note that the conical angles
decrease as the N2 concentration increases, and intermediate
N2 dosages yield straight tubes with zero or very low conical
angles.
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Figure 2. Tuning the conical angles of carbon microtubes. (a)–(d) SEM micrographs of conical morphologies obtained by using increased
N2 dosing in the feed gases: (a) 0 sccm, (b) 10 sccm, (c) 20 sccm and (d) 35 sccm. (e) Normalized distribution of conical angles obtained
from samples shown in (a)–(d).

(b)(a) 
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Figure 3. (a) SEM micrograph of the dumbbell morphology obtained using a three-step sequence involving a
‘no-nitrogen–nitrogen–no-nitrogen’ dosing sequence during growth. (b) TEM micrograph of the capsule morphology obtained using a
two-step sequence involving a ‘no-nitrogen–nitrogen’ dosing sequence.

3.3. Dumbbell and capsule morphologies

Using high nitrogen concentrations to create negative conical
angles resulted in new morphologies such as dumbbells and
capsules as shown in figure 3. For example, a three-step dosing
sequence resulted in the ‘dumbbell’ morphology. The first
stage of growth using no O2 or N2 dosing led to diverging
conical growth. The second stage of growth using high N2

dosing resulted in a converging cone. The third stage of the
growth using no nitrogen dosing caused the growth to lead to a
diverging cone again. By appropriately choosing the N2 dosing
amount, i.e. the flow rate and duration of N2 dosing, one can
tune the diameter of the ‘pinched region’ and also use this factor
to close one end of the tube, creating a capsule morphology.
Capsule morphologies result from a two-step dosing sequence.
The first stage of the growth involves no nitrogen dosing, and
the second stage requires a high amount of N2 dosing. The
high N2 flow rate during the second stage causes the diameter

to continuously decrease, eventually closing the growing end
of the tube. Thus, a ‘capsule’ morphology with one end open
and one end closed was synthesized.

3.4. Tuning the internal diameters

A simple methodology using a two-step sequence consisting of
no oxygen dosing followed by oxygen dosing (5 sccm) during
CMT growth is illustrated here. As illustrated earlier, the
first part of the growth is expected to yield diverging conical
growth with increasing diameter along the axis of the cone. In
the second part of the growth, after oxygen dosing, a straight
tube is expected. So, the diameter of the resulting tube can
be tuned by appropriately timing the oxygen dosing during
CMT growth as illustrated in figure 4. Experiments performed
with oxygen dosing in the first 10 min of the experiment (1 h
total) resulted in straight tubes with diameters ≈150 nm. Later
experiments with oxygen dosing after 20 and 30 min of initial
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d1 d2

t0 
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t2

d3 

Figure 4. A schematic representation of the strategy used for tuning
the internal diameters of CMTs. The strategy, as indicated by
dashed lines, involves timing, t , of the oxygen or nitrogen dosing
appropriately for obtaining final diameter, d , of the CMT.

conical CMT growth resulted in straight tubes with diameters
≈600 and 1800 nm, respectively. The diameter distribution
and the associated SEM micrographs are shown in figure 5.

The diameters possible with such a strategy are only
limited by the amount of gallium, which in our experiments is
limited due to the usage of Ga thin film. However, it is possible
to increase the diameters further by using a gas phase source
of gallium such as tri-methyl gallium. For example, some of
our experiments also yielded a few microtubes with internal
diameters as large as 15 μm, as shown in figure 6. However,
the occurrence of such tubes is very sparse due to a combination
of factors: limited supply of gallium, distribution of gallium
droplet sizes upon plasma exposure and re-coalescence of
gallium droplets during growth. Nevertheless, based on the
above observation, it can be concluded that carbon microtubes
with much larger diameters can be synthesized using our
technique.

 
 
 
 
 
 
 
 
 
 

20-40

30-30

0/10-50

(c) 

(b)(a) 

(d)

0 1 2 3 4

Diameter (Microns)

0

0.25

0.5

0.75

1

A
rb

 U
ni

ts

Figure 5. Tuning internal diameters of carbon microtubes. SEM micrographs of CMTs synthesized by oxygen dosing (a) 0–10 min,
(b) 20 min and (c) 30 min after the start of the experiment. (d) Normalized distribution of diameters obtained from samples shown in (a)–(c).

3.5. Wall structure

The conical angles of CMTs obtained using our technique
do not match the conical angles expected when the cones
were obtained by perfect folding of graphene sheets using
standard arrangements of carbon atoms [12]. There are
only five standard conical angles that can be geometrically
expected with a single graphene sheet containing a five-, six-
or sevenfold arrangement of carbon atoms [13]. In the case
of other conical structures, such as carbon nanopipettes [14]
and graphite whiskers [15], the wall can still be represented
as continuously scrolled graphene sheets to form a conical
structure with the edge sites exposed along the outer surface.
In the case of CNTs (either multi-walled or single walled),
the wall can be visualized as concentric cylinders made up of
graphene sheets or a graphene sheet rolled into a cylinder. In
our case, the CMTs are multi-walled in nature and have both
ends open. In addition, due to continuously varying diameters
along the conical axis during growth, the wall structure should
be different from regular carbon cones or CNTs.

The wall structure of CMTs was investigated using
several electron microscopy techniques such as selected area
diffraction (SAD), electron nanodiffraction (END) and dark
field STEM imaging. SAD was used to determine the
crystallinity of CMTs over a large area. A typical SAD
pattern taken from the tubes is shown in figure 7. In this
case, the tube is bent and the SAD pattern shows two pairs
of (002) reflections. Dark field images obtained using these
two pairs of (002) reflections indicated that these reflections
result from two different regions of the tube that are formed
at the bent part of the tube. As can be seen from the SAD
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(b)(a) 

Figure 6. SEM micrographs of carbon microtubes with larger internal diameters in the range of 10–15 μm.

 
 
 
 
 
 
 

50 nm 50 nm 

(b)(a) (002) 
reflections

Figure 7. ((a), (b)): Dark field TEM micrographs of CMTs using two pairs of (002) reflections. The inset shows the selected area electron
diffraction taken from the bent tube.

pattern, (002) spots are more prominent, whereas (100) and
(110) reflections are very weak and diffuse. This is indicative
of a lack of long-range order in the wall. In all the tubes
studied using SAD, the (002) reflections were found to be
always perpendicular to the wall surface, indicating that the
c-planes of graphite are parallel to the wall surface, but not
to the tube axis, except for the straight tubes. Although SAD
revealed the crystalline nature of the wall, the detailed wall
structure could not be determined. Electron nanodiffraction
was used to study the wall structure in detail. In this technique,
diffraction patterns from extremely small specimen areas can
be obtained by using an incident electron beam with a diameter
less than 1 nm. In the case of CMTs, the wall thickness is
in the range of 10–20 nm. Therefore, nanodiffraction was
used to locally probe the wall structure. Refer to a recent
review by Cowley [16] regarding the details of the electron
nanodiffraction technique and its applications. The electron
nanodiffraction patterns showed strong (002) reflections and
very weak (100) and (110) reflections. Dark field STEM
imaging using the (002) reflections showed that the wall is
comprised of graphite nanocrystals that are about 2–5 nm in
size as illustrated in figure 8. The bright regions in the dark
field images correspond to nanocrystals of graphite.

These graphite nanocrystals were observed to occur in a
set of parallel lines separated by about 5–6 nm, with a specific
orientation with respect to the wall surface. This orientation

Figure 8. Dark field STEM image of the carbon wall using (002)
reflection.

between the parallel set of graphite nanocrystals and the wall
surface varied from one tube to another depending on the
conical angle of the tube. The orientation of these parallel
lines of graphite nanocrystals with the wall surface is similar
to the angle that gallium makes with the wall within about
10◦, as shown in figure 9. This can be attributed to changes
in the contact angle due to temperature variations between the
growth and the TEM analysis. In other words, the wall consists
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Figure 9. (a) Schematic representation showing the difference in orientation of the parallel set of graphite nanocrystals with the carbon wall
(α1, α2) in two CMTs with two different conical angles (2θ1 and 2θ2), (b) dark field image of the wall of a CMT at the gallium–carbon
interface region and (c) schematic illustration of the orientation of the parallel set of graphite nanocrystals with the wall surface. The
orientation is very close to the angle that the gallium makes with the wall surface.

of nanocrystals of graphite that have similar orientations with
respect to the wall surface just as the orientation of liquid
gallium inside the tube to the carbon wall.

As the beam was moved nearly perpendicular to the lines
of spots in the dark-field images, the diffraction pattern almost
always consisted of the (002) lines of spots with varying
intensities and vague indications of (100) and (110) reflections.
By translating the beam just a few nanometres, the diffraction
pattern changed from having both orders of (002) reflections
strong to having one order strong and other order almost zero.
Sometimes, the diffraction spots are not symmetrical about the
origin, and in some cases the first order reflection intensities
were very different. This can only happen when the crystal
is thick, suggesting that the crystal is elongated along the
beam direction. For thin crystals (less than 1 nm thick), where
the scattering is kinematical, the two spots should have equal
intensities. For one spot to be very much stronger than the other
there must be strong dynamical scattering and the thickness
must be of the order of an ‘extinction distance’. In the case of
graphite this is about 20 nm or more. This suggests that the
graphite crystals are elongated along the direction tangential
to the wall surface as shown schematically in figure 10.

The wall structure of CMTs was further investigated using
Raman spectroscopy. Raman spectra taken from CMTs using
two different laser wavelengths (633 and 325 nm) are shown
in figure 11. The presence of two peaks at around 1350 and
1580 cm−1 is indicative of the D and G bands of graphite,
respectively [17]. The position and intensity of the D band are

dependent on the crystal size and the laser wavelength. The
D band shifts to higher wavenumbers with decreasing laser
wavelengths. The observed shift in the D band by decreasing
the laser wavelength from 633 nm (1.9 eV) to 325 nm (3.8 eV)
is consistent with the expected shift of 50 cm−1 eV−1 [18, 19],
with no appreciable shift in the G band, as shown in figure 11.
Using the relative intensities of the D and G bands, the cluster
size of the graphite crystals was calculated using Knight’s
formula:

La = C(IG/ID) (2)

where La is the cluster size, IG and ID are the G and D band
intensities, respectively, and C is a constant dependent on the
laser wavelength. Using a value of 8.3 nm [19] for C at a
wavelength of 633 nm, the cluster size of graphite in CMTs was
determined to be 7 nm, consistent with the TEM investigations
described earlier.

3.6. Microscopic growth mechanism

Based on the wall structure, a microscopic growth mechanism
for the formation of a carbon wall with nanocrystals of graphite
is proposed. In the case of the CMT growth described here,
the addition of carbon to the growing end of the tube seems to
occur either directly from the gas phase or from the surface
diffusion of adsorbed carbonaceous species on the gallium
droplet. Since the diameter of the gallium on which carbon
addition occurs is larger, the graphene sheet that forms around
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Figure 9 
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Figure 10. Schematic illustration of the wall structure. The
elongation of graphite nanocrystals along the direction tangential to
the wall surface is indicated by a dashed arrow in the top view and
the preferential alignment of graphite nanocrystals with respect to
the wall surface is shown in the side view.

the droplet breaks up to accommodate the stress, thus creating
nanocrystals of graphite that are longer along the direction
tangential to the wall surface. The breaking up of graphene
sheets into nanocrystals is not surprising. It has been observed
in multi-walled CNTs that graphene sheets slide over one
another to accommodate the misfit caused by increase in
diameters with the addition of subsequent graphene layers [20].
TEM investigations performed along a certain length at the
tip of the microtubes revealed that the wall tapers down to a
few layers of graphene as shown in figure 12. This is further
indicative that the wall is always tangential to the gallium
surface and that the contact angle between gallium and carbon
is always maintained. This information also indicates that
the carbon addition occurs right at the tip. Since a constant
wall thickness is maintained for the rest of the length, it is
expected that the carbon atoms that are added at the tip diffuse
downwards in a spiral fashion, causing elongation of crystals
along the tangential direction as shown in figure 12(b).

The growth concept proposed here and the strategies
suggested for tuning the conical angles, morphologies and
internal diameters can be generically applied not just to
carbon–gallium systems but also to other systems. For
example, CMTs were also synthesized by replacing gallium
with indium, another low melting metal with a low solubility
for carbon (not shown here). The ‘straight’ tube morphology
observed in the studies by Gao et al [5, 6] and Hu et al [7] could
easily be explained using our arguments that the presence of
species such as oxygen, nitrogen and/or sulfur could lower
the contact angle between low-melting metals and carbon and
promote the growth of straighter tubes.
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Figure 11. Raman spectra of carbon microtubes obtained using
(a) 633 nm and (b) 325 nm wavelength laser excitation.
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Figure 12. (a) TEM micrograph of the tip of CMT indicating the
thinning of wall at the tip. (b) Schematic illustration of the
microscopic growth mechanism.

4. Conclusions

This study reports a technique for the synthesis of ‘carbon
microtubes’ (CMTs) with large internal diameters and has
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illustrated several methods for absolute control of the
morphology, internal diameters and conical angles. The
ability of gas phase additives (oxygen or nitrogen) in altering
the contact angle of gallium with carbon is used to control
the conical angle and the internal diameter of the carbon
microtubes. Increasing the nitrogen dosing to the gas phase
during CMT growth is shown to change the conical angles
of the resulting CMTs from +25◦ to −25◦. The walls of
the CMTs exhibited a unique structure unlike conventional
carbon nanotubes, suggesting a different microscopic growth
mechanism. The CMTs with their high density of graphitic
nanocrystals should be useful for lithium intercalation and
electrolytic capacitors. The CMTs with large internal
diameters and conical morphologies at one end should be
highly useful for microfluidic applications.
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We demonstrate a simple approach for fabricating nanoelectrode ensembles �NEEs� for nanostructures exhibiting conical mor-
phologies. The fabrication concept utilizes the tapered geometries of carbon nanopipettes �CNPs� and entails one simple, dip-
coating step with an insulating polymer to engineer their spatial distribution. After dip-coating, the CNPs in the NEE are separated
by several micrometers. Uncoated CNP arrays exhibit peak-shaped behavior in cyclic voltammetry, whereas polymer-coated NEEs
yield steady-state, sigmoidal voltammograms over a wide range of scan rates. As-synthesized CNPs could also be employed as
templates for synthesizing conical morphologies of other materials to be incorporated into NEEs.
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Nanoelectrodes, with their small critical dimensions, possess
many advantages over their larger, macro-sized electrode
counterparts.1,2 Nanoelectrodes are desirable because they exhibit
radial diffusion,1 the rapid attainment of steady-state currents,3 in-
creased signal to background ratios,4 higher sensitivities,4,5 and de-
creased effects from ohmic potential drop6 compared to larger elec-
trodes. In addition, nanoelectrodes have direct applications in
resolving the kinetics of rapid electron transfer reactions,7 the in
vivo detection of biologically significant compounds such as neu-
rotransmitters on short time scales,8 and even in imaging as in scan-
ning electrochemical microscopy �SECM�.1 Nanoelectrode en-
sembles �NEEs� have the advantage of packaging thousands of
individual nanoscale elements into single devices that are easily ma-
nipulated and yield higher signals while still maintaining the perfor-
mance enhancements obtained from single nanoelectrodes.1

However, NEE fabrication is no trivial task. NEEs have been
fabricated with a variety of methods including the use of templates
and self-assembled monolayers.1,9 Koehne et al. fabricated nano-
electrode arrays �NEAs� using multiwalled carbon nanotubes
�CNTs�,5 but their technique required a series of micro/
nanofabrication procedures. Here, a new NEE fabrication method is
presented that avoids the complications of microfabrication,
template-assisted, and self-assembled monolayer �SAM� techniques.

In any NEE or NEA, the spatial distribution of the individual
nanoelectrodes is crucial for preventing diffusion boundary layer
overlap and for the ensemble or array to behave as a
nanoelectrode.5,10 Here, we demonstrate a novel strategy for engi-
neering the interelectrode spacing in the fabrication of a NEE or
NEA by using the conical morphologies of carbon nanostructures
termed earlier as carbon nanopipettes �CNPs�. CNPs are tapered
structures measuring from hundreds of nanometers �nm� up to a
micrometer ��m� at their bases to approximately 10 to 15 nm at
their tips with lengths spanning several micrometers.11 The conical
geometry causes CNPs to exhibit an increased spacing at their tips
compared to the close proximities of their bases. Consequently, a
simple NEE fabrication technique involving the dip-coating of the
ensemble with a dielectric, polymeric layer can be employed to
control the spatial distribution of the exposed portions of CNPs as
illustrated in Fig. 1.

This simple concept for NEE fabrication could easily be ex-
tended to other electrically conducting nanomaterials that exhibit
conical morphologies similar to CNPs. Furthermore, CNP arrays
could serve as templates onto which other materials could be depos-

ited or synthesized to yield conical forms of a variety of materials.
These new conical arrays could then be filled with polymer or an-
other insulator to obtain NEEs made of different materials.

CNPs possess other properties besides their tapered geometries
and nanoscale tips that make them attractive as nanoelectrode ma-
terials. First, the outer edges of CNPs are composed of helical,
wrapped up graphite sheets that yield a high density of exposed
graphite edge planes along their tips and walls.11 Graphite edge
planes are favorable for electrochemistry because they yield fast
electron transfer rates12 and electrochemically reversible behavior
for a variety of analytes including catechols and quinones.13 In con-
trast, the sidewalls of carbon nanotubes CNTs are comprised of
graphite basal planes that exhibit relatively slow electron transfer
kinetics.14 Additionally, CNPs do not possess metal contamination at
their tips that must be removed after synthesis unlike their CNT
counterparts. Furthermore, CNPs are grown on platinum �Pt� sub-
strates, inherently providing an electrical contact for electrochemical
measurements.

Therefore, CNPs are a new nanoelectrode material superior to
CNTs and possess tapered morphologies. This conical geometry per-
mits a simple polymer filling procedure to create well-spaced NEEs
that behave as a single nanoelectrode. In this paper, we demonstrate
the simple NEE fabrication procedure and investigate the electro-
chemical behavior of both the fabricated CNP NEEs and the as-
synthesized, uncoated CNP array electrodes.

CNP synthesis was performed in an ASTeX model 5010 micro-
wave �MW� plasma-enhanced chemical vapor deposition �PECVD�
reactor. Pt wire substrates 0.3 mm in diameter were vertically im-
mersed into 2% CH4/H2 plasma using 650 W MW power at 30 Torr
pressure for approximately 1 h.

Next, the as-synthesized CNPs were dip-coated with polymer to
increase their spatial distribution by leaving only the isolated tips
protruding from the polymer. An ultraviolet �UV� light-curable acry-
late monomer solution containing photoinitiator was employed for
dip-coating followed by immediate exposure to UV light flashes to
cure the monomer to polymer. The monomer mixture was diluted to
50% in ethanol and was composed of the following chemicals �all
weight%� available from Sartomer Company �USA�: 27% CN120,
9% SR399, 27% SR454, 27% SR9003, and 10% SR1120 and ben-
zophenone �UV photoinitiators�. The insulating polymer layer
served two purposes. Its first purpose was to blank out the CNP
bases and the underlying carbon between them to leave only the
well-spaced tips exposed. Second, the polymer passivation layer in-
sulated the Pt substrate, except an area reserved for an electrical
contact.

In order to prevent diffusion boundary layer overlap in the NEEs,
the interelectrode separation must be at least twice the boundary
layer thickness.9 Diffusion boundary layers are established around
the nanoelectrodes in a NEE as analyte molecules react at their
surfaces setting up concentration profiles for diffusion to occur.4

Although CNPs most closely resemble conical electrodes, their tips
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were approximated as spherical electrodes for simplicity in estimat-
ing boundary layer thicknesses. This is a reasonable simplification at
least for the purpose of estimating boundary layer thicknesses ac-
cording to Zoski et al.15 Fick’s second law in spherical coordinates
is

C�r,t� = Cb�1 −
r0

r
erfc
 r − ro

2Dt
�� �1�

where C is the concentration at any r and t, Cb is the bulk concen-
tration of the analyte in solution, r0 is the electrode radius, r is the
radial distance from the electrode center, D is the diffusion coeffi-
cient, and t is the time.16 For CNPs, the boundary layers at C equal
to 99% Cb are approximately 1 to 2 �m thick using the following
parameters: t = 0.1 s, D = 10−9 m2/s, and r0 � 10 to 20 nm. There-
fore, 2 to 4 �m of spacing between individual CNPs are required
for independent diffusion regimes to be established at each CNP in
the NEEs. When the boundary layers overlap semi-infinite, planar
diffusion occurs and leads to macro or planar electrode behavior in
CV.1 Whenever the boundary layers are independent and do not
overlap, radial diffusion dominates and the NEE behaves as a single
nanoelectrode.9

Scanning electron microscopy �SEM� was employed to monitor
the increase in CNP spacing as polymer coatings were applied. Fig-
ure 2a is an SEM image of an as-synthesized, uncoated CNP array
on a Pt wire. As seen in the image, the CNPs taper from large bases

where they are very dense and indistinguishable to sharp, well-
spaced tips. The CNPs are oriented radially outwards from their Pt
wire substrates, which is advantageous to our fabrication approach.
Figure 2b represents a partially embedded CNP sample after a few
micrometers of polymer have been applied. Clearly, the CNP density
has decreased compared to an uncoated sample, but the spacing is
still not sufficient. Although some CNPs in Fig. 2b are separated by
a few micrometers, there are enough CNPs with active areas spaced
closely to prevent the electrode from exhibiting nanoelectrode be-
havior. Figure 2c is a higher magnification SEM image of a partially
embedded sample showing two adjacent CNPs protruding from the
underlying polymer layer. The quality of the polymer thin film in
terms of sealing around the individual CNPs and lack of defects
such as holes and cracks is evident in this image. Figure 2d shows a
CNP NEE after additional polymer application, which has left only
the CNP tips protruding from the polymer. The spacings between
CNP tips in this image are quite large enough �several micro-
meters� rendering independent diffusion regimes to the CNPs and
nanoelectrode behavior to the overall NEE.

Cyclic voltammetry �CV� was utilized to test the electrochemical
responses of the NEEs in model electrochemical analytes such as
dopamine and potassium ferricyanide, K3Fe�CN�6. Three electrodes
were employed during the CV experiments, a working electrode
�CNP NEE�, an auxiliary electrode �Pt wire�, and a reference elec-
trode �Ag/AgCl�. All me asurements were performed on a Bioana-
lytical Systems CV-50W potentiostat.

We have demonstrated the ability to tune the electrochemical
behavior of as-synthesized CNPs from planar electrodes to nano-
electrodes with the application of an insulating polymer as shown in
Fig. 3, which presents voltammograms for uncoated and coated
CNP electrodes. Figures 3a, b, and c correspond to the SEM images
in Fig. 2a, b, and c, and d, respectively.

Figure 3a is a CV of an as-synthesized, uncoated CNP ensemble.
A pair of peaks is visible at about 200 mV potential indicating the
redox reactions of K3Fe�CN�6. Positive and negative currents cor-
respond to reduction and oxidation reactions, respectively. The
peak-shaped behavior of the CV in Fig. 3a is characteristic of a solid
macroelectrode and is explained by the semi-infinite, planar diffu-
sion occurring at the electrode that results from overlapping bound-
ary layers.5 Figure 3b is a CV for a polymer-coated CNP electrode.
The currents in the voltammogram are two orders of magnitude
lower than for the uncoated electrode because the electrode area has
been decreased from polymer coating. The reduction peak seen in
Fig. 3a is no longer present in Fig. 3b, but there is still an oxidation
peak present. The disappearance of the reduction peak and the re-
semblance of the voltammogram to a more sigmoidal shape com-
pared to the uncoated electrode indicate the onset of nanoelectrode
behavior. However, the presence of the oxidation peak means that
the interelectrode tip spacing needs to be larger. Martin and cowork-
ers observed similar responses intermediately between planar and
nanoelectrode behavior with NEEs fabricated from membrane
templates.17

After more polymer was applied leaving only the isolated CNP
tips exposed, a steady-state voltammogram was obtained as seen in
Fig. 3c. According to Zoski et al, a conical nanoelectrode should
also yield a steady-state voltammogram as seen in Fig. 3c.15 The
sigmoidal shape in the figure provides confirmation that the CNPs
are performing as individual nanoelectrodes in the ensemble.5 The
interelectrode spacing in the NEE in Fig. 3c allows for independent,
radial diffusion regimes to be established at the CNPs in the en-
semble giving rise to the steady-state, diffusion-limited plateau
observed.1

Ideally, the forward �negative direction� and reverse �positive
direction� scans should be superimposable. However, the NEE in
Fig. 3c exhibits displacement between forward and reverse scanning
and indicates that there is some degree of concentration boundary
layer interaction between the CNPs in the NEE, which results from
inhomogeneity in the electrode distribution.18 The term NEEs is
employed here rather than nanoelectrode arrays �NEAs� because the

Figure 1. NEE fabrication concept. �a� An uncoated, as-synthesized CNP
ensemble experiences diffusion boundary layer overlap because the CNPs
are spaced too closely at their bases. �b� A CNP NEE after polymer coating
that has left only the well-spaced tips exposed, which allows independent
boundary layers to develop at each CNP.
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individual electrodes in NEAs possess a regular, ordered spatial dis-
tribution; whereas, the nanoelectrodes in NEEs are randomly spaced
as in the case of the CNP samples synthesized for this study.1,9

The performance of the fabricated CNP NEEs at varying scan
rates further substantiates the claim that nanoelectrode behavior was
achieved. Figure 4a shows results from varying the scan rate in CV
for an uncoated CNP array, and Fig. 4b represents a polymer-coated,
low-density CNP NEE for scan rates ranging from 10 to 400 mV/s.
In Fig. 4a, the uncoated array exhibits planar electrode behavior
with peak-shaped responses and increasing peak currents at higher
scan rates. Figure 4c is a plot of the log of peak or plateau current,
iD, vs the log of the scan rate, v, over four orders of magnitude from
10 mV/s to 10 V/s. The data for the uncoated CNP array having
overlapping diffusion boundary layers are linear with a slope of
0.48, very close to the expected value of 0.5 predicted from the
Cottrell equation.19

On the other hand, the polymer-coated CNP NEE represented in
Fig. 4b yields a sigmoidal response with a diffusion-limited, steady-
state current that just slightly increases with scan rate. The sigmoidal
shape was preserved even though the scan rate was varied over four
orders of magnitude. The data in Fig. 4c for the coated CNP NEE
are linear just as they are for the uncoated array, but the slope is 0.07
compared to 0.48 for the planar electrode. For a nanoelectrode ex-
hibiting a steady-state current, the slope should be zero.19 Therefore,
there is some nonideality in the behavior of the NEEs that could
result from partial boundary layer overlap or solution leakage

through the polymer passivation layer.3 However, Koehne et al. re-
ported a greater slope of 0.13 over the same range of scan rates
using microfabricated CNT NEAs.5

Four CNP NEEs were made for this study, demonstrating that the
fabrication concept is qualitatively reproducible. In addition, the
CNP NEEs exhibited short and long-term stabilities during tests in
which they were scanned 100 times continuously and over a 35-day
period during which 800 CV scans were performed, respectively.
Voltammograms exhibiting the reproducibility and stability of CNP
NEEs are provided in the supplementary information.

Nanoelectrodes have direct applications as in vivo sensors for the
detection of biologically significant analytes such as the neurotrans-
mitter dopamine.8 Ascorbic acid presents a challenge for the use of
CNPs as an in vivo dopamine electrochemical sensor since it oxi-
dizes at nearly the same potential as dopamine, resulting in only one
oxidation peak at approximately 200 mV. However, we were able to
resolve individual dopamine and ascorbic acid peaks with an un-
coated CNP array by employing a one-time anodic oxidation treat-
ment of the electrode at 2.0 V potential vs Ag/AgCl in 0.5 M
H2SO4 to shift the ascorbic acid peak while leaving the dopamine
peak intact. This was the same treatment used by Mani et al. for a
nanocrystalline graphite electrode.13 See Fig. 5 for a CV demonstrat-
ing this treatment in obtaining separate ascorbic acid and dopamine
peaks. CVs of the electrode prior to treatment are included in the

Figure 2. SEM images of CNP ensembles: as-synthesized with no polymer coating �a�, partially embedded in polymer �b� and �c�, and nearly encapsulated with
additional polymer coating leaving only the tips of the CNPs exposed �d�. Figures �a� through �c� behaved as planar electrodes in CV because many of the CNPs
are spaced too closely. The NEE in �d� is sufficiently coated with polymer to achieve the few micrometers of spacing needed between adjacent CNPs to prevent
boundary layer overlap.
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Figure 3. CV of CNP electrodes in 1 mM K3Fe�CN�6 and 0.1 M KCl at
400 mV/s scan rates with: �a, top left� no polymer coating, �b, above� some
polymer coating, and �c, left� additional polymer coating. The peak-shaped
response in �a� is characteristic of planar electrode behavior. As polymer is
applied the spatial distribution of the ensemble increases, and the electrode
performance transitions to nanoelectrode behavior. This is demonstrated as
the peaks begin to disappear as in �b� until finally a steady–state voltammo-
gram is obtained as in �c� when diffusion boundary layer overlap is mini-
mized.

Figure 4. CV at 10 to 400 mV/s scan rates for an uncoated CNP array �a,
top left� exhibiting planar electrode behavior with peak-shaped responses
and for a polymer-coated CNP NEE, �b, above� yielding sigmoidal curves
with steady-state, diffusion-limited currents, �c, left� is a plot of the log of
peak or plateau current vs the log of scan rate over four orders of magnitude
from 10 mV/s to 10 V/s for an uncoated CNP array �top� and a polymer-
coated NEA �bottom�. The data fit a linear trend with slopes of 0.48 and
0.07 for the uncoated and coated CNP arrays, respectively.
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supplementary information. The CNP NEEs could also be treated to
yield two plateaus for a mixture of ascorbic acid and dopamine, but
we have not yet achieved this result.

In summary, we have developed a simple technique for control-
ling the individual spacing of structures exhibiting conical, tapered
geometries such as CNPs in the fabrication of a NEE or NEA that
avoids the complexities of methods involving microfabrication,
template-assisted, or SAMs. Adequate spacing in a NEA or NEE is
crucial to ensure that each element behaves as a single nanoelec-
trode. As expected for conical electrodes, the CNP NEEs exhibited
steady-state, diffusion-limited currents during CV. CNP NEEs ex-
hibited both short-term and long-term stabilities. It was demon-
strated that one can reliably manipulate the electrochemical perfor-

mance of CNP electrodes from planar to nanoelectrode behavior
with the quick application of an insulating polymer coating. This
NEE fabrication concept can be applied to a variety of structures
similar to CNPs that exhibit tapered morphologies, which automati-
cally results in well-separated tips important for applications such as
nanoarray electrochemical sensing and field emission.
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Figure 5. CV of an uncoated CNP electrode at 100 mV/s scan rate in a
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This same treatment could be extended to CNP NEEs and render two oxida-
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the air hole array of a triangular lattice in an alumina matrix. For the
formation of a fluorescent-dye layer on the surface of porous alumina,
the porous alumina substrate was dipped in an ethanol solution con-
taining 20 wt.-% dendrimer [13] and 4 × 10–3 M pyrromethene 597
(EXITON) for 1 min and then dried. The thickness of the fluores-
cent-dye layer was approximately 1 lm.

Optically pumped lasing experiments were performed using a fre-
quency doubled Nd3+:yttrium aluminum garnet (YAG) pulse laser
(532 nm wavelength, 8 ns pulse width, and 10 Hz repetition rate). The
spot size of the incident light was 300 lm. The excitation light from
the laser was irradiated from a direction parallel to the cylinder array
to the surface of the fluorescent-dye layer. The emission from the
cross section of porous alumina cut in the C–X direction was observed
using a spectrometer.
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Direction-Dependent Homoepitaxial
Growth of GaN Nanowires**

By Hongwei Li, Alan H. Chin, and
Mahendra K. Sunkara*

Wurtzite GaN is a technologically important material for
optoelectronics and has potential applications in high-temper-
ature and high-power electronics.[1–3] One-dimensional (1D)
structures have attracted great interest as potential building
blocks for nanoscale electronics.[4,5] Due to its anisotropic and
polar nature, GaN exhibits direction-dependent properties.[6,7]

Thus, controlling the growth direction of GaN nanowires is
important for practical applications. In addition, it is impor-
tant to be able to obtain these nanowires in a wide range of
sizes, from micrometers to nanometers, for easier optical and
electrical coupling. Up until now, wurtzite GaN nanowires
have been primarily synthesized using either catalyst-mediat-
ed or oxide-assisted techniques,[8,9] or through direct-nitrida-
tion schemes.[10] Recently, control of the growth direction of
GaN nanowires has been achieved using heteroepitaxy on dif-
ferent single-crystal templates, mediated by catalyst clusters;[8]

however, control of the growth direction is yet to be achieved
for nanowires grown by direct-nitridation methods. Moreover,
there is no procedure available to statistically evaluate the
growth directions of all the nanowires in a sample. Specifical-
ly, nanowires with diameters less than 30 nm do not show
clear facets and appear rounded under observation by field-
emission scanning electron microscopy (FESEM). Here, we
report a direct-nitridation scheme for the controllable synthe-
sis of GaN nanowires in two distinct directions (<0001> c-di-
rection and <10–10> a-direction) using amorphous substrates
and describe a simple procedure based on homoepitaxy to de-
termine the growth directions of the resulting nanowires.
Homoepitaxy onto wires grown in the c-direction results in
hexagonal microprismatic island growth at the ends, which
could possibly be exploited for optical and electrical coupling.

C
O

M
M

U
N

IC
A
TI

O
N

S

216 © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2006, 18, 216–220

______________________ –
[*] Prof. M. K. Sunkara, H. Li

Department of Chemical Engineering, University of Louisville
106 Ernst Hall, Louisville, KY 40292 (USA)
E-mail: mahendra@louisville.edu

Dr. A. H. Chin
ELORET Corporation, NASA Ames Research Center
M/S N229-1, Moffett Field, CA 94035 (USA)

[**] This work was supported by U.S. Air Force Research (AFOSR,
F49620-00-1-0310, monitored by Dr. Gerald Witt), U.S. National
Science Foundation (CTS 9 876 251), and the Kentucky Science &
Engineering Foundation (KSEF-148-502-04-86). The authors ac-
knowledge Dr. Xu at the University of Kentucky for help with
HRTEM and Dr. Raul Miranda of the Basic Energy Sciences Divi-
sion at the U.S. Department of Energy for helpful discussions. Sup-
porting Information is available online from Wiley InterScience or
from the author.

Reference No 75

328



Homoepitaxy onto wires grown in the a-direction leads to uni-
form growth over the entire length of the wires and results in
the formation of thin, two-dimensional (2D) microbelts. The
morphological features observed upon homoepitaxy onto
wires grown in the c-direction suggest a “ballistic” or 1D
transport mechanism, as compared to the traditional “slow”
diffusion of adatoms on the surfaces of wires grown in the
a-direction.

In this study, control over the growth direction of the result-
ing nanowires has been obtained by controlling the Ga flux
during direct nitridation in dissociated ammonia. The nitrida-
tion of Ga droplets at a high flux leads to GaN nanowire
growth in the c-direction (<0001>), while nitridation with a
low Ga flux leads to growth in the a-direction (<10–10>). Mi-
crographs, including lattice images of GaN nanowires grown
in the two different directions (c- and a-directions), are shown
in Figure 1. The inset of Figure 1a shows GaN nanowire
growth from Ga droplets, as is typically observed on sponta-
neous nucleation followed by basal growth, similar to the phe-
nomena observed in our previous studies of bulk Si nanowire
growth using molten Ga pools.[11] In this case, the nanowires
are expected to grow in the c-direction due to the expected
alignment of the basal (0001) planes of the GaN crystal nuclei

with the molten Ga surface.[12] The presence of hydrogen in
the gas phase during growth reduces the wettability of GaN
with Ga, thereby restricting the lateral propagation of the nu-
clei and leading to 1D growth. The diameters of the nanowires
range from 15 to 40 nm, with an average diameter of 20 nm,
and the lengths can be as much as 100 lm (Fig. 1a). High-res-
olution transmission electron microscopy (HRTEM) analysis
of nanowires grown in the c-direction shows a regular occur-
rence of stacking errors along the c-direction, but no amor-
phous oxide sheath is observed on the surfaces (Fig. 1b).

GaN nanowires grown in the a-direction have been ob-
tained from experiments utilizing the controlled vapor trans-
port of Ga (or a low Ga flux using pre-synthesized polycrys-
talline GaN as the Ga source) in the presence of dissociated
ammonia on quartz substrates (Figs. 1c,d). These experiments
are similar to our recent work on the vapor-transport synthe-
sis of InN nanowires using indium and ammonia.[13] That
study showed that InN crystal nucleation occurs first, and is
followed subsequently by 1D growth by liquid-phase epitaxy
through the In droplets in a tip-led fashion. The Ga droplets
at the tips of long and thin nanowires may possibly evaporate
after growth, and have not been observed in our experiments.
TEM analysis (Fig. 1d) of the nanowires shows that they are
free from stacking faults and dislocations and contain no
amorphous oxide sheath.

The bandgap of wurtzite GaN has been found to be
dependent on the crystallographic orientation because of
polarization in the c-direction of GaN crystals.[7] This is illus-
trated by the blue-shift in the bandgap of GaN nanowires
grown in the a-direction by about 100 meV, as compared to
wires grown in the c-direction, at temperatures ranging from
0–300 K.[8] Here, photoluminescence (PL) data has been ob-
tained at different laser irradiation powers for samples con-
taining GaN nanowires with diameters less than 30 nm grown
in both c- and a-directions. The samples are excited using a
325 nm He–Cd continuous wave (CW) UV laser. Broad peaks
centered around 3.1 eV to 3.5 eV are observed at different la-
ser powers, and these peaks exhibit red-shifts with increasing
laser power (see Supporting Information). A spectral dip is
also apparent at around 3.4 eV. Laser-induced heating likely
occurs in the nanowires due to the small spot size involved
(∼ 10 lm × 10 lm), resulting in decreased bandgap values for
GaN.[14] The bandgap variation with temperature E(T) for
GaN follows the Varshini formula,[15]

E(T) = E0 – aT2/(T + b) (1)

where E0 is the bandgap of GaN at 0 K, and a and b are
Varshini’s fitting parameters. The spectral dip is likely due to
the spectral response of the PL system used here. By assuming
a Gaussian shape for the spectral dip, and correcting and fit-
ting the spectra to obtain the PL peak values, the bandgap of
these nanowires has been correlated to the laser intensity, as
shown in Figure 2. The bandgap of the wires grown in the
a-direction blue-shifts by about 50 meV compared to nano-
wires grown in the c-direction, which is less of an effect than
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Figure 1. a) SEM images showing GaN nanowires with diameters less
than 30 nm obtained from the direct reaction of Ga droplets and NH3.
The inset shows the spontaneous nucleation and growth of multiple
nanowires directly from a larger Ga droplet. b) High-resolution transmis-
sion electron microscopy (HRTEM) image of a GaN nanowire from the
sample shown in (a) indicating that the growth direction is <0001>. The
inset is a fast Fourier transform of the HRTEM image, and the zone axis
is <11–20>. c) SEM image showing GaN nanowires with diameters less
than 30 nm resulting from the reactive-vapor transport of a controlled
Ga flux in a NH3 atmosphere. d) TEM image of a GaN nanowire from
the sample shown in (c) indicating that the growth direction is <10–10>.
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previously reported.[8] The reasons for this are not completely
clear, but could be due to the differences in the surface facets
of the wires and the actual temperature to which the nano-
wires are heated by the laser.

There is no reliable procedure for evaluating the growth di-
rections of large quantities of nanowires. Such a process is
critical for controllably growing nanowires in specific direc-
tions. Here, homoepitaxy and analysis of the resulting mor-
phological features by SEM is shown to be a simple process
for determining the growth direction of GaN nanowires. The
homoepitaxially grown morphological features clearly illus-
trate distinct differences depending upon the growth direction
of the GaN nanowires: hexagonal prism-like island growth is
observed for wires grown in the c-direction, while belt-shaped
growth is observed for wires grown in the a-direction.

Most interestingly, the differences in the morphologies ob-
served after homoepitaxy onto wires grown in different direc-
tions also reveal an interesting phenomenon, the enhanced
surface diffusion of adatoms. Nanowires grown in the c-direc-
tion develop hexagonal island-shaped morphologies after
homoepitaxy, as shown in Figure 3. The side surfaces of
the observed hexagonal prisms belong to the {10–10} and
{10–11} families of wurtzite GaN. The side planes of the top
pyramids are {10–11}, since the ratio of their height to their
base is about 0.85, close to the lattice ratio of c/2a for wurtzite
GaN. The {10–11} surfaces of the hexagonal prisms clearly
show growth steps evolving from the pyramid tip to the hex-
agonal column, as illustrated in Figure 4a. The steps are seen
to originate at the tip and propagate along the pyramid to-
wards the hexagonal column. This clearly indicates that adat-
oms adsorbed on any part of the nanowire are transported to
the hexagonal pyramids, where the steps are generated, fol-
lowed by propagation towards the hexagonal ends, thereby
extending the hexagonal column (Fig. 4b). Excluding the is-
lands, the remaining portions of the nanowires do not grow in
thickness during homoepitaxy. When multiple islands are
present, the distances between islands grown on the same
nanowire exceed several tens of micrometers, suggesting that
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Figure 2. The plot shows the bandgap values estimated from the PL data
for GaN nanowires grown in both a- and c-directions as a function of
the incident laser intensity. Full power of the laser irradiation used was
17 mW.

Figure 3. a–d) SEM images showing the morphologies resulting from
homoepitaxial-growth experiments on several GaN nanowire samples
grown along the c-direction. The images show hexagonal-island growth
at the ends of the wires or at several places on the wires, with the separa-
tion between the islands being several tens of micrometers.

Figure 4. a) Enlarged SEM images of the {10–11} pyramidal side facets
of the hexagonal islands grown on c-direction GaN nanowires, clearly in-
dicating the step flow from the nanowires onto the hexagonal prisms.
b) Schematic illustrating the adatom diffusion processes in the nanowire
portion and on the {10–11} side facet, indicating the required adatom
jump across the step.
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the surface transport (diffusion) lengths of adatoms in GaN
nanowires grown in the c-direction exceeds several tens of mi-
crometers. The large surface diffusion lengths observed in
these nanowires suggests “ballistic” or 1D type diffusion pro-
cesses.

Homoepitaxial growth onto GaN nanowires grown in the
a-direction leads to the belt-shaped morphologies shown in
Figure 5a. The FESEM image of a resulting microbelt in
Figure 5b clearly indicates preferential growth on one side of
the nanowire. A TEM image of a 100 nm wide belt is shown
in Figure 5c. One side of the belt is smooth while the other

side is rough. The direction perpendicular to the growth direc-
tion is determined to be <0001>, both from the selected-area
electron diffraction (SAED) pattern and from the lattice
spacing shown in Figure 5d. The large top surface of these mi-
crobelts is a (0–110) plane, and Raman spectra obtained for
these microbelts show only the E1 transverse optical (TO)
peak, further corroborating the above conclusion (Supporting
Information). We propose that the smooth side is the Ga-ter-
minated surface and the rough side is the N-terminated sur-
face (insets to Fig. 5c). Homoepitaxy on GaN nanowires
grown in the a-direction results in preferential growth on the

chemically active Ga-terminated surface, while no growth oc-
curs on the other side (nitrogen terminated). The dependence
of growth rates on the surface polarity of polar crystals has
been reported previously for GaN and ZnS.[16,17] However,
the above homoepitaxy experiments have been conducted
using a low flux of Ga vapor. Increasing the Ga vapor flux
could change the growth kinetics for preferential growth from
the <0001> to the <11–20> direction, which will lead to the
resulting belts being terminated by polar surfaces (0001).[18]

Nevertheless, the results presented here establish a clear con-
nection between the nanowire formation mechanism and the
subsequent evolution of the nanowires to belt-like morpholo-
gies. The defect-free and uniform evolution of wires grown in
the a-direction into 2D surfaces suggests that these nanowires
could potentially serve as seeds for growing large GaN crys-
tals. Ribbon- or belt-like morphologies have been reported
previously[19] and have also been observed for polar materials
such as GaN[20] and ZnO.[21] The mechanism proposed here
should be universally applicable.

The observed “ballistic” surface diffusion phenomenon is
found to be more specific to the side surfaces of wires grown
along the c-direction, as compared to wires grown in the a-di-
rection. The origin of this direction-dependent surface diffu-
sion process can likely be traced to the “wettability” of polar
versus non-polar surfaces during growth. The mean surface
diffusion lengths of Ga on 2D surfaces under metal–organic
chemical vapor deposition (MOCVD) growth conditions has
been estimated to be on the order of 10–100 nm at 1050 °C,
according to the lattice incorporation model.[22] Recently, Jen-
sen et al.[23] reported that the surface diffusion length of In on
40–170 nm InAs nanowires is greater than 10 lm, and they
also inferred from experiments with differently spaced nano-
wires that the diffusion length decreases with increasing wire
diameter. Most relevantly, other studies have shown that the
presence of two atomic layers of In or Ga enhances the
surface transport of adatoms on GaN surfaces.[24] The side
surfaces of the wires grown along the c-direction are all non-
polar {10– 10}, while the nanowires grown in the a-direction
contain two polar surfaces ((0001) and (000–1)). The differ-
ences in the surface diffusion lengths for nanowires grown in
the c- and a-directions can be attributed to differences in the
adsorption of Ga on polar and non-polar surfaces. The ob-
served uniform growth during homoepitaxy on nanowires
grown in the a-direction indicates a lack of Ga adsorption on
the polar surface. Also, this result is consistent with our pro-
posed mechanism for the formation of nanowires along the
a-direction by reactive-vapor transport, i.e., the selective wet-
ting of Ga droplets on the non-polar surfaces of GaN crystals
leads to nanowire growth along non-polar directions.

Homoepitaxy onto GaN nanowires with different growth
directions also illustrates a simple analytical procedure for de-
termining the growth direction of polar materials. As seen in
Figures 1a,c, GaN nanowires with diameters less than 30 nm,
grown along the a- and c-directions, both seem rod-like from
SEM observations. However, homoepitaxial growth onto the
different directional nanowires yields a dramatic contrast be-
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Figure 5. a) SEM image showing the belt-shaped morphology resulting
from homoepitaxial growth onto GaN nanowires grown along the a-direc-
tion. b) SEM image of a 900 nm microbelt indicating preferential growth
on one edge of the nanowire grown in the a-direction. c) TEM micro-
graph of 100 nm wide belts grown from a-direction GaN nanowires,
along with two enlarged views of the edges, indicating Ga-terminated
(right inset) and N-terminated (left inset) surfaces. d) Selected-area elec-
tron diffraction pattern with a <11–20> zone axis and a HRTEM image of
the belt shown in (c), indicating that the direction perpendicular to the
nanowire growth is <0001>.
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tween the morphologies: hexagonal-shaped microcrystals for
the <0001> nanowires and flat, rectangular-shaped microbelts
for nanowires grown along the <10–10> direction. These re-
sults are directly applicable to several other related material
systems, both in terms of nanowire synthesis in different direc-
tions, as well as for synthesizing nanowires with macroscopic
crystal attachments at their ends for optical coupling and con-
tacts.

In summary, a direct-synthesis approach has been presented
here for obtaining GaN nanowires on amorphous substrates
with a controllable growth direction. Variation of the Ga flux
during the initial stages of nitridation allows for selective
growth along the <0001> or <10–10> direction. Homoepitax-
ial growth onto the nanowires results in different growth
modes and morphologies depending upon the nanowire direc-
tion: homoepitaxial growth on nanowires grown along the
c-direction results in hexagonal prism-like islands, while for
nanowires grown in the a-direction, ribbon-shaped morpholo-
gies are obtained. The island growth observed for GaN nano-
wires grown along the c-direction indicates that the surface
transport of adatoms on non-polar surfaces occurs via “ballis-
tic” or 1D transport with mean distances exceeding several
tens of micrometers.

Experimental

Two types of nitridation experiments were performed: i) direct
nitridation of molten Ga droplets using disassociated ammonia, and
ii) vapor transport of Ga in dissociated ammonia. The nitridation ex-
periments were performed in an 8 inch (1 inch = 2.54 cm) water-
cooled, double-walled, stainless-steel vacuum chamber. Amorphous
quartz substrates were used throughout the present study. In the di-
rect nitridation experiments, the quartz substrates were coated with a
thin Ga film (approximately 20 lm thick) and placed on a 4 in SiC
susceptor that was radiatively heated from the bottom using a tung-
sten coil filament. The nitridation was performed by exposing the Ga-
covered quartz substrates directly to 50 standard cubic centimeters
per minute (sccm) of ammonia at 20 torr and 830 °C (1 torr = 133 Pa).
The reactive-vapor transport experiments were conducted using pre-
synthesized polycrystalline GaN powder as the Ga source. The source
was placed on the SiC susceptor and the substrate was placed 2 mm
from the Ga source. The substrate temperature was ramped up to
700 °C, and then the flow of NH3 was initiated while continuing to
ramp the temperature to 900 °C in 10 min. The substrates were kept
at 20 torr and 900 °C for 1–2 h. The shutdown procedure included
lowering the substrate temperature to 700 °C in 10 min, followed by
replacing the NH3 flow with N2. Finally, the substrate was cooled to
room temperature under flowing nitrogen. The homoepitaxial experi-
ments were performed using the same setup and similar conditions as
reactive-vapor transport, except that substrates with pre-synthesized
GaN nanowires were used. In all cases, the temperature was measured
using a c-type thermocouple, which had been calibrated earlier using
aluminum (melting point of 660 °C) and germanium (melting point of
937 °C).
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Conical carbon nanotubes (CCNTs) with unique structural characteristics arising from their tapered
morphologies compared to uniform diameter carbon nanotubes, have been shown to exhibit enhanced field
emission properties and support high current densities. Specifically, several CCNT arrays with different
morphological characteristics (tip radius, aspect ratio, density and wall structure) were synthesized by
variations in the process parameters using a microwave plasma chemical vapor deposition (MWCVD) reactor.
The field emission characteristics for a CCNT array sample with a tip radius of 5 nm, density of 108/cm2 and
having the highest aspect ratio exhibited a low turn-on electric field (b0.7 V/μm) and a high field
enhancement factor (βN7500). Other samples with lower emission characteristics were attributed either to
the presence of field screening effect resulting from higher CCNT density or due to the corresponding tip and
wall characteristics.

© 2009 Published by Elsevier B.V.

1. Introduction

Field emission from carbon nanotubes (CNTs) has been explored
for potential applications varying from flat panel displays to miniature
scanning electron microscope columns [1]. CNTs are known to possess
most of the favorable properties as field emitters such as high aspect
ratio, good mechanical, electrical, thermal and chemical properties,
and ability to be grown as vertical arrays with controlled density [2,3].
The dependence of field emission properties of carbon nanotubes on
(i) diameter (ii) length (iii) density/sparsity (spacing between neigh-
boring tubes) (iv) alignment/randomness, (v) wall defects, and
(vi) surface absorbates has been explored to a greater depth [4].
Higher values of β result in higher local electric field (low turn-on
fields) as well as current densities, which is extremely desirable in
many applications such as X-ray devices. Although higher β values
(2500–10,000) and lower turn-on fields (0.8–1.5 V/μm) have been
reported for single walled nanotubes (SWNTs) and multi walled
nanotubes (MWNTs) [5–7], the lower current densities (10 mA/cm2)
limit their applicability as efficient cold cathodes for applications

in electron and X-ray sources. Considering these limitations, new
morphological structures with excellent field emission properties are
highly desired.

Recently, conical carbon nanotubes (CCNTs) essentially consisting
of central carbon nanotube surrounded by helical graphene sheets,
known as either “carbon nanopipettes” (CNPs) [8] or “tubular
graphite cones” (TGC) [9] have been synthesized by microwave
plasma chemical vapor deposition (MWCVD). Long CCNTs grown
vertically with moderate densities, together with their tapered
morphologies can be well separated at their tips [10], which in turn
contribute to the reduction of field screening effect provoked by the
proximity of neighboring structures when the arrays are used as field
emitters. In fact, the inter-emitter distance should be at least 1–2
times the emitter length to minimize the field screening effect [11].
Tapered emitters are expected to be mechanically more stable than a
constant diameter nanotube of the same tip diameter. Also tapered
structures, due to their increasing cross sectional area away from the
tip, increase the thermal transport and are likely to sustain greater
current densities than nanotubes. Field emission measurements on
CCNTs grown with metal catalysts have been reported [12,13].
However, the extent of the above studies is limited and the structures
studied do not represent the ideal conical morphology due to the
presence of metal contamination at their tip. In the present work,
several CCNT array samples were synthesized by adjusting growth
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parameters that control aspect ratio, density and wall structures. The
results show that the performance of the CCNT arrays is dependent
upon their morphology and can match or exceed that reported for
SWNTs and MWNTs [5–7].

2. Experimental

Five different samples of CCNT arrays were grown on platinum
wires (300 μm diameter) using a MWCVD reactor (ASTeX 5010,
3.5 kW) at a pressure of 24 Torr and 950W power. The platinumwires
were vertically placed on a graphite susceptor inside the reactor. The
experimental procedure was similar to that of a previous work [8],
except the addition of a two step process with a change in the gas
phase composition to vary the structural characteristics of CCNTs. Step
1 consists of carbon deposition using 1.35 vol.% methane in 200 sccm
of hydrogen followed by a deposition and etching with 1 vol.% meth-
ane in step 2.

Field emissionmeasurements were performed on each sample in a
vacuum chamber at a pressure of 10−7 Torr. The platinum wire with
as-synthesized CCNTswas placed in a V-groove of a copper plate. A flat
copper anode was moved towards the CCNTs by means of a micro
manipulator. A zero inter-electrode distance (d=0) was established
by observing a sudden change in resistance when the anode touches
the CCNTs. Measurements were performed at 5 different distances
(d) by sweeping the voltage from 0 to 500 V while recording the
current using a Keithley 6487 pico-ammeter equipped with a built in
variable voltage source.

3. Results and discussions

The variation in time scales used for both the process steps during
the synthesis of CCNTs resulted invariation in thedensity, length and the
morphology of the CCNTarrays. The experimental conditions employed
and the resulting CCNT characteristics for samples 1–3 were summar-
ized in Table 1. Increase in the time of step 1 increases the density and
length, with ~80% of the CCNTs within a few 100 nm of their average
length. Increasing the duration of step 2 increases the etching of the
CCNTs and also reduces the density of CCNTs. Fig. 1 shows the SEM
images of these three samples of CCNT arrays grown on a platinum
wire. The corresponding insets present the enlarged view of individual
CCNT tips, which show the absence of any metal catalyst at the tip.

Fig. 2 shows the SEM images of the individual CCNT of these three
samples clearly depicting the variations in the wall structure and
morphology. Sample 1 with the longest carbon deposition step, has
CCNTs with the highest aspect ratio (Fig. 2(a)), moderate density and
also the smallest tip radius estimated from SEM image characteriza-
tion based on Fig. 1 indicated in Table 1. Sample 2 has CCNTs with
lower aspect ratio and larger tip diameter than sample 1, in addition to
the presence of carbon flakes along the length of each CCNT as
depicted in Fig. 2(b). Sample 3 with longer etching step and a shorter
deposition time resulted in CCNTs with the lowest aspect ratio and
uneven etching as clearly seen in Fig. 2(c). CCNTs of sample 1 with
small tip radius, optimum density and high aspect ratio accounts for

Table 1
Experimental conditions, the resulting structural characteristics, and the field emission properties of the three CCNT array samples used in this study.

Experimental conditions Structural properties Field emission properties

Sample # Process time (min) Power
(W)

Density
(108/cm2)

Average length
(l) (μm)

Average radius
(r) (nm)

βmax
a ET

b

(V/μm)
Imax

c

(μA)Step 1 Step 2

1 120 150 900 2.2 9.0±0.1 5±1 7600 0.66 520
2 30 165 980 4.5 7.0±0.1 13±1 2313 1.5 320
3 15 165 980 0.7 4.0±0.1 12±1 1324 2.3 200

a Maximum field enhancement factor measured.
b Lowest measured turn-on electric field.
c Maximum current corresponding to threshold electric field of 3.6 V/μm.

Fig. 1. SEM images of array of CCNTs of (a) sample 1 (b) sample 2 and (c) sample 3, with
insets showing the enlarged view of the corresponding CCNT tip.
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Fig. 2. SEM images of the individual CCNT of (a) sample 1 (b) sample 2 and (c) sample 3, illustrating the variation in the wall structure and aspect ratio.

Fig. 3. Field emission properties from the CCNTs showing the plots of (a) Current vs. the macroscopic electric field for various inter-electrode distances (d) for sample 1,
(b) corresponding F-N plots.

Fig. 4. Plots of (a) field enhancement factor β and (b) turn-on electric field as a function of distance for samples 1–3.
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the enhanced field emission characteristics as described in the fol-
lowing analysis.

Current (I) is measured as a function of applied electric field
(E=V/d) for sample 1 at each of the five inter-electrode distances (d)
as shown in Fig. 3(a). According to the Folwer–Nordheim (F-N)

equation the electric field (Eeff) at the tip of CCNT produces emission
current density (J):

J =
A Eeffð Þ2

/
e
− B/3 = 2

Eeff

� �
ð1Þ

whereϕ is thework function of the emitter in electron volts (eV) (typically
chosen to be 5 eV in the present case and other sp2 carbonmaterials [12]),
A=1.56×10−6 A V−2 eV, and B=6.83×109 V (eV)−3/2 m−1. Fig. 3(b)
shows the corresponding F-N plots of ln(I/E2) vs. 1/E at each d value. This
plot represents the emission current region between the two knees of
Fig. 3(a). The linearity of the plot is indicative of the field emission in the
operating current regimes. The slope of this linear plot is given by
B/3 = 2

β

� �
, where β is the field enhancement factor, defined as Eeff=β Eappl

where,Eappl is the applied electricfield and Eeff is the effectivefield at the
emission point.

Fig. 3(a) shows that the current begins to saturate at a second knee
for sample 1. This observed saturation may be associated with heat
induced changes at the tip [18,19]. The maximum electric field reported
formultiwall carbonnanotubes is ~8V/nmbefore undergoing tip failure
(due to deformation, evaporation, thermal runaway or arcing) [14,15].
The estimation of the current density in our samples is complicated by
the curved platinum support. However, we have reached the effective
electric field (βEapp) ~8 V/nm achieving current densities greater than
3 A/cm2 at the second knee for sample 1 at a distance of 187.5 μm,
without experiencing thermal runaway.

Of the three samples, sample 1 has the highest β value of 7600 as
shown in Fig. 3(c)which enables the CCNTarray to continue to emit up
to d=187.5 μm (for the maximum source voltage available). This high
value of β is due to a combination of factors such as small radius of
curvature at the tip, high aspect ratio, moderate emitter density of
CCNTs in sample 1 and the increased distance (d). In the previous study
on CCNTs terminated with nickel catalyst particles, the field enhance-
ment factor as low as 80 have been reported [12]. The value of β for
samples 2 and 3 ranges from 2000 to 3000. Sample 3 has the poorest
emission properties of three samples due to the formation of amor-
phous carbon along the side walls of CCNT resulting from the pro-
longed etching which minimizes the edge plane emission sites [16].
Fig. 4(a) shows a linear dependence of experimentally derived β on d,
plotted for each of the three samples. The value of β determined by field
emission study is large compared to the geometrical enhancement

Fig. 5. SEM images of CCNT arrays of (a) sample 4 (b) sample 5, with insets showing the
enlarged view of the corresponding CCNT tip.

Fig. 6. Field emission properties from the CCNTs showing the plots of (a) Current vs. the macroscopic electric field for sample 4 and sample 5, (b) corresponding F-N plots.
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factor given by h/r, where h is the length of the CCNT and r is the radius
of curvature at the tip. This deviationwas also observedearlier for highly
dense carbon nanotube arrays which demonstrated that β depends on
the inter-electrode distance (d) and other factors such as tip radius,
aspect ratio [17] and field screening effect [11]. In the present case this
discrepancy can be attributed to the structural characteristics of these
conical morphologies with open edges on the outer surface acting as
emission sites. The effects of the surface adsorbates also cannot be ruled
out [18]. Fig. 4(b) shows that turn-on electric field (ET, electric field
corresponding to emission current of 1 nA) decreases with increasing
distance (d) for all three samples, reaching a value as low as 0.7 V/μm
(Fig. 3(a)) for sample 1 at the maximum possible separation distance,
which can be accounted for the high β value. This low turn-on electric
field, value is comparable to the best values reported for SWNTs and
MWNTs [5–7].

Table 1 illustrates the experimental conditions, the resulting struc-
tural and the field emission properties of the three CNP array samples
used in this study. Experimental conditions consist of the growth
process time and the microwave power employed for the synthesis of
all five CCNT samples. Structural characteristics include the average
length, estimated density, and the average radius of curvature at the
tip of each CCNT sample from SEM image analysis. This section in-
cludes the maximum β, the lowest ET, the maximum emission current
per single CCNT.

Out of five samples, samples 4 and 5 were varied only in the CCNTs
density while other structural characteristics such as length, radius of
curvature at the tip andwall structureweremaintained the same. Fig. 5
shows the SEM images of (a) sample 4 and (b) sample 5 where the
increased density of sample 5 is clearly seen. As illustrated in Fig. 6
sample 4 has better emission properties compared to sample 5, which
can be attributed to the reduced field screening affect from the neigh-
boring emitters due to lower density. The structural and emission char-
acteristics of both the samples are shown in Table 2.

4. Conclusions

In summary, we successfully synthesized the CCNT samples with
different densities, radii of curvatures, lengths and wall structures by
varying the critical growth parameters. Field emission studies on
these conical structures resulted in a turn-on electric field as low as
0.7 V/μm and field enhancement factor as high as 7600. We also
showed that not only did the characteristic features of emitter such as
high aspect ratio, small radius of curvature at the tip, enhance the field
emission properties, but also optimum emitter density plays an
important role in reducing the field screening effect. With controlled
aspect ratio, density, and uniformity; CCNTs can be turned into po-
tential field emitters and next generation cold cathode field emitters.
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Table 2
Comparison of the resulting structural characteristics, and the field emission properties
of the two morphologically similar but with different density CCNTs array samples.

Sample
#

Structural properties Field emissionproperties

Density
(108/cm2)

Average length
(l) (μm)

Average radius
(r) (nm)

βmax
a ET

b

(V/μm)
Imax

c

(μA)

4 15 7.0±0.1 12±1 2920 1.72 307
5 20 7.0±0.1 11±1 1424 2.2 20

a Maximum field enhancement factor measured.
b Lowest measured turn-on electric field.
c Maximum current corresponding to threshold electric field of 3.6 V/μm.
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Nanodiamond Tipped and Coated Conical Carbon Tubular
Structures**

By Boris Chernomordik, Santoshrupa Dumpala, Zhiqiang Q. Chen, and Mahendra K. Sunkara*

Studies of diamond nucleation and growth on conical carbon tubular structures show that the nucleation preferentially occurs at

the tips, but only occurs on the sidewalls when they are pretreated with diamond or other powder dispersions, forming a

nanodiamond coating. The high-resolution transmission electron microscopy (HRTEM) studies reveal that the diamond

nucleation on the sidewalls may proceed through the formation of diamond nuclei within the walls at subsurface damage sites

caused during pretreatment. In the case of experiments with low atomic hydrogen conditions, carbon onion structures are

observed on the sidewalls but only with pretreatments.
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1. Introduction

Conical carbon tubular morphologies such as carbon

nanopipettes (CNP)[1] and tubular graphitic cones[2] repre-

sent a new morphological form for carbon nanotubes

(CNTs) that taper from micrometer-scale bases to nan-

ometer-scale tips. CNPs, with a high density of edge-plane

sites on their surfaces, exhibit reversible behavior with redox

reactions involving neurotransmitters, and also show

promise for field emission.[3] The CNP arrays, due to the

conical geometry of the individual structures, could easily be

made into nanoelectrode ensembles.[4] Furthermore, the

conical structures could serve as good templates for

producing nanodiamond tip arrays, which could be made

into diamond nanoelectrode ensembles easily by the simple

polymer-masking technique described in our earlier work.[4]

Also, the nanodiamond tip arrays could find interest in

functionalized biosensor[5] and field emission[6] applications.

Furthermore, there is an increased interest in synthesizing

diamond-based, one-dimensional structures and their use in

high-temperature diodes and composites.[7,8]

The conical carbon tubular structures are particularly

interesting for studying diamond nucleation as their surfaces

consist of a high density of edge-plane sites. Theoretical and

experimental studies provided evidence that the nucleation

may be mediated through hydrogenation of graphite edge-

planes.[9–11] Recent experiments involving hydrogen expo-

sure to multiwalled carbon nanotube (MWNT) structures

yielded a high density of diamond nucleation throughout the

MWNT while destroying the wall structures.[12] The same

experiments performed over a longer duration resulted in

the anisotropic growth of short diamond nanorods from the

diamond crystals.[13] These studies suggest that the nuclea-

tion occurs via the formation of amorphous carbon.[14,15] In

other studies using an external carbon source in a hot

filament (HF)CVD reactor, single-walled (SW)CNTs were

uniformly coated with nanodiamond.[16,17] In the case of

diamond nucleation onto SWCNTs, it was proposed that the

atomic hydrogen creates the necessary defect for subsequent

hydrogenation to form nuclei for nanocrystalline dia-

mond.[17] It was also reported that carbon can exist in

body-centered cubic (bcc), face-centered cubic (fcc), and

other phases at the nanometer scale[18] which may act as

intermediates for diamond nucleation, although this has not

been confirmed. Despite much progress through prior

studies by a number of investigators, the pathway for

diamond nucleation is not completely understood. In order

to understand the nucleation process further, we investi-

gated hydrogenation of the conical carbon tubular structures

containing surfaces with a high density of edge-plane sites.

2. Results and Discussion

CNP arrays were synthesized onto platinum wire

substrates that were immersed vertically in the microwave

plasma, as shown schematically in Figure 1a. Diamond

nucleation experiments were performed on horizontally

placed CNP coated platinum wire substrates on a graphite
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susceptor in a microwave CVD reactor, as shown schema-

tically in Figure 1b. Figure 2a shows the scanning electron

microscope (SEM) images of the as-synthesized CNP arrays.

Experiments showed that the aspect ratios and the array

density vary with the substrate temperature, experimental

duration, microwave power, and pressure. The diamond

nucleation and growth experiments over short (20min)

durations on the as-synthesized CNP arrays resulted in

selective nucleation and growth of sub-micrometer-size

diamond crystals (200–500 nm in diameter) at their tips (see

Fig. 3a). The diamond crystals were as large as 1.3mm for

experiments performed for about 3 h (Fig. 3b). For the

diamond-tipped CNPs, Raman spectra (RS) were obtained

using a 633 nm laser with a spot size of 1–2mm over various

sample regions. Figure 3d is a typical spectrum showing a

peak at 1332 cm�1, confirming that the crystals are diamond.

Several observations were noted; firstly, the diamond

crystals grew only at the tips of the CNPs, and secondly

the CNP structures became straight CNTs with no

appreciable change in their lengths. Both these observations

are interesting and unexpected. In addition, the diamond

crystals grown at the tips (as shown in Fig. 3c) seem to

exhibit a high amount of rough faceting. Bright-field

transmission electron microscope (TEM) images indicated

that the rough faceting of the crystals is due to a high density

of defective growth regions.

The rough faceting or high levels of defective growth

observed for crystals growing on the tips of CNPs could

probably be explained by a thermal runaway scenario. The

temperature of the growing diamond crystal rises with

increase in crystal size if the etched CNP cannot adequately

support the transport of heat generated from the exothermic

hydrogen recombination at the growing crystal surface.[19]

A schematic of the model is shown in Figure 4a. A simple

thermal transport model yields Equation 1.

DT ¼ J �Ad � DH
k �At

(1)

DT is the change in temperature, J is the hydrogen flux, Ad

is the area of the diamond, DH is the total enthalpy, k is

the thermal conductivity, and At is the cross-sectional area

of the carbon nanotube. The heat of the recombination

reaction, HþH¼H2, was taken as DHr¼�444 kJ mol�1.[20]

The flux of hydrogen atom bombardment was calculated to

be approximately 1� 10�4 mol cm�2 � s�1, which is compar-

able to reported values.[20] A standard planar graphite

conductivity value of 1000W m�1 �K�1 was applied to a

nanotube with a 20 nm OD and a 10 nm ID.[21] It can be
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Fig. 1. a) A schematic illustrating the vertical positioning of the platinum wire

substrates for the synthesis of CNPs. b) A schematic illustrating the horizontal

positioning of the platinum wire substrates coated with CNP arrays for

diamond nucleation and growth experiments.

Fig. 2. SEM images of a) CNPs grown on bare platinum substrates, and b) an

individual CNP structure.
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observed from Figure 4b that, as the

diamond crystal increases in size, the

temperature increases parabolically, lead-

ing to a runaway. Once heat build-up

occurs, the temperature of the crystal rises,

leading to defect generation which further

roughens the crystal faceting.

The observation of preserved CNP

lengths during etching is more surprising

because the reactive atomic hydrogen

should etch down the length of the CNP

starting with the exposed graphitic edges

at the tip.[9] The etching of these conical-

shaped CNPs was further studied using

hydrogen plasma exposure over short

(20min) durations. The etching of the

conical CNP arrays shown in Figure 5a

resulted in straight MWNTs with uniform

diameter, as shown in Figure 5b. Figure 5b

illustrates that all of the conical structures

are converted into straight morphologies.

Figure 5b also shows some intermittent

results of etching where some CNPs are

etched to different thicknesses along

different lengths. Under these time scales

(20min) the lengths are preserved. High

resolution (HR)TEM is used to under-

stand the reasons for the preservation of

lengths during etching by characterizing

the structures at various stages of etching.

Figures 5c and 5d show TEM images of the resulting straight

multiwalled tubes. Furthermore, the insets in Figures 5c and

5d show lattice images which clearly indicate that the etching

stops once the basal planes are exposed. These experiments

confirmed that, during diamond growth, aggressive etching

conditions exist at the CNP surface due to bombardment by

hydrogen radicals. The HRTEM observations, presented in

the inset of Figure 5e, showed closure of the graphene walls

at the tip. The bright field image in Figure 5e shows a

partially etched CNP with a closed tip, suggesting that

closing of the tip happens simultaneously with the early

stages of the etching process. As shown in Figure 5e, the

etching, using atomic hydrogen, proceeds via formation of

an amorphous hydrocarbon layer and subsequent removal

of the amorphous layer eventually leading to straight tubes

with only basal planes exposed, as shown in the inset of

Figure 5d. Earlier theoretical calculations demonstrated that

graphene sheets can curl up with hydrogenation, which can

justify the closing of the CNP tips as observed during the

diamond growth experiments.[10] On the other hand, there is

no reasonable explanation for the observed selective

nucleation of diamond crystals at the tips of conical carbon

tubular structures. One possible explanation, however, is

that the caps generated during closing of the tip could serve

as preferential sites for diamond nucleation due to increased

hydrogen absorption at the curved surfaces.[22]
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Fig. 3. SEM images of diamond growth on CNPs without pretreatment. a) Selective growth of sub-

micrometer-scale crystals on the tips for �20min. b) Micrometer-scale diamond crystals grown for �3 h.

c) A diamond crystal (grown for �3 h) at the tip of the straight carbon nanotube. d) Visible Raman

spectra showing a peak at 1332 cm�1 corresponding to the diamond crystals at the tips of the CNPs shown

in Fig. 3c.

Fig. 4. a) A schematic illustrating the heat runaway scenario for a crystal

growing at the tip of a thin CNT. b) A plot showing the estimated temperature

rise during diamond growth as a function of diamond crystal size using the

parameters indicated.
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The above experiments suggested that higher atomic

hydrogen concentrations present harsher and more aggres-

sive etching conditions, thus preventing nucleation on the

outer surface of the CNP structures to form a nanocrystal-

line diamond coating. Experiments were conducted using

electron cyclotron resonance (ECR) plasma under 50 mTorr

with CNP samples which were pretreated by immersion in a

sonicating diamond dispersion. Under these conditions, the

etching of the CNP walls was minimal, preserving the

conical morphology, as shown in Figure 6a, with small bright

clusters on the CNP walls. Further examination of these

structures using TEM revealed that the clusters were, in fact,

carbon onion rings as shown in Figure 6b. The formation of

carbon onions has been observed by other researchers

during various processes such as electron-beam irradiation

of carbon soot,[23] arc-discharge technique on carbon

electrodes,[24] and an HFCVD process

with continuous flow of carbon powder.[25]

The present observations of carbon onion

formation on the sidewalls of conical

carbon tubes with pretreatment suggest

that the defects induced on the sidewalls of

the CNPs during pretreatment allow the

formation of onions by curling of the walls

in order to lower surface energy.[26,27]

High resolution images of carbon onions,

in Figure 6b, show the outward bending of

the tube walls to form an onion structure,

as illustrated in Figure 6c.

Transformation of carbon onions to

diamond by exposure to an electron or

ion-beam irradiation was reported in a

number of studies. The nanometer-scale

carbon onion centers were shown to

provide nucleation sites for diamond when

irradiated with a high intensity electron

beam.[28] The carbon onions were sug-

gested to mediate the transformation of

CNTs to diamond with laser irradiation.[26]

In addition, using the CNTs as heaters and

carbon onions as high pressure cells, in situ

observations of quasimelting of diamond

and diamond-graphite transformations

were recently achieved.[29] It is not clear,

though, how and whether the carbon onion

structures observed in the present study

could serve as nucleation centers for

diamond with further exposure to atomic

hydrogen under CVD conditions.

Typically, diamond nucleation can be

enhanced with pretreatments involving

diamond powder dispersions. Twomethods

of pretreatment were used: immersion in a

sonicating diamond dispersion, and elec-

trophoretic seeding in a diamond powder

bath. Diamond growth experiments using

typical conditions were conducted on the pretreated CNP

array substrates. The results are shown in Figure 7. Figure 7a

shows an increased density of selective nucleation on the tips

of CNPs when pretreated by just dipping in a sonication bath

containing 0–2mm commercial diamond powder for 20 s. The

results were even more dramatic when the CNP arrays were

treated by dipping in a sonication bath containing 0–250nm

nanodiamond powder. The results, as shown in Figure 7b,

indicate nucleation and growth of nanocrystalline diamond

occurs not only at the tips, but also along the length of CNPs.

The CNP arrays were also pretreated using electrophoretic

seeding with micrometer-scale and sub-micrometer-scale

diamond powders. The resulting diamond nucleation den-

sities are higher, as shown in Figures 7c–d. Figure 7e shows a

typical UV Raman spectrum obtained using a 325nm laser

with a 1–2mm spot size on the sample shown in Figure 7d,
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Fig. 5. a) SEM image of an array of as-synthesized CNPs with tapered morphology and various lengths

before etching. b) SEM image of the CNP array shown in a) after etching using hydrogen plasma for

20min. c) SEM image of a CNP showing the tapered structure with the inset showing the TEM image of

the wall structure. d) SEM image of the CNP shown in c) after etching in hydrogen plasma for 20min,

while the inset shows a high resolution image of the etched tube. e) Bright field image of the partially

etched CNP showing the closing of the tip, while the inset shows the HRTEM image of the tip.
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which shows a peak at 1332 cm�1 confirming the presence of

diamond crystals, as well as a peak at 1584 cm�1 characteristic

of graphite. The nucleation density was highest on CNP

arrays pretreated using electrophoretic seeding with sub-

micrometer diamond powder, resulting in CNPs that were

completely coated with a nanocrystalline diamond film. The

use of smaller sized nanodiamond powders during electro-

phoretic seeding is expected to result in ultra-nanocrystalline

diamond coating of CNPs. Experiments were also conducted

in which CNPs were pretreated with boron carbide powder

(0–7mm). The results are similar to those treated using

diamond powder, i.e., simple dipping into ultrasonic bath

containing boron carbide powder resulted in an increased

density of crystals at the CNP tips and electrophoretic seeding

using boron carbide powder resulted in a high density of

nucleation along the sidewalls, as shown in Figure 8. This is a

significant result showing that nucleation onto the carbon

tubular structures can be enhanced by pretreatments utilizing

powders other than diamond, and the pretreatment powders

do not act like seeds.

Short-term diamond growth experiments onto CNP

arrays treated using either diamond powder or boron

carbide powder dispersions show another interesting

observation, i.e., the diamond crystals nucleate preferen-

tially along the edges of the graphene

planes rolling around the central nano-

tube.

The most interesting aspect of pretreat-

ments is that both sonication and electro-

phoretic seeding significantly influenced

the resulting diamond nucleation and

growth on the wall structures of the CNPs.

The reasons are not obvious, so the early

stages of diamond nucleation on the walls

of CNP structures were studied using

HREM. Figures 9a and 9b show the

diamond crystals originating within the

inner tube walls of the CNP. The presence

of both diamond and multiwalled graphite

is supported by the indexed fast Fourier

transform (FFT) pattern of the HREM

image shown in the inset of Figure 9b. The

forbidden (020) reflection is seen in the

FFT pattern in Figure 9b. This may be due

to kinematic effects in crystals with

thicknesses greater than 10 nm, or in a

crystal that has fcc or ‘‘n-diamond’’

phase.[18] As the crystal seen here is about

10 nm or larger, it is probably due to

thickness effect rather than the crystal

being fcc carbon phase. The FFT recon-

struction from the diffraction maxima

corresponding to a diamond-cubic struc-

ture is shown in Figure 9c. The FFT

reconstruction from the diffraction bands

corresponding to multiple graphene walls

is shown in Figure 9d. These results confirm that the core

diamond crystal is surrounded by multigraphene walls. The

energy loss near edge structure (ELNES) in Figure 9e for

carbon-K presents p� and s� edges. Generally, the ELNES

of C-K edge in diamond has s� peaks, whereas for graphene
there is only a p� peak.[15,30] In our spectrum of the edge of

nanodiamond crystal, both p� and sharp s� peaks are

evident, thus showing that the nanodiamond crystallites on

the CNP walls are surrounded by multigraphene walls.

Based on all the above observations, a possible mechan-

ism is proposed for the nucleation of diamond with

pretreatment. 1) The impacts by seed particles during

pretreatment damage the wall structure of the CNPs

introducing subsurface defects. 2) Hydrogenation of the

subsurface defects forms an amorphous hydrogenated

carbon phase. 3) Subsequent slow hydrogenation of the

amorphous carbon phase regions leads to the nucleation of

diamond, whereas nucleation on the outer walls is prevented

due to the aggressive etching conditions. It had been

previously reported that defects on CNT walls serve as sites

for diamond nucleation through formation of an amorphous

carbon phase.[12,17] Diamond nucleation through transition

from amorphous carbon has also been described on non-

carbon substrates.[14,15] More experiments and HRTEM
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Fig. 6. a) A SEM image showing several bright clusters on the sidewall of CNPs. b) A high resolution

image of one of the bright clusters indicating them to be a carbon onion. c) A schematic illustrating the

curling mechanism of CNP walls at the damage sites, created during the pretreatment step.
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studies are needed to understand which mechanism is the

most likely one. Nevertheless, the above results may provide

an insight into the essential reasons for enhanced nucleation

with impacts from diamond powders.

3. Conclusions

This study reports diamond nucleation experiments on

conical CNP structures. Diamond nucleation onto untreated

CNP arrays occurred selectively at the tips while etching the

rest of the CNP body, transforming it into a thin, straight

CNTwhile preserving the length. Pretreatments using either

diamond or boron carbide powder dispersions improved the

nucleation density on the tips and also on the sidewalls,

forming a nanocrystalline diamond coating on the CNPs.

The early stage diamond nucleation experiments over short

durations involving pretreated CNPs indicate that the

nucleation of diamond crystals occurs within the walls (or

sub-surface) of CNT structures. Experiments using low-

pressure hydrogen plasma in ECR resulted in the nucleation

of carbon onions on the sidewalls of CNPs. Based on all the

observations, a likely mechanism is proposed to explain the

role of pretreatment, i.e., the slow hydrogenation kinetics at

subsurface defects created during pretreatments leads to

diamond nuclei formation inside the walls of MWNTs or

conical CNT structures.

4. Experimental

The CNP arrays were synthesized using platinum wire substrates placed

vertically into microwave plasma in an ASTeX model 5010 microwave
plasma-enhanced (MPE)CVD reactor. The synthesis experiments were
conducted using 1.5% CH4 in H2 (200 sccm H2) and using microwave power
of 950W under a pressure of 20–25 Torr for at least 3 h.

Diamond nucleation and growth experiments were performed by placing

the CNP-coated platinum wire substrates horizontally onto a graphite
susceptor in a SEKI model AX5200S-ECR MWCVD reactor equipped with
an RF-induction heated stage. Several experiments were conducted using a
methane composition ranging from 2–5% in hydrogen (200 sccm H2) using
MW power of 900W and substrate temperature of 1023K under 25 Torr
pressure.

Using a SEKI model AX5200S-ECR MWCVD reactor, some other

experiments were conducted on CNP array-coated platinum wire substrates
using ECR plasma at pressures ranging from 50–100 mTorr with methane
composition ranging from 0–5%CH4 inH2 using 500Watts ofMWpower and
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Fig. 7. SEM images showing diamond nucleation and growth on CNPs

after pretreatment using the sonic bath dispersions of: a) micrometer-scale

diamond powder; and b) sub-micrometer-scale diamond powder. Results of

pretreatment using electrophoretic seeding in dispersions of: c) micrometer-

scale diamond powder; and d) sub-micrometer-scale diamond powder. e) A

UV Raman spectrograph confirming the presence of diamond with a peak at

1332 cm�1.

Fig. 8. SEM images showing CNPs treated with boron carbide powder.

a) Shows the complete coating of diamond crystals along the length of a

CNP clearly depicting the spiral growth of diamond crystals. b) Shows a large

array of CNPs coated with diamond crystals.
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a substrate temperature of 1000K for 2 h. The samples were primarily
analyzed using a field-emission SEM (FEI Model Nova600 nanoSEM) and a
200 keV TECNAI F20 TEM with a Gatan 2002 GIF system.
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Fig. 9. a) HTREM image of a diamond crystal nucleated within the subsurface layer. b) A subsurface

diamond crystal is shown with regions labeled as ‘A’ for tube walls, ‘B’ for the region between diamond

and tube wall, and ‘C’ for the inner diamond crystal. The inset is an FFT pattern showing the diffraction

bands and maxima resulting from both MWNT and diamond, respectively. c) FFT reconstructed image

from the maxima corresponding to diamond from region ‘C’, and d) FFT reconstructed image from the

diffraction corresponding to themultiwall graphite from region ‘A’. e) ELNES of carbon-K edge showing

a mixture of diamond and MWNT.
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Synthesis of Sub-20-nm-Sized Bismuth 1-D Structures Using Gallium-Bismuth Systems

Gopinath Bhimarasetti† and Mahendra K. Sunkara*
UniVersity of LouisVille, 106 Ernst Hall, LouisVille, Kentucky 40292
ReceiVed: June 5, 2005; In Final Form: July 16, 2005

Bismuth (Bi) nanowires are interesting one-dimensional systems due to the significant quantum confinement
effects exhibited as a function of the wire diameters, and synthesizing Bi nanowires with sizes below 20 nm
is of fundamental importance in understanding quantum effects. Here, we report a bulk synthesis method to
synthesize ultrafine Bi nanowires and a new morphology of bismuth nanostructures, tapered whiskers. These
tapered whiskers are about 10-20 μm in length and have diameters of 5-10 nm at the tip and 250-500 nm
at the base. The synthesis method is based upon the multiple nucleation and basal growth of nanometer scale
nuclei from molten gallium (Ga) melts that result from the low solubility of Bi in Ga and the low eutectic
temperature of the Ga-Bi binary system. Adopting different methods of supplying bismuth and using variations
in simple heating and cooling, we have synthesized a variety of bismuth nanostructures.

Bismuth (Bi) is a very unique metal. In the bulk form, Bi is
a semimetal having a small effective electron mass, a long carrier
mean free path, and an anisotropic Fermi surface. The small
electron effective mass of Bi gives rise to more prominent
quantum confinement effects than nanowires of other materials.
Bi nanowires have been predicted to exhibit distinct quantum
confinement effects with the transition from semimetallic to
semiconducting behavior as wire diameters decrease.1 There has
been long-standing interest in the properties of Bi for both a
fundamental understanding of quantum confinement effects and
device applications. One of the most promising applications of
bismuth nanowires is in thermoelectric devices.2 For a material
to be a good thermoelectric cooler, the dimensionless thermo-
electric figure of merit, ZT, must be high. Increasing the Seebeck
coefficient can increase the figure of merit. For bismuth, it has
been shown that decreasing wire diameters can result in an
increase in the Seebeck coefficient.3 This provided the impetus
to develop synthesis methods for smaller diameter Bi nanowires
for thermoelectric applications. In addition, sub-10-nm nanow-
ires provide an ideal system for studying the fundamental
transport properties of Bi.

Currently, Bi nanowires are primarily synthesized using
template-assisted methods such as electrodeposition, pressure
injection, or vapor phase deposition of Bi into porous alumina
templates.4-8 One drawback of template-assisted methods is that
the wire diameters are limited by the template pore diameters.
In the case of pressure injection, the smallest diameter reported
is 65 nm. The smallest diameter reported using vapor phase
deposition in templates is about 7 nm.7 The diameter distribution
of the resulting nanowires directly depends on the pore diameters
of the templates. Preparing templates with smaller pores is a
nontrivial task. Other reported methods for synthesizing Bi
nanowires include a solvothermal process,9 stress-induced
growth,10 and e-beam writing.11

Here, we describe an approach utilizing the bulk nucleation
and growth of Bi out of molten gallium (Ga), a quasi-immiscible
solvent. Both Bi and Ga are considered low-melting-point
metals, but the solubility of Bi in molten Ga is quite low at
temperatures below 100 °C. Before discussing the experimental
details, it is worthwhile to consider the properties of the Bi-
Ga system. Both Bi and Ga are low-melting metals, with Ga
melting just above room temperature and Bi melting at 271 °C.
At higher temperatures, both Bi and Ga coexist in the liquid
phase.12 It is also known that Bi preferentially segregates on
top of liquid Ga-Bi melts.13-15 Due to its low solubility in Ga,
Bi is expected to precipitate out as nanometer scale nuclei from
Ga.

This concept of employing bulk nucleation to synthesize
nanowires was first described using another similar quasi-
immiscible system involving Si as the solute and molten Ga as
the solvent.16 Furthermore, the above concept has been dem-
onstrated with several other systems such as gallium nitride
(GaN), gallium oxide (Ga2O3), a-SiOx, and a-SixNyH.17-19 In
all of these cases, the critical aspect is to dissolve the solute in
molten Ga using either solid or vapor phase sources with the
help of thermal or plasma activation, respectively. Therefore,
the goal of this work was to determine whether the concept
also applies to metals such as Bi using Ga as the quasi-
immiscible solvent and using it to create sub-20-nm-sized Bi
nanostructures in large quantities.

Four different sets of synthesis experiments were per-
formed: (a) heating and cooling of Bi-Ga mixtures in a vacuum
chamber, (b) heating and cooling of Ga-Bi mixtures in the
presence of hydrogen plasma, (c) evaporation of Bi onto Ga
films, and (d) coevaporation of both Bi and Ga onto quartz
substrates.

The first set of experiments involved heating a Ga-Bi
mixture under vacuum above 600 °C for about 1 h and then
allowing the system to cool to room temperature. In these
experiments, Bi powder was sprinkled on top of Ga films on
either graphite or quartz substrates. The weight ratio of Bi to

* Corresponding author. E-mail: mahendra@louisville.edu. Phone:
502-852-1558. Fax: 502-852-6355/1558.

† Current address: Intel Corporation, Hillsboro, OR 97124, USA.
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Ga was kept at about 1� or less in these experiments. Figure
1 shows the resulting Bi nanowires emanating from Ga droplets
in these experiments, clearly illustrating the concept of multiple
nucleation and basal growth. As mentioned earlier, both Ga and
Bi exist as molten metals at temperatures greater than 300 °C.
Therefore, during the 1 h heating period when the system was
kept at 600 °C, the mixing of Bi into the Ga solvent occurred
to provide Ga supersaturated with Bi. The nucleation and growth
of Bi nanowires from Ga occurred during the cooling process.
Similar to our earlier results with Si nanowires from Ga, the
resulting nanowires have a uniform size distribution within
experimentally measured values.

In the second set of experiments, Bi was evaporated onto
Ga-covered quartz substrates in a simple setup, as shown in
Figure 2. In these experiments, Bi powder was placed in a
ceramic crucible heated using a flat, resistive, ceramic-coated
heater. Experiments with Bi supplied via vapor phase transport
also resulted in Bi nanowires. The Bi nanowires obtained from
these experiments are intertangled due to the high density of
wires growing out of the Ga, which leads to �braided�
morphologies, as shown in Figure 3. These braided morphol-
ogies seem to support the Ga droplets while continuing the
growth of Bi nanowires for the braids with a continuous supply
of Bi from the vapor phase.

Another variation of those experiments involved the simul-
taneous evaporation of Bi and Ga onto blank quartz substrates.
Bi and Ga behaved similarly in these experiments, yielding
nanowires in the flower-shaped morphologies shown in Figure
4, which can be explained by the low evaporation rates expected
for Ga, thus reducing the sizes of the Ga droplets.

In the coevaporation experiments, a few Bi sheets were also
observed, as shown in Figure 5. Due to uneven evaporation rates
for Bi and Ga, the excess Bi precipitated out to the top of the
Ga surface, forming sheets.

Another type of heating experiment was performed employing
microwave (�W) generated hydrogen (H2) plasmas, as shown
in Figure 6. A graphite substrate (0.5-in. diameter) covered with
Ga and Bi was placed on a larger graphite support disk (2-in.
diameter). The H2 plasma conditions were a reactor pressure
of 40-100 Torr and a �W power of 1100 W for 1 h. Under
these conditions, the temperature of the substrates reaches about
750 °C or more. Therefore, upon turning off the �W power
and allowing the system to cool to room temperature, it was
expected that Bi nanowires would form similarly to those shown
in Figure 1. However, these experiments resulted in a new
morphology for bismuth nanostructures, that is, in the form of
tapered nanowhiskers with tip diameters less than 5 nm and
base diameters of about 200-500 nm, as shown in Figure 7.
The tapered whiskers grow out of Ga-Bi droplets at the base,
as indicated in Figure 7.

The tapered whiskers were primarily formed on the larger
graphite support disk with very few whiskers on the actual
substrate area, indicating the vapor transport of Bi and Ga. Due
to inherent plasma nonuniformity in our system beyond a 1-in.
area, the temperature decreases radially with the highest value
at the center. During plasma exposure, most of the Ga is

�igure 1. (a) SE� micrograph and (b) EDS elemental mapping illustrating the growth of Bi from Ga droplets in the heating/cooling experiments.

�igure 2. Experimental setup used to supply Bi from the vapor phase
onto films of Ga spread on quartz substrates.

�igure �. SE� micrographs of braided Bi nanostructures synthesized by evaporating Bi onto a film of Ga.

16220 J���ys���em��, �ol�109, �o��4, 2005 Letters
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transported as �a droplets onto the underlying substrate holder.
At the sa�e ti�e, �i with its higher �apor pressure is transported
radially onto the substrate holder. �he �apor phase supply o�
�i onto �a in the absence o�plas�a and lower te�peratures
resulted in braided �orphologies si�ilar to those shown earlier.
In the present case, due to higher te�peratures, the braided
�orphologies ha�e reorgani�ed into a solid �or�, resulting in
tapered whis�ers. A �uart�substrate placed at the edge o�the
graphite dis�holder, where the te�perature is lower than the
central region, resulted in nanowire growth out o��a droplets,
as shown in Figure 8. �� plas�a e�peri�ents using a �uch
lower power �between 500 and 600 � �resulted in the �or�ation
o��i nanowires �ro� �a droplets irrespecti�e o�the location
on the substrate. No tapered whis�er �orphologies were
obser�ed either. Also, e�peri�ents using �ethane �����in the
�eed gases �18-20� ���/�2�and higher �� powers �1100
� � resulted in the �or�ation o� tapered whis�ers with a
protecti�e sheath o�carbon on the sur�ace o�the whis�ers �not
shown here�.

�esults �ro� se�eral �ariations o�heating/cooling e�peri�ents
in�ol�ing �a-�i syste�s clearly illustrate the concept o�
�ultiple nucleation and basal growth o��i nanowires �ro�
�olten �a. �he results also show that sub�10�n� nanowires

can be synthesi�ed. �he results �ro� di��erent sets o�e�peri�
�ents also indicate that the �orphology o��i nanostructures
can be �aried �ro� nanowires to nanowhis�ers to braided
structures by �arying the conditions such as solid �ersus �apor
sources and e�aporation rates. �he results also indicate that any
o�the e�peri�ents can be scaled to larger substrate areas to
generate bul�a�ounts.

�igh�resolution trans�ission electron �icroscopy ��E��and
electron di��raction analysis o��i nanowires and whis�ers
indicate that they are essentially single crystalline, as shown in
Figure 9. �he growth direction is deter�ined to be �003�. �he
nanowires and the sharper region o�the tapered regions were
�ery sensiti�e to the high�energy electron bea� and o�ten
��elted�during �E� in�estigations.

�he synthesis procedure illustrated is si�ple, since it only
in�ol�es the heating and cooling o�a �i�ture o�a solute and a
low��elting �etal sol�ent in the presence o�hydrogen. �he
hydrogen at�osphere is e�pected to �eep a high sur�ace tension
between low��elting �etals �such as �a, In, �i, and �n�to
ensure the basal growth o�the nano�eter scale nuclei resulting
�ro� phase segregation into nanowires. Not only is our concept
si�ple, but it can also be easily tested with other solute and
low��elting �etal sol�ent syste�s to produce nanowires o�the
solutes and their alloys with the low��elting �etal sol�ents.

Figure 4. SE� �icrographs o��i nanowires in the �lower �orphol�
ogies.

Figure 5. SE� �icrographs o��i sheets obser�ed during the coe�aporation e�peri�ents.

Figure 6. Sche�atic o�the setup used in the plas�a enhanced heating
e�peri�ents.

Figure 7. SE� �icrographs o�tapered �i nanowhis�ers �or�ed during
the �2 plas�a e�posure o��a and �i. �he inset illustrates the �ine tip
o�the nanowhis�ers �scale bar �0 n��.

Letters J. Phys. Chem. B, Vol. 109, No. 34, 2005 16221
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In su��ary, we de�onstrated the concept o� �ultiple
nucleation and basal growth o��i nanowires using �a-�i
syste�s. �wo pri�ary approaches, in�ol�ing the heating/cooling
o��a-�i solids and �i e�aporation onto �a�co�ered �uart�
substrates, resulted in the bul� nucleation and growth o��i
nanowires �ro� �a droplets. �he si�es o�the �i nanowires were
appro�i�ately 5-10 n� in dia�eter and a �ew �icrons in
length. �y �arying the te�perature and supply o��i, �arious
�orphologies o��i nanostructures were obtained: nanowires,
braided �orphologies, and tapered whis�ers, as su��ari�ed in
�able 1. �he techni�ues utili�ed in the e�peri�ents are si�ple
and scalable �or the bul��uantity production o�sub�10�n� �i
nanowires using �a thin �il�s o�er large substrates. Our concept
�ay ha�e a wide�ranging applicability to other solute and low�
�elting �etal sol�ent syste�s �or bul�nanowire synthesis as
well.

�������e�g�e��. �he authors would li�e to ac�nowledge
Dr. � entao �u �ro� Uni�ersity o��entuc�y �or his assistance
with �E�. �he authors would also li�e to ac�nowledge support
�ro�NSF under �A�EE� progra� ���S 9876251�.

�u���r�i�g ����r���i�����i����e� �igher �agni�ication
SE� �icrograph o�bis�uth nanowires growing out o�galliu�
droplets, co�parison o�secondary electron i�age and bac��
scattered i�age o�bis�uth nanowires growing out o�galliu�
droplets, low��agni�ication SE� i�age o�tapered whis�ers
illustrating growth o�er larger areas, and scanning trans�ission
electron �icroscopy �S�E��line pro�ile ele�ental analysis
indicating a protecti�e carbon sheath around the tapered whis�er.
�his �aterial is a�ailable �ree o�charge �ia the Internet at http://
pubs.acs.org.
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The Raman spectrum of gallium oxide ��-Ga2O3� nanowires with �001� growth direction is identical
to that of the bulk Ga2O3 �Y. C. Choi et al. Adv. Mater. 12, 746 �2000�� while that of �-Ga2O3

nanowires with �401̄� growth direction is redshifted by 4–23 cm−1 �Y. H. Gao et al. Appl. Phys.
Lett. 81, 2267 �2002��. Here we report the Raman and Fourier transform infrared spectra of
�-Ga2O3 nanowires with �110� growth direction which is blueshifted relative to the bulk spectra by
�10–40 cm−1. Based on a first principles calculation of the strain dependence of Raman mode
frequencies in bulk �-Ga2O3, we correlate the observed frequency shifts to growth-
direction-induced internal strains in the nanowires. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2128044�

INTRODUCTION

One-dimensional nanostructured forms of �-phase of
gallium oxide ��-Ga2O3� such as nanotubes, nanobelts, and
nanowires, have attracted recent interest due to enhanced
optical1,2 properties. Recently, Choi et al.3 synthesized �-
Ga2O3 nanowires �diameter range of �15–45 nm� with a
�001� growth direction using an arc-discharge method. Gao

et al.4 synthesized �401̄� �-Ga2O3 nanowires with diameters
ranging from �10–100 nm in a vertical radio-frequency fur-
nace. Interestingly, the Raman mode frequencies of the �001�
�-Ga2O3 nanowires coincide with the corresponding fre-
quencies in bulk �-Ga2O3.3 On the other hand, the Raman

mode frequencies of the �401̄� �-Ga2O3 nanowires are red-
shifted relative to corresponding frequencies in bulk �-
Ga2O3 by 4–23 cm−1.4 Using plasma-enhanced chemical-
vapor deposition, we have synthesized �-Ga2O3 nanowires
whose growth is along the �110� direction.5 This paper fo-
cuses on the micro-Raman and Fourier transform infrared
�FTIR� characterization of �110� �-Ga2O3 nanowires, and
first principle calculations of the Raman mode frequencies
under internal strains. Our calculated Raman frequency shifts
suggests that the observed shifts in the nanowires with the

�401̄� and �110� growth directions can be explained in term
of different internal strains, in contrast to the previously sug-
gested quantum confinement effects and defect-induced ef-
fects.

EXPERIMENT

Synthesis of the �-Ga2O3 nanowires was carried out in a
microwave plasma reactor �ASTEX 5010� with H2/CH4/O2

gas mixtures. Quartz substrates were covered with a thin film
of molten gallium and were exposed to a microwave plasma
containing a range of gas phase species. During the plasma
exposure, molten gallium flowed on all the substrates, form-
ing a thin film, which was followed by the growth of nano-
wires. The substrate temperature was measured by an infra-
red pyrometer to be approximately 550 °C for 700 W
microwave power, 40 Torr total pressure, and 8.0 SCCM
�standard cubic centimeter per minute� of O2 in 100 SCCM
of hydrogen in the inlet stream. The experiments were per-
formed under the following range of growth conditions: mi-
crowave power of 600–1200 W, pressure of 30–60 Torr,
growth duration of 1–12 h, 0.6–10 SCCM of O2 SCCM of
CH4 in 100 SCCM of hydrogen in the feed gas.

RESULTS AND DISCUSSION

Figure 1�a� shows a scanning electron micrograph
�SEM� of Ga2O3 nanowires grown from a large molten gal-
lium droplet. Nanowires were seen to be dispersed uniformly
over the substrates. Figure 1�b� shows a high-resolution
transmission electron micrograph �TEM� of an individual 13-
nm-thick single-crystalline Ga2O3 nanowire �nanowire 1�.
Electron diffraction from the nanowire confirmed its growth
direction to be along �110� crystallographic direction. A sec-
ond nanowire �nanowire 2� is also visible in the vicinity of
nanowire 1 on the TEM grid, lying in a different plane tilted
with respect to that of nanowire 1. Also, analysis of the
x-ray-diffraction patterns �not shown here� yielded a0

a�Author to whom correspondence should be addressed; electronic mail:
arao@clemson.edu
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=12.23 Å,b0=3.04 Å,c0=5.8 Å,�=103.7°, confirming the
presence of a monoclinic �-Ga2O3 phase in these nanowires.

Room-temperature micro-Raman spectrum �785 nm ex-
citation, laser power �5–10 mW� obtained from �110� �-
Ga2O3 nanowires dispersed on quartz is compared with the
corresponding spectrum for the bulk material in Fig. 2. �-
Ga2O3 has a monoclinic structure and belongs to the C2h

space group.6 Its unit cell contains two formula units-GaO6

�edge sharing� octahedra and GaO4 �corner sharing� tetrahe-
dra and 15 Raman and 12 infrared �IR� active modes are
expected in its vibrational spectrum.

The Raman-active modes of �-Ga2O3 can be classified
into three groups: high-frequency stretching and bending of
GaO4 tetrahedra ��770–500 cm−1�, midfrequency deforma-
tion of Ga2O6 octahedra ��480–310 cm−1�, and low-
frequency libration and translation �below 200 cm−1� of
tetrahedra-octahedra chains.7 Calculated �described below�
and measured Raman mode frequencies for bulk �-Ga2O3

are listed in Table I.8 Ten Raman peaks are observed in our
present study of bulk �-Ga2O3. Our experimental Raman
mode frequencies correspond well to those reported in the
literature, as well as our local-density approximation �LDA�

calculation. A noteworthy point is that no experimental
analysis on the mode symmetry of �-Ga2O3 Raman peaks
has been reported. Our current mode symmetry assignment is
purely based on the comparison between the observed and
calculated Raman frequencies. We find an unambiguous
matching pattern for mode symmetry assignment for all the
observed Raman modes, except for the two Raman peaks
around 472 and 629 cm−1. The former peak can be assigned
with either the calculated Ag mode of 469 cm−1 or the Bg

mode of 474 cm−1, while the latter one can be assigned with
either the Ag mode of 601 cm−1 or the Bg mode of
624 cm−1.9

The Raman spectrum of the �110� nanowires, on the
other hand is relatively richer compared to the bulk and is
significantly blueshifted in frequency �Fig. 2�. The matching
between the Raman peaks in the �110� nanowires and those

FIG. 2. �Color online� Micro-Raman spectra of bulk �-Ga2O3 �bottom
trace� and �110� nanowires �top trace�.

FIG. 1. �a� SEM micrograph of �-Ga2O3 nanowires grown from a large
molten gallium droplet using a microwave plasma mediated technique. �b� A
high-resolution TEM image of an individual 13-nm-thick �-Ga2O3

nanowire.

TABLE I. Comparison of calculated Raman mode frequencies with those
measured in bulk �-Ga2O3.

Mode
symmetry

Dohy et al.a This work

Empirical
calculation

�cm−1�
Expt. data

�cm−1�

LDA
calculated
frequency:

�cm−1�
Expt. data

�cm−1�

Ag 113 111 104 …
Bg 114 114 113 …
Bg 152 147 150 144
Ag 166 169 166 169
Ag 195 199 207 200
Ag 308 318 317 317
Ag 353 346 348 344
Bg 360 353 356 …
Ag 406 415 414 416
Ag 468 475 469 472
Bg 474 474 …
Ag 628 628 601 629
Bg 644 651 624 …
Ag 654 657 635 654
Ag 760 763 732 767

aReference 7.
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in the bulk is simple for the modes located at either end of
the Raman spectra. For the low-frequency libration/
translation modes, we can identify the strongest Raman peak
at 200 cm−1 in the bulk being shifted to 213 cm−1 in the
nanowires. Accordingly, we attribute the nearby 180 cm−1

mode as shifted from the 169 cm−1 mode in the bulk. The
relatively weaker 144 cm−1 bulk Raman peak is invisible in
the spectra of the nanowires, likely due to reduction of peak
intensity. Meanwhile, a minor peak appears in the low-
frequency region of the nanowires spectra at 302 cm−1,
which cannot be related to any calculated bulk Raman active
modes. Overall, the librational/translational modes are blue-
shifted by �10 cm−1. On the other end of the Raman spectra,
two highest-frequency stretching/bending modes of tetrahe-
dra are found to be blueshifted by nearly �40 cm−1, i.e.,
767 cm−1→810 cm−1 and 654 cm−1→697 cm−1. The third
highest-frequency Raman peak observed in the nanowires at
645 cm−1 is assigned as the blueshifted 629 cm−1 mode in
the bulk. There is a fourth peak in the high-frequency region
�around 600 cm−1�. The only possible match for this peak is
with the unobserved bulk Raman mode �either the Ag mode
of 601 cm−1 or the Bg mode of 624 cm−1� predicted by our
LDA calculation. While the overall shifting pattern of the
Raman peaks in the intermediate frequency ranges is clearly
blueshifted, the exact peak-to-peak matching is less clear,
partially because several additional weak peaks are also ob-
served which do not correspond to infrared peaks expected in
�-Ga2O3.7 We further confirmed that these additional peaks
cannot be attributed to the presence of �-Ga2O3.10 Tenta-
tively, we assume that the bulk modes at 416 and 472 cm−1

are shifted to 428 and 492 cm−1, respectively. As discussed
in the following section of theoretical results, this assump-
tion is consistent with our LDA calculations. However, we
do not provide explanations for the appearance of additional
peaks in this frequency region.

Figure 3 shows the corresponding FTIR transmittance
spectra for the same samples whose micro-Raman spectra
appear in Fig. 2. FTIR transmittance spectra were obtained

using a Bruker IFS 66 v/s spectrometer from pressed KBr
pellets containing dispersions of either powder or nanowire
forms of �-Ga2O3. Consistent with the Raman spectrum
�Fig. 2�, the IR modes in the nanowire spectrum are also
blueshifted in frequency relative to corresponding bulk fre-
quencies. The IR mode frequencies above 600 cm−1 in �-
Ga2O3 nanowires are blueshifted in frequency by as much as
50 cm−1.

The blueshift in phonon frequencies of low-dimensional
materials are often attributed to the size-confinement
effect.11,12 However, the average diameter of our �-Ga2O3

nanowires is around 25 nm. It is unlikely that the quantum
size confinement at this length scale is significant enough to
cause the phonon shifts as large as 50 cm−1. Furthermore,
three distinctly different shift patterns have been experimen-
tally observed for the �-Ga2O3 nanowires of different growth
directions. In contrast to the blueshift in the Raman and
FTIR spectra reported in this paper, Choi et al. showed that
their Fourier transform Raman spectrum of �001� �-Ga2O3

nanowires to be identical to that of bulk �-Ga2O3,3 while
Gao et al. exhibited a redshift of 4–23 cm−1 in the Raman

peak frequencies of their �401̄� �-Ga2O3 nanowires relative
to the corresponding Raman frequencies in bulk �-Ga2O3.2

The size confinement effect is clearly insufficient to explain
the diversity of the observed shift patterns.

On the other hand, the redshift in the phonon frequencies
has also been attributed to the presence of impurities and
defects, such as point defects, twins, and stacking faults.13

These defects are also likely to be responsible for additional
vibrational modes observed in the Raman spectra �and to a
small extent in the FTIR spectrum� of nanowires. From a
detailed high-resolution transmission electron micsoscopy
�HRTEM� study, Gao et al. confirmed the presence of twins
and edge dislocations in their nanowires.4 Dai et al.14 also
proposed that the O vacancies and the stacking faults caused
an abnormality in the Ga–O bond vibration and led to red-
shift in the Raman frequencies. Although this simple hypoth-
esis is plausible, there is one obvious weakness, i.e., lack of
close correlation between defect types and the growth direc-
tions. Presumably, similar defects might exist in the nano-
wires with different growth directions. It is also not clear
which types of defects will lead to a blueshift in vibrational
frequencies. Moreover, different regions in the nanowires
contain different defects which would imply that different
shifts in the Raman and/or IR spectra should be observed
when different regions of the same nanowire are probed.
However, this does not seem to be the case and instead over-
all distinct blueshifts or redshifts have been observed for a
given nanowire. Therefore, alternative models that are ca-
pable of describing these diverse peak-shift patterns in a con-
sistent fashion are needed.

Based on a first principles calculation which we describe
next, we propose that the phonon frequencies in different
�-Ga2O3 nanowires are shifted as a result of internal strains
in the nanowire. The basic assumption of our model is the
presence of non-negligible internal strains in the nanowires
due to their large surface/volume ratio. Different growth di-
rections will cause different surface reconstruction, and con-

FIG. 3. �Color online� FTIR transmittance spectra of bulk �bottom trace�
and �110� �-Ga2O3 nanowires �top trace�.
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sequently lead to internal strains of different magnitudes and
directions. This model provides a consistent explanation for
all three aforementioned Raman spectra.

Direct first principles calculations of phonon frequencies
of 25-nm-diam nanowires is a computationally challenging
task as large supercell models �of at least tens of thousands
of atoms� are needed. Instead, our current computation study
focuses on providing a quantitative estimation of the internal
strains which can account for the observed blue- and red-

shifts in the Raman frequencies for �110� and �401̄�
�-Ga2O3 nanowires, respectively. We have calculated the
strain dependences of the bulk �-Ga2O3 using a density-
functional theory �DFT� method.15 The internal strains of the
nanowires were estimated based on the least-squares fitting
of the experimentally observed Raman frequency shifts with
theoretically predicted linear strain coefficients d� /d�ij,
where � and �ij are Raman frequencies and components of
strain tensors, respectively.

The �-point phonons of bulk �-Ga2O3 were calculated
with a real-space finite-displacement technique.16 Such cal-
culations have been used extensively for describing the

structural and vibrational properties of ceramic oxides, ni-
trides, and carbides.17 Because of its C2h space-group sym-
metry, the LO-TO splittings in the optic modes of
�-Ga2O3 only exist for the infrared �Au and Bu� phonon
modes, not the Raman active �Ag and Bg� phonon modes.
Therefore, all our Raman frequency calculations of
�-Ga2O3 were carried out with 10-atom base-centered mono-
clinic unit-cell model without the correction for the macro-
scopic interaction. As shown in Table I, the theoretical data
for bulk �-Ga2O3 matches well with 13 out of the 15 Raman
active �10Ag+5Bg� modes observed in present study, as well
as those of the previous study of Dohy et al.7 In both cases of
the unobserved Raman modes, there is another Raman active
mode in the close proximity. For example, our LDA calcula-
tions predicted two Raman modes at 469 and 474 cm−1, and
two Raman modes at 601 and 629 cm−1. This suggests that it
is possible that the two “missing” Raman modes are hidden
by the stronger adjacent Raman modes.

The strain tensor of this monoclinic crystal has six inde-
pendent elements, �11,�22,�33,�23,�13, and �12. For simplic-
ity, we restricted this study to linear effects, i.e., ����
��0+��d� /d�ij��ij�. This approximation is valid for
small strains. We further neglected the strain of �23 or �12

because their d� /d�ij coefficients are zeroes due to the
monoclinic lattice symmetry. For each of four remaining
types of strains ��11,�22,�33, and �13�, the Raman frequen-
cies were calculated for five finite strain values between
−0.02 and +0.02. The calculated frequencies were then fitted
with a polynomial function to obtain the linear strain coeffi-
cients.

Fitting the experimental data within our strain-induced
phonon shifts model, we predict the internal strains in nano-

TABLE II. Estimated internal strains.

Strain
�110�

nanowire
�401̄�

nanowire

�11 −0.0077 0.0029
�22 0.0180 −0.0064
�33 −0.0311 0.0106
�13 0.0233 −0.0256
�V /V −0.0208 0.0071

TABLE III. Raman mode frequencies and frequency shifts in �-Ga2O3 nanowires with the �401̄� and �110�
growth directions. Overall, excellent agreement between the observed and calculated shifts is seen for all mode
frequencies except the one marked with an *.

Gao et al.a

�401̄� growth direction
This work

�110� growth direction

Bulk
frequencies

�cm−1�

Nanowire
frequencies

�cm−1�

Frequency
shifts
��

�cm−1�

Calculated
frequency

shifts
�cm−1�

Bulk
frequencies

�cm−1�

Nanowire
frequencies

�cm−1�

Frequency
shifts
��

�cm−1�

Calculated
frequency

shifts �cm−1�

−4.8 12.0
1.7 −3.1

142 134 −8* −1.0 144 3.8
167 160 −7 −7.2 169 180 +11 10.6
198 194 −4 −6.5 200 213 +13 13.5
320 −3.9 317 9.5
344 332 −12 −6.7 344 16.8

−1.7 0.7
415 409 −6 −5.3 416 428 +12 12.3
473 −4.4 472 492 +20 21.1

−6.2 18.5
627 −5.7 629 645 +16 17.8

−0.3 3.6
651 641 −10 −14.8 654 697 +43 36.4
765 742 −23 −20.6 767 810 +43 47.0

aReference 4.
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wires which showed the three distinct Raman spectra. The

results of the �401̄� and �110� nanowires are listed in Table II,
and our model predicts the strain tensor for the �001� nano-
wires contain non-negligible �11,�22,�33, and �13 compo-
nents. As shown in Table III, we obtain overall excellent fits
for both the redshifted and blueshifted Raman spectra, with

exception of the 134 cm−1 Bg mode in the �401̄� nanowire
�Gao et al.�. Our calculation shows that the �110� nanowire is
compressed along its a and c axis, and stretched along its b

axis. The strain in the �401̄� nanowire exhibits a contrasting
pattern and its strain magnitude is only about 1 /3 of that
evaluated for the �110� nanowire. In both cases, the a axis
has the smallest change �Table II�. The strain-induced vol-
ume changes are predicted to be −2% and 0.7% for the �110�
and �401̄� nanowires, respectively. Seo et al.18 studied the
internal strains of GaN nanowires using x-ray measurements
and they reported the strains of �xx=2.3% ,�yy =−0.734%,
and �zz=−0.4% based on their experimental x-ray measure-
ment. The magnitudes of our predicted strains of �-Ga2O3

are comparable to those of GaN nanowires.

CONCLUSIONS

In summary, based on a comparison of the experimental
Raman mode frequencies with our first-principles calcula-
tions, we find compelling evidence for growth direction-
induced internal strains in �-Ga2O3 nanowires which signifi-
cantly influence the vibrational mode frequencies. Within the
linear model approximation, the observed blue and redshifts
of peak frequencies in the micro-Raman spectra of the
�-Ga2O3 nanowires with different growth directions can be
attributed to two small anisotropic internal strains: one com-
pressive strain of 2% volume change, and the other tensile
strain of 0.7% volume change. The overall high quality of
the fitted models to available experimental data suggests a
strong correlation between the shifts in Raman mode fre-
quencies and the growth direction-induced internal strains in
the Ga2O3 nanowires.
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The bulk nucleation and basal growth of semiconducting nanowires from
molten Ga pools has been demonstrated earlier using oxygen/hydrogen
plasma over molten Ga pools. Herein, we extend the above concept for bulk
synthesis of oxide and sulfide nanowires of low-melting metal melts such as Sn
and In. Specifically, nanowires of b-Ga2O3, b-In2O3, SnO2, a-Ga2S3, and
b-In2S3 were synthesized using direct reactions between respective molten
metal pools and the gases such as oxygen/hydrogen mixture for oxides and
H2S for sulfides. In the case of b-Ga2O3 and SnO2, a change in the morphology
from nanowires to nanobelts was observed with an increase in the synthesis
temperature. No such behavior was observed in the case of b-In2O3. Further-
more, we present evidence for a-Ga2S3 nanowires, which to our knowledge is
being reported for the first time in the literature. Our studies with the sulfide
nanowires suggest that H2S reacts directly at the molten metal surface to form
gallium sulfide. Finally, we discuss the role of chamber pressure and hydrogen
on the size distribution of nanostructured b-Ga2O3 and SnO2.

Key words: Nanowires, nanobelts, Raman

INTRODUCTION

The traditional vapor-liquid-solid (VLS) method
for growing micron-sized whiskers involves the use
of a ‘‘catalytic’’ seed particle that controls the diam-
eter of the whiskers.1 Nanowires can be prepared
using the VLS method as the catalyst particle size
is reduced to nanometer scale using processes such
as laser ablation, sublimation, thin film, and the use
of nanosized powders.2 In contrast, we have de-
scribed in an earlier publication that long nanowires
of uniform diameter can be synthesized without the
need for catalyst seed particles. Our process in-
volves the dissolution of vapors into a thin film or
a pool of low-melting metals at elevated tempera-
tures. This dissolution leads to the formation of nano-
scale compound nuclei that do not wet the molten
metal surface. As a result, with increasing reaction
time, crystal growth from the nuclei is one dimen-
sional in nature and nanowires are formed. In our
first set of experiments, silicon nanowires were syn-
thesized from dissolution of Si into millimeter-scale

Ga droplets, which clearly revealed multiple nucle-
ation and growth of nanowires.3 In subsequent ex-
periments, we showed that decomposition of SiH4

over Ga films deposited on quartz substrates also
yields Si nanowires.4 This concept was also extended
to the synthesis of b-Ga2O3 nanowires from oxygen
dissolution into Ga.5 The morphology and size of the
gallium oxide nanowires could be controlled using
varying amounts of hydrogen along with oxygen.
Following our studies, other nanostructures such
as ZnO have been synthesized by direct heating of
metallic Zn in an oxidizing environment.6 Experi-
ments involving high-temperature chemical vapor
transport of metal oxide powders have also resulted
in the growth of nanowires and nanobelts.7 Here, we
report a systematic study of low-melting metal oxide
and sulfide nanostructures that form when respec-
tive metals are exposed to either oxygen or H2S at
an elevated temperature.

EXPERIMENTAL

The synthesis of the nanowires and nanobelts was
performed using commercial powders of pure metals(Received March 14, 2005; accepted September 23, 2005)
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of Ga, Sn, and In (Aldrich, St. Louis, MO). Quartz
substrates with respective metal powders were
placed in the center zone of a tubular quartz reactor
(diameter ;1.5 in.). The reactor was then heated to
temperatures ranging from 700°C to 1,200°C at
ambient pressure and under a continuous flow of
argon (flow rate ;100 sccm). At these elevated tem-
peratures, the metal powders melt and form a thin
film on the substrates. Once the temperature of the
reactor stabilized, feed gases such as oxygen and
hydrogen sulfide (flow rate ;400 sccm) were intro-

duced into the reactor depending upon the desired
material. The reaction time was typically an hour,
after which the feed gas was turned off and the
reactor was allowed to cool. Table I lists the exper-
imental parameters used in the synthesis of various
nanowires and nanobelts. Growth of nanostructures
did not occur at temperatures higher or lower than
the ranges listed in Table I. Similar experiments
were also conducted in a vacuum chamber using
100 sccm gas flow containing (90–100 sccm) oxygen
and (10–0 sccm) hydrogen.

Table I. Experimental Conditions Used in This Study for the Growth of Different Nanostructures*

Metal Reaction Product (Bandgap, eV) Synthesis Temperature (°C) DG (kJ/mol)

Ga 2Ga(l) 1 1.5O2 0 Ga2O3 b-Ga2O3 (4.8) 950–nanowires �689.7
1050–nanobelts �657.5

Ga 2Ga(l) 1 3H2S 0 Ga2S3 1 3H2 a-Ga2S3 (2.8) 650–800 �293.4 to � 269.3
In 2In(l) 1 1.5O2 0 In2O3 b-In2O3 (2.8) 1000–1200 �520.7 to �459.0
In 2In(l) 1 3H2S 0 In2S3 + 3H2 In2S3 (2.82) 700–800 �137.1 to �123.8
Sn Sn(l) 1 O2 0 SnO2 SnO2 (3.7) 900–1200 �339.9 to �276.6

*Thermodynamic data from 2nd ed., Thermochemical Properties of Inorganic Substances. O. Knacke, O. Kubaschewski, and K. Hesselmann,
(New York: Springer-Verlag), 1991.

Fig. 1. SEM images of b-Ga2O3 (a) nanowires and (b) nanobelts synthesized at 950°C and 1,050°C, respectively. (c) HRTEM image of a single
b-Ga2O3 nanobelt along the [111] growth direction. Inset is a SAD pattern revealing the monoclinic structure.
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The morphology of the as-prepared nanomaterials
was analyzed via scanning electron microscopy
(model Hitachi S-4700) (Hitachi, Pleasanton, CA),
high-resolution transmission electron microscopy
[HRTEM model JEOL 3,010 (Japan Electron Optics
Ltd., Tokyo)], and electron diffraction. The analysis
of the selected area diffraction (SAD) patterns was
performed with the help of simulations using a soft-
ware package (Desktop Microscopist from the
NCEM-LBL) (Lawrence Berkeley National Labs,
Berkeley, CA). The nanowires and nanobelts were
dispersed in acetone using ultrasonication for ;30

sec or until a uniform dispersion was obtained. A
few drops of the dispersion were then used on a
200-mesh holey carbon transmission electron micro-
scopy (TEM) Cu grid [electron microscopy sciences
(EMS)]. Optical characterization was performed on
the as-synthesized samples using room-temperature
micro-Raman spectroscopy (model Renishaw 1000)
with an excitation wavelength of 785 nm. Photolu-
minescence was measured using a Renishaw inVia
spectrometer (Renishaw Inc., Hoffman Estates, IL)
(330–1,000 nm range) with the 325-nm excitation
from a He-Cd laser.

Fig. 2. (a) HRTEM image of a a-Ga2S3 nanowire showing twinning shown in detail in the inset figure. (b) HRTEM image of a b-In2S3 nanowire
exhibiting tetragonal crystal structure (inset figure shows the SAD pattern).
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RESULTS AND DISCUSSION

The thermal oxidation of gallium melts using oxy-
gen at atmospheric pressure resulted in the growth
of b-Ga2O3 nanostructures whose morphologies var-
ied from nanowires to nanobelts, as shown in Fig. 1.
The quartz substrates were covered evenly with
nanowires having diameters between 10 nm and
100 nm. The monoclinic crystal structure of the
samples depicted in Fig. 1 was confirmed through
electron diffraction and micro-Raman spectroscopy.
When the reaction temperature was increased from
950°C to 1,050°C, a significant amount of b-Ga2O3

nanobelts were formed relative to the nanowires
present on the substrate (Fig. 1b) The widths of
the nanobelts ranged between 100 nm and ;1 mm,
with an average thickness of ;50 nm. Electron
diffraction studies showed the growth direction of
the nanobelts to be in the [111] direction (Fig. 1c).
Such a temperature-induced abrupt change in the
morphology of nanostructures has been reported pre-
viously. Recently, Sun et al.8 synthesized SnO2

nanowires and nanobelts by carbothermal reduction
of SnO2 powder mixed with graphite at ambient
pressure. Consistent with our results in Fig. 1, they
found SnO2 nanowires in the relatively low-temper-
ature region of their reactor (;600–750°C), while
nanobelts were found in regions where the temper-
ature was ;950–1,000°C. Based on four different
morphologies that were observed in their reactor,
they attribute the change in morphology to prefer-
ential growth along directions normal to the growth
direction of the nanowire.8 In order to understand
similar changes in the morphology of gallium oxide
nanostructures, we note that the vapor pressure of
Ga does not increase linearly throughout the tem-
perature range between 30°C and 1,200°C, but
increases exponentially.9 The predominant growth
of b-Ga2O3 nanobelts occurred only when the syn-
thesis temperature exceeded the critical tempera-
ture of 1,000°C. At 950°C, Ga has a vapor pressure
of 1.4 3 10�3 torr, and at 1,050°C, it has a vapor
pressure of 1.0 3 10�2 torr.10 Based on this, it is
reasonable to expect that the nanobelt growth
occurs due to direct growth from the vapor phase
onto the sides of the growing nanowires. This type
of regrowth could be responsible for the change in
wirelike to beltlike morphology due to enhanced
growth in certain directions. In our studies, a simi-
lar temperature-induced change in morphology was
also observed in oxidation experiments involving tin.
However, we did not observe a similar trend in
experiments involving indium and a further study
is needed.

Figure 2a and b show HRTEM images of a-Ga2S3

and b-In2S3 nanowires, respectively, and were ob-
tained when respective metals were exposed to H2S
at elevated temperatures at ambient pressure (see
Table I). To our knowledge, these nanostructures
have not been previously reported, or examined in
detail, in the literature, with the exception of one re-
port on indium sulfide nanorods using decomposition

of a metalorganic precursor, Et2In(S2CNMenBu),
which was reported by Afzaal et al.11 In our study,
the monoclinic a-Ga2S3 nanowires exhibited [100]
growth direction and appear to be twinned, as seen
in the inset image in Fig. 2a. Furthermore, their
diameters ranged between 15 nm and 200 nm and
their lengths measured a few micrometers. Similarly,
the growth direction for the tetragonal b-In2S3

nanowires was found to be along the [110] direction
(Fig. 2b). Consistent with electron microscopy results,
micro-Raman spectra for each nanowire listed in
Table I confirmed the crystalline nature for each
of these nanostructures (Fig. 3). It should be men-
tioned that the corresponding nitride nanowires and
nanobelts were also prepared in the presence of NH3

and will be discussed elsewhere.
The direct reactions could be understood through

straightforward thermodynamic analysis. In the case
of reactions involving molten metals and oxygen,
molecular oxygen is sufficiently reactive with either
Ga, In, or Sn forming nanometer-sized metal-oxide
nuclei. As an example, the Gibbs free energy (DG)
values12 for the oxide nanostructures are listed below:

2Gað1Þ1 3=2 O2ðgÞ ! Ga2O3ðsÞ
DG ¼ �689:7 kJ=mol at 9508C

2Inð1Þ1 3=2 O2ðgÞ ! In2O3ðsÞ
DG ¼ �520:7 kJ=mol at 10008C

SnðlÞ1O2ðgÞ ! SnO2ðsÞ
DG ¼ �339:9 kJ=mol at 9008C

These DG values listed above (also listed in Table
I) suggest that the metal-oxide reactions can pro-
ceed under the experimental conditions used in this
study. Similarly, the chemical reaction for the for-
mation of gallium sulfide nanowires is as follows:

2GaðlÞ1 3 H2SðgÞ ! Ga2S3ðsÞ1 3 H2

DG ¼ �293:4 kJ=mol at 6508C

Based on the value of DG, the above reaction is
favorable for the growth of sulfide nanowires by

Fig. 3. Micro-Raman spectra from semiconducting nanowires.
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direct reaction of H2S at the metal surface. The pos-
sible route for direct reaction must involve catalyzed
decomposition on the molten Ga surface to provide
sulfur dissolution into the Ga melt. The decomposi-
tion of H2S on metal surfaces is known to occur,13

but no detailed studies have been reported with
respect to gallium. The dissolution of sulfur into
Ga melts would lead to the formation of nanometer
scale nuclei, which enable nanowire growth, as in
the case of the oxide nanowires. The presence
of hydrogen resulting from the decomposition of
H2S is expected to play a similar role as in the
oxide nanostructures and is discussed below. A sim-
ilar scheme is expected for indium sulfide nano-

structures with direct reaction of indium melt with
H2S.

The formation of nanoscale oxide or sulfide nuclei
on the molten metal surfaces is not a sufficient cri-
terion for the growth of nanoscale nuclei into nano-
wires. It is also important that the nanometer-sized
nuclei do not wet the molten metal surfaces. No
experimental data exist on the interfacial energy
values for these inorganic solid-liquid systems. So,
using Neumann’s equation of state,14 the contact
angles between the liquid metal and solid compound
phases were estimated to be around 180°, confirm-
ing that the solid and liquid phases do not wet
each other in the absence of any other chemisorbed

Fig. 4. (a) SEM figure of SnO2 nanowires prepared at 900°C. The inset is a blown up image of the nanowires. (b) SEM image of SnO2 nanobelts
prepared at 1,200°C. (c) HRTEM image of a single SnO2 nanowire and the corresponding diffraction pattern. (d) Photoluminiscence spectrum of
SnO2 nanowires.
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species on either phase.5 With increasing reaction
time, these nuclei evolve into one-dimensional
nanostructures due to their nonwetting character-
istics. In the presence of hydrogen, the low-melting
metals maintain high surface tension necessary for
the growth of nanowires from the nanoscale nuclei
through basal attachment.

The effect of hydrogen is illustrated using tin
oxide nanowire growth at low pressures as an exam-
ple. Metallic tin powder dispersed on a quartz sub-
strate was heated to 900°C in a growth chamber
maintained at 0.4 torr dynamic vacuum. Thick poly-
crystalline SnO2 crust with few nanowires resulted
when 100 sccm of oxygen was used as the feed gas.
However, a dramatic increase in the nanowire yield
was observed as hydrogen was mixed into the feed
gas. A mixture of 10/90 sccm of hydrogen/oxygen
resulted in the optimal growth of tin oxide nano-
wires, and a SEM image is shown in Fig. 4a. Multi-
ple nucleation and growth of nanowires is evident.
As the substrate temperature was increased from
900°C to 1,200°C in the presence of hydrogen
(10 sccm) and oxygen (90 sccm), the thickness of the
resulting nanowires increased and was accompanied
with a change inmorphology fromnanowires to nano-
belts (width of ;300 nm and thickness ;70 nm), as
shown in Fig. 4b. From the TEM diffraction patterns
(inset figure in 4c), the growth direction of the re-
sulting nanowires was determined to be [110]. The
growth of wirelike morphology results due to multi-
ple nucleation and basal growth from molten metal
pools, while the beltlike morphology seems to result
with chemical vapor deposition of tin oxide from the
vapor phase onto the growing nanowires. Further re-
duction in synthesis temperatures is only possible
when atomic hydrogen is supplied instead of mo-
lecular hydrogen, i.e., either through hot-filament
activation or plasma activation, as described in
our earlier work on gallium oxide nanowires using
plasma-activated hydrogen/oxygen gas phase and
chamber temperatures ;400–500°C.5 The PL spec-
trum of tin oxide nanowires grown at 0.4-torr cham-
ber pressure exhibits yellow luminescence (Fig. 4d),
which can be attributed to oxygen deficiency in the
nanowires. The origin of the oxygen deficiency could

be due to thermal aging of the nanowires under the
conditions used in our experiments.

SUMMARY

In conclusion, we have presented a simple and
scaleable thermal synthesis technique for low-melt-
ing metal oxide and sulfide nanowires. Our techni-
que is based on the dissolution of oxygen or sulfur
gases into low-melting metal pools, which result in
one-dimensional structures of the respective com-
pounds. It is clear from the studies presented here
that our synthesis method can be easily extended to
other low-melting metallic systems, as well as a
variety of compounds such as phosphides, nitrides,
and arsenides depending upon the choice of feed
gas.
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Abstract

The composition of the passive layers formed on Zn electrode in naturally aerated and de-aerated 0.1 M KClO4 solution were studied using X-ray
photoelectron spectroscopic measurements (XPS). A correlation between the presence of dissolved O2 and the formation of an interior passive
layer was carried out. Librated Cl− from the perchlorate reduction reaction was detected in its solutions during Zn electrode polarization. The
librated Cl− concentration reached its maximum value at −1.4 V. Moreover, in the studied potential range the perchlorate reduction rate increases in
absence of dissolved oxygen. Chrono-amperometry and electrochemical impedance spectroscopy (EIS) were performed for the stationary and the
rotating disc Zn electrodes in naturally aerated and de-aerated 0.1 M KClO4 solution. EIS technique showed a change in the electrode impedance
with the experimental conditions as a result of changing the reactions occurring in the electrode vicinity. The obtained data were fitted to three
different equivalent circuits depending on the electrode potential. The protective nature of the passive layers formed in different experimental
conditions was found to decrease with rotating the electrode and de-aerating the solution.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: XPS; EIS; Perchlorate reduction; Oxygen reduction; Passive layer

1. Introduction

There has been a great deal of interest in the electrochemi-
cal behaviour of Zn electrode and the various processes taking
place during its corrosion in various neutral media [1–11]. Most
of these reports agreed that Zn corrosion process in neutral media
is limited by a diffusion controlled oxygen reduction reaction.
The recent work of Láng et al. [12–15] demonstrates the reduc-
tion of ClO4

− ions on a variety of metal surfaces, to Cl− and
OH−, during their spontaneous dissolution. Such reduction dur-
ing the Zn corrosion represents an alternative source of OH−
production. Our recent study of the voltammetric behaviour of
Zn in perchlorate solutions [1,2] offers some mechanistic infor-
mation about the passive layer formation in neutral media. This
work emphasized the necessity of the presence of dissolved oxy-
gen, and not merely the OH−, to form a more protective passive
layer. Moreover, the passive layers formed on the Zn surface in

∗ Corresponding author.
E-mail addresses: hamdihh@hotmail.com, hamdihh@yahoo.com

(H.H. Hassan).

neutral media were suggested to be composed of interior com-
pact ZnO layer and an exterior porous Zn(OH)2/ZnO layer. The
presence of O2 was found to be a must to form a thicker more
protective interior layer [1]. Moreover, the cathodic peaks of the
interior passive layers reduction were vanished from the voltam-
mograms obtained in de-aerated perchlorate solutions. These
results encourage us to study the chrono-amperometric and the
impedance responses of the Zn/perchlorate interphase under the
influence of different experimental conditions with the aim to
confirm, and add more knoweldge to, our previously obtained
results [1,2].

2. Experimental

All electrolyte solutions were prepared from analytical grade
chemicals and doubly distilled water. The de-aerated solutions
were sparged with N2 gas for 30 min prior to use. N2 bub-
bling was stopped and nitrogen blanket was maintained over
the solution throughout the experiment.

The working electrode was a Zn disc (99.9999% Koch Light
Laboratories, Colnbrook Bucks, England) with an apparent

0013-4686/$ – see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2007.05.013
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exposed area of 0.5 cm2. It was inserted in a rotating disc
system developed by Solea-Tacussel. The electrode was succes-
sively polished with emery papers of 600 and 1000 grit sizes,
degreased with acetone and washed with running doubly dis-
tilled water. The counter electrode was a platinum sheet (4 cm2).
The potentials were recorded versus a saturated silver–silver
chloride electrode (Ag/AgCl). To avoid contamination, the ref-
erence electrode was connected to the working electrode through
a bridge filled with the solution under test. Each experiment
was performed with freshly prepared solutions and a newly pol-
ished set of electrodes. All measurements were carried out at
25 ± 1 ◦C.

Chrono-amperometric curves, at different electrode poten-
tials, were recorded for 400 s. EIS measurements were carried
out using AC signals of amplitude 5 mV peak to peak at dif-
ferent conditions in the frequency range of 10 kHz to 10 mHz.
An Autolab Potentiostat/Galvanostat (PGSTAT30) with FRA2
module was used for these measurements.

Detection of the librated Cl− from the perchlorate reduc-
tion during the polarization of the Zn electrode was performed
as follows: the potential of the stationary Zn was hold to the
desired potential values for 3 h in 30 ml of a continuously
stirred 0.5 M NaClO4 solution. Afterwards, chloride concen-
tration was measured potentiometrically in this solution using
an Ag/AgCl selective electrode (detection limit: 200 ppm Cl−)
and a HANNA pH-meter model pH211.

X-ray photoelectron spectroscopic measurements (XPS)
were performed using a VG Scientific X-ray photoelectron spec-
trometer with an XR3E2 X-ray source system. The instrument
error is ±0.4 eV. The XPS spectra for Zn 2p3/2 and O 1s were
recoded for the surface of the zinc electrode that is polarized
from −1.8 to −1.15 V with a scan rate of 1.0 mV s−1 and hold
at −1.15 V for 20 min in naturally aerated and de-aerated 0.1 M
KClO4 solutions.

3. Results and discussion

3.1. Cyclic voltammetric studies

In a recent study [1], we divided the voltammograms of the
Zn electrode in 0.1 M KClO4 solution into four different poten-
tial regions, as shown in Fig. 1. The different electrochemical
and chemical reactions occurred at the Zn electrode surface in
different experimental conditions were discussed. In region 1,
between −1.8 and −1.48 V, water reduction reaction is pre-
dominant. However, in region 2, between −1.48 and −1.32 V,
the diffusion controlled oxygen reduction reaction takes place
according to Eq. (1) [1,9,16,17]:

O2 + 2H2O + 4e = 4OH− (1)

In the third potential region, between −1.32 and −1.05 V, in
addition to reaction (1), the anodic dissolution of zinc com-
mences. On the other hand, the ClO4

− ions in contact with
Zn electrode surface reduces according to the overall reaction
[1,18]:

ClO4
− + 4H2O + 8e = Cl− + 8OH− (2)

The concentration of the librated chloride ion is measured,
using chloride selective electrode, after holding the Zn electrode
for 3 h at desired fixed potential values, the results are given
in Table 1. According to these results, the quantity of chloride
formed varies with the applied potential. The maximum chlo-
ride concentration was obtained in the potential range of region
2 (at −1.4 V). The amount of librated Cl− in this potential is
doubled by de-aeration (see Table 1). Although ClO4

− reduc-
tion still occurs at potentials lower and higher than this range,
chloride ion concentration decreases drastically. Similar results
were previously obtained for the reduction of perchlorate on tin
electrode [19].

Fig. 1. Cyclic voltammograms for stationary (solid line) and 64 rad s−1 rotating Zn electrode (dotted lines) in naturally aerated (a) and de-aerated (b) 0.1 M KClO4

at scan rate of 0.5 mV/s.
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Table 1
The librated chloride concentration [Cl−], after holding the Zn electrode for 3 h
at different potential values in 30 ml of the 0.5 M NaClO4 solution

EZn (vs. Ag/AgCl) (V) [Cl−] (ppm)

De-aerated solution Naturally aerated solution

−1.800 219 209
−1.700 395 325
−1.600 UDLa UDL
−1.500 231 505
−1.400 8621 1800
−1.300 584 395
−1.200 1218 504
−1.100 746 415
−1.000 UDL 480

[Cl−] detected by the chloride selective electrode with detection limit of
200 ppm.

a UDL, under the detection limit.

3.2. X-ray photoelectron spectroscopy

The consecutive and parallel paths mechanism suggested for
Zn dissolution in aerated [7] and de-aerated [20,21] neutral solu-
tions, together with reactions ((1) and (2)), lead to the formation
of a passive layer on the Zn surface. XPS spectra of Zn 2p3/2
and O 1s for the passive layer formed on Zn surface in the
corresponding potential range are shown in Fig. 2 the passive
layer was prepared by polarizing the Zn electrode from −1.8 to
−1.15 V with scan rate of 1.0 mV s−1 in naturally aerated and
de-aerated 0.1 M KClO4 solutions, then the electrode potential
was hold at −1.15 V for 20 min. Depicting the binding energy
(BE) for O 1s and Zn 2p3/2 on XPS spectra, reveals that the pas-
sive layer is a mixture of Zn(OH)2 and ZnO. According to the

Zn 2p3/2 survey, a broad peak at about 1021 eV is obtained. This
peak is resolved to two peaks: the first is an intense peak at a
BE of about 1021.1 eV which may be seen as an overlap of Zn0

and ZnO peaks (the reported BE values are 1021 eV for Zn0 and
1021.2 eV for ZnO [22]); the second peak is the Zn(OH)2 peak
at 1023 eV (the reported BE value is 1022.7 eV [23]). From
O 1s line deconvolution presented in Fig. 2b and d, oxygen
appears in four chemical states. The first appears at 533.9 eV and
attributed to adsorbed water molecules [24], the second and the
third appear at 532.1 and 530.4 eV and are related to the forma-
tion of Zn(OH)2 and ZnO, respectively [25]. The fourth appears
at 529 eV and may be ascribed to chemisorbed O2 on Zn metal;
O2/Zn. Actually, we did not find a BE value for O2/Zn in the
literature, however, a BE value of 529.8 eV is reported for O2/Cu
[26]. This peak appears intensely in the passive layer formed in
the aerated conditions (sample 1) (Fig. 2b) and diminishes drasti-
cally in the de-aerated conditions (sample 2) (Fig. 2d). Moreover,
the zinc survey in Fig. 2a and c does not show any Zn peak behave
similarly. Consequently, the fourth O 1s peak could not related
to a Zn-oxygen compound. This suggestion matches well with
the existence of the cathodic peak CIII, which was attributed
to reduction of the interior passive layer in the aerated condi-
tions (Fig. 1a) and its disappearance in de-aerated conditions
(Fig. 1b). Moreover, these results contest the existence of sur-
face species that enhances the Zn corrosion protection in aerated
solutions [1].

The XPS O 1s results practiced on sample 1 surface (nat-
urally aerated conditions) indicate significant contribution of
chemisorbed O2 and ZnO in the passive layer (Table 2). How-
ever, passive layer formed on Zn in de-aerated 0.1 M KClO4
solution exhibits higher ZnO contribution at the expense of
chemisorbed O2. On the other hand, we may not count for the

Fig. 2. XPS spectrum of Zn 2p3/2 and O Is for the film formed on zinc electrode polarized from −1.8 to −1.15 V (l mV s−1) and hold at −1.15 V for 30 min in
naturally aerated (a and b) and de-aerated (c and d) 0.1 M KClO4.
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Table 2
Binding energies (BE) and peak area ratio (%PA) correspond to each component
in the XPS spectra of Fig. 2 for the passive layers formed on Zn electrodes
polarized at −1.15 V in aerated (sample 1) and de-aerated (sample 2) 0.1 M
KClO4 solutions

Zn 2p3/2 O 1s

ZnO Zn(OH)2 O2/Zn ZnO Zn(OH)2 H2O/Zn

Sample 1
BE (eV) 1021.1 1023.0 529.0 530.6 532.1 533.4
%PA 75.2 24.8 43.1 39.9 9.0 8.0

Sample 2
BE (eV) 1021.0 1023.1 528.9 530.6 532.2 534.1
%PA 90.7 9.3 13.6 71.6 10.7 4.2

peak area ratios derived from the Zn 2p3/2 because the peaks
of Zn0 and ZnO are very close to each other, so that the peak
observed at 1021 eV may be related to their overlap.

3.3. Chrono-amperometric studies

The potentiostatic current–time transients of the stationary
and rotating Zn disc electrode in naturally aerated 0.1 M KClO4
solution at different electrode potentials Ea are shown in Fig. 3.
In addition, Fig. 4 is its analogous in de-aerated solution. The
cathodic current, in the first potential region, decreases rapidly
with time till attaining a steady state value which is related to
the rate of electrochemical water reduction reaction [1], curve
1 of Figs. 3 and 4. Similar behaviour is obtained in the second
potential region. The higher steady state current values for the
rotating electrode in naturally aerated solution is attributed to
the acceleration of the slug diffusion controlled O2 reduction
reaction that predominates in aerated solutions in this potential
range, curve 2 of Fig. 3a and b.

The steady state current in the third region, curves 3 and
4, composed of four superimposed partial current components,
namely: charge transfer anodic metal dissolution, j+,M, cathodic
metal ion deposition (back reaction) j−,M, diffusion controlled
dissolved oxygen reduction j−,O2 and ClO4

− reduction partial
current j−,ClO4

− [1,10–12]. Therefore, the total current density
at a given potential is given by:

jtotal = j+,M + j−,M + j−,O2 + j−,ClO4
− (3)

In other words, in addition to the O2 and ClO4
− reduction

reactions, the steady state current is related to the rate of elec-
trochemical dissolution of metal through the passive layer and
chemical dissolution of this layer, so that it is a measure of the
protective capabilities of the passive layer [27].

The steady state currents obtained in this potential range are
all cathodic, curves (3 and 4) of Figs. 3 and 4. The steady state
currents of the Zn electrode in naturally aerated solutions are
always higher than their analogous in the de-aerated solutions
due to the contribution of j−,O2 in the former case. In natu-
rally aerated solution, curves 3 and 4 (Fig. 3), O2 preferentially
adsorbed on the electrode surface at the expense of the weakly
adsorbed ClO4

− [13,28,29]. The steady state current of the rotat-
ing Zn electrode is higher than that of the stationary electrode
as a result of enhancing j−,O2 by rotation. However, in absence
of oxygen, curves 3 and 4 of Fig. 4, the higher currents obtained
for rotating electrode can be explained in terms of the formation
of a less protective passive layer. Rotating the electrode repels
the corrosion products away from the electrode surface. The per-
chlorate ion absorbs on the electrode surface and enhances the
chemical dissolution of the interior ZnO layer to form Zn2+(aq)
[1,6,30]. The reduction of ClO4

− on the electrode surface pro-
motes the formation of the less protective exterior passive layer
as a result of the high amount of OH− produced from reaction
(2).

Fig. 3. Chrono-amperometric curves for stationary (a) and 64 rad s−1 rotating (b) Zn electrode in naturally aerated 0.1 M KClO4 solution at different electrode
potential.
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Fig. 4. Chrono-amperometric curves for stationary (a) and 64 rad s−1 rotating (b) Zn electrode in de-aerated 0.1 M KClO4 solution at different electrode potential.

When the electrode potential moves towards more anodic
potentials, at Es = −1000 mV, curves 5 of Fig. 3 exhibit simi-
lar behaviour as curves 4 with lower current values. However,
for de-aerated solutions the current changes to be anodic. It
decreases to a minimum value and then increases tracing approx-
imately a straight line. The increase in current density is related
to the rupture of the passive layer. This behaviour occurs in
the deaerated solutions at less noble potentials confirming the
formation of less protective layer in this condition. Three stage
chrono-amperometric curves characterizing the pitting corro-
sion of stationary Zn electrode in naturally aerated perchlorate
solutions at more anodic potentials were previously studied [2].
The first stage involved passive layer growth while; the second
and the third involved pitting nucleation and growth. The pitting
nucleation rate was found to increase with increasing the applied
anodic potential.

3.4. Impedance measurements

Several studies were concerned with the analysis and simula-
tion of the impedance spectra of Zn electrodes in aerated [20,21]
and deaerated [31] near neutral solutions. They agreed that the
zinc surface is progressively modified when the potential val-
ues of the electrode, in contact with the aqueous solution, is
increased. Fig. 5 represents the complex plane impedance and
the Bode plots for the Zn disc electrode in 0.1 M KClO4 solution
in the first potential region (at −1.6 V) in different experimental
conditions. The response of the Nyquist plane (Fig. 5a), in the
frequency range 104–10−2 Hz, exhibits a high frequency capac-
itive loop that may be attributed to the charge-transfer water
reduction reactions. The charge-transfer semicircle makes an
angle approaches 90◦ with the real axis and their intersection
gives a value of Ro ≈ 27 � for the resistance of the solution

Fig. 5. Nyquist (a) and Bode (b) plots for the zinc electrode at −1.6 V in 0.1 M
KClO4 in the frquency range 104–10−2 Hz. Symbols represent the experimental
data and solid lines represent the best fit.
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Fig. 6. The equivalent circuits used to fit the impedance data of the zinc electrode
polarized at E = −1.6 V (a), E = −1.35 V (b) and E = −1.2 and −1.1 V (c) in
0.1 M KClO4.

enclosed between the working electrode and the reference elec-
trode. The electrode at this potential is expected to be film free
[1,2]. The value of Ro does not change within the different stud-
ied experimental conditions. The intercept of the extrapolation
of the charge-transfer semicircle with the real axis in the low
frequency range gives a charge transfer resistance (R1). Fig. 5b
represents Bode plots recorded for the Zn electrode at −1.6 V, it
provides equal representation of the impedance data and explicit
appearance of the phase angle as a sensitive parameter to interfa-
cial phenomena [32,33]. The impedance at high frequency limit
(f = 10 kHz) corresponds to (Ro), while it corresponds to R1 at
the low frequency limit (10 mHz). This resistive behaviour is
confirmed by a 0◦ phase angle between current and potential.
At intermediate frequencies, the single maximum in the phase
angle data shows the presence of only one time constant in the
Bode plot [34]. Deviation of the maximum phase angles, αmax,
from 90◦ and the slopes of Bode impedance magnitude plots,
S, from the value of −1 accounts for the deviation from ideal
capacitive behaviour. Accordingly, the obtained experimental
data were fitted to the single time constant equivalent circuit of
Fig. 6a. The constant phase element, CPE (Q1), is introduced in
the circuit instead of a pure double layer capacitor to account
for this deviation, that may attributed to surface nonhomogene-

Table 3
Impedance parameters obtained by fitting data of Fig. 5 with the equivalent
circuit of Fig. 6a for the zinc electrode polarized at −1.6 V in 0.1 M KClO4

Solution Electrode Parameter

R1 (�) Q1

Y (�F cm−2) n

Aerated Stationary 328 17.7 0.87
Rotating 404 20.1 0.86

De-aerated Stationary 164 20.1 0.88
Rotating 237 14.6 0.84

Ro = 27.

ity [35] or roughness factors [36]. The impedance of the CPE is
expressed as:

ZCPE = 1

Y0(jω)n
(4)

where Y0 is the magnitude of the CPE, −1 ≤ n ≤ 1. Depending
on the value of n, CPE can represent pure resistance (n = 0), pure
capacitance (n = 1), inductance (n = −1) or Warburg impedance
(n = 0.5) [37]. The values of 0.5 ≤ n ≤ 1, is related to the above
mentioned non-ideal capacitive behaviour and the appearance of
a depressed semicircular shape of the Nyquist plot. The electro-
chemical parameters obtained from the fitting process are listed
in Table 3. The data of Fig. 5 and Table 3 show a shift in the char-
acteristic frequencies of αmax to lower values and an increase in
the values of R1 with the electrode rotation and with the presence
of dissolved O2. This behaviour may be attributed to the decrease
in the number of active sites available for the water reduction
reaction. Where, with electrode rotation and in presence of dis-
solved O2, the preferential adsorption of different ionic species
and O2 takes place, respectively. Moreover, the values of S and
n remain almost constant.

In the second potential region, at E = −1.35 V, in addition to
O2 reduction, the perchlorate reduction becomes more impor-
tant specially in the de-aerated solution as shown from Table 1.
Bode plots at this potential show two phase angle maxima at
intermediate frequencies and a continuous increase in both of
the phase angle and the impedance values at low frequencies,
as shown in Fig. 7. These results lead us to propose a modi-
fied two time constants equivalent circuit to fit the experimental
data (Fig. 6b). The first is described above and the second of
CPE (Q2), a parallel charge-transfer resistance R2, related to

Table 4
Impedance parameters obtained by fitting data of Fig. 7 with the equivalent circuit of Fig. 6b for the zinc electrode polarized at −1.35 V in 0.1 M KClO4

Solution Electrode Parameter

R1 (�) Q1 Q2 W × 10−4 R2 (�)

Y (�F cm−2) n Y (�F cm−2) n

Aerated Stationary 1863 60.8 0.81 31.9 0.91 33.93 1521
Rotating 3146 19.8 0.77 86.1 0.98 55.36 217

De-aerated Stationary 1212 99.7 0.82 17.7 0.88 35.91 1272
Rotating 980 220.3 0.93 16.5 0.86 22.37 791

Ro = 27.
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Fig. 7. Nyquist (a) and Bode (b) plots for the zinc electrode at −1350 mV
in 0.1 M KClO4 in the frquency range 104–10−2 Hz. Symbols represent the
experimental data and solid lines represent the best fit.

the reduction of the dissolved O2 and/or ClO4
−, and a Warburg

element, W, assigned to their diffusion towards the electrode
surface. The fitting parameters are represented in Table 4. Plots
of Fig. 7 show higher electrode impedance than those at −1.6 V
(Fig. 5), referring to the beginning of the slow O2 and/or ClO4

−
reduction. In addition, Nyquist plots of Fig. 7a exhibit a nearly
ideal Warburg tail of a dihedral angle of 45◦ at low frequency
range for the de-aerated. It tends to return to the real axis for
naturally aerated solution.

In the potential range where the anodic dissolution of zinc
takes place, the impedance spectra represented in Figs. 8 and 9
were obtained. Several models of equivalent circuits were
attempted to fit these experimental data. The best agreement
between experiment and fitting were obtained with the equiva-
lent circuit of Fig. 6c. This circuit proposed the introduction of a
third time constant to account for the simultaneous electrochem-
ical reactions described in Section 3.3. It is evident that water
reduction is doubtfully in this potential range. Moreover, it was
stated that “under passivation conditions, a one step dissolution
with activation and/or diffusion control is ascertained depending
on the porosity of the corrosion layer” [6]. Therefore, the first
time constant, R1 − Q1 circuit, may refer to the anodic zinc dis-
solution reaction. This circuit is conceived to include both of the
corrosion layer resistance and the diffuse charge capacitance in
the formed oxide layer [7]. The second, WR2 − Q2, assigned to
O2 and/or ClO4

− reduction and their diffusion in the viscous part
of the corrosion interphase. Furthermore, the third time constant

Fig. 8. Nyquist (a) and Bode (b) plots for the zinc electrode at −1200 mV
in 0.1 M KClO4 in the frquency range 104–10−2 Hz. Symbols represent the
experimental data and solid lines represent the best fit.

Fig. 9. Nyquist (a) and Bode (b) plots for the zinc electrode at −1100 mV
in 0.1 M KClO4 in the frquency range 104–10−2 Hz. Symbols represent the
experimental data and solid lines represent the best fit.
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belonging probably to the cathodic Zn electrodeposition back
reaction [6]. The induction element L (Fig. 6c) is introduced to
account for the inductive loop that appear at very low frequency
domain (Fig. 9). It may be correlated with the presence of the
adsorbed intermediate species during the dissolution reaction
[1,21] or the cathodic Zn electrodeposition back reaction [6]. It
is suggested also to be related to the passive layer re-dissolution
at low frequencies [38].

Macdonald [39] correlated the extent of the deviation from the
ideal capacitive behaviour with the increase of the standard rate
constant of the barrier layer dissolution. Likewise, the gradual
decrease of −S and αmax with electrode rotation and increasing
potentials may be attributed to the higher passive layer disso-
lution rates (Figs. 7 and 8). The impedance of the electrode
increases as potential shifts to more anodic values, because of
the progressive passive film formation. However, it decreases
when rotating the electrode confirming the formation of a less
protective passive film in this condition (Table 5). On the other
hand, the negative values of R3 or R4 give evidence for an inhib-
ited passivation process as a result of the competition between
the passive layer formation and its dissolution due to the induced
basicity in the electrode vicinity [40,41,1].

4. Conclusions

The obtained results clarify the role of the dissolved O2 in the
formation of a more protective passive layer on the Zn anode sur-
face in neutral solutions. The formed passive layer is suggested
to be composed of interior compact thin layer formed by the
O2 chemisorption and an exterior porous Zn(OH)2 /ZnO layer
formed by a dissolution precipitation mechanism. Detection of
Cl− ion during the polarization of the Zn electrode at a wide
range of potentials in perchlorate solutions confirms its reduc-
tion at the Zn surface with maximum rate at −1.4 V. De-aerating
the perchlorate solution diminishes the interior passive layer
formation probability. In addition, it leaves the chance for the
adsorption of ClO4

− ions on the electrode surface whose reduc-
tion to OH− and Cl− ions reduces the protection properties of
the exterior passive layer formed in this condition as a result of
enhancing its dissolution. The obtained impedance spectra con-
firm the evolution of the Zn/solution interphase with the applied
potential. Depending on the applied potential, an equivalent cir-
cuits of one, two or three time constants were used to fit the
experimental results. The decrease in the electrode impedance
accompanying the electrode rotation validate the above conclu-
sion concerning the formation of a less protective passive film
in this condition.
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572 (2004) 235.
[32] J.R. Macdonald, W.B. Johanson, in: J.R. Macdonald (Ed.), Theory in

Impedance Spectroscopy, J. Wiley & Sons, New York, 1987.
[33] W.A. Badawy, K.M. Ismail, A.M. Fathi, Electrochim. Acta 51 (2006) 4182.
[34] S.L.A. Maranh, I.C. Guedes, F.J. Anaissi, H.E. Tomac, I.V. Aoki, Elec-

trochim. Acta 52 (2006) 519.
[35] P. Bommersbach, C. Alemany-Dumont, J.P. Millet, B. Normand, Elec-

trochim. Acta 51 (2005) 1076.
[36] A.V. Benedetti, P.T.A. Sumodjo, K. Nobe, P.L. Cabot, W.G. Proud, Elec-

trochim. Acta 40 (1995) 2657.
[37] B. Bartos, N. Hakerman, J. Electrochem. Soc. 139 (1992) 3428.
[38] E.M. Sherif, S.-M. Park, Electrochim. Acta 51 (2006) 1313.
[39] D.D. Macdonald, in: E. Barsoukov, J.R. Macdonald (Eds.), Impedance

Spectroscopy, second ed., Wiley/Interscience, New York, 2005, p. 408.
[40] H.H. Hassan, Electrochim. Acta 51 (2005) 526.
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Long-Range Ordering of Oxygen-Vacancy Planes in r-Fe2O3

Nanowires and Nanobelts
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We observed two long-range-ordering structures of oxygen vacancies, one in every tenth plane of
(33j0) and another in every fourth plane of (11j2) in R-Fe2O3 nanowires and nanobelts synthesized under
the same conditions. Interestingly, both types of oxygen-vacancy structures found in different nanowires
have an equivalent ordering distance of 1.45 or 1.47 nm and were parallel to the growth direction of the
nanowires and nanobelts. Lattice mismatch induced strain at the growth temperatures seems to justify
the observed vacancy-ordering distance and may explain the reason for occurrence of such oxygen-
vacancy ordering in various metal oxide nanowires grown from using both foils and catalyst clusters.

Introduction

Nanotubes and nanowires of metal oxides,1–3 such as
hematite (R-Fe2O3) nanowires, have attracted tremendous
interest due to their potential applications in catalysis,4,5

semiconductor devices,6 sensors,7,8 magnetic storage media,9

and instruments for clinical diagnosis and treatments.10 The
crystal structure of hematite R-Fe2O3 can be described as
hexagonal unit cell, with hcp (hexagonal close packed) arrays
of oxygen anions stacked along the [001] direction, wherein
iron cations occupy two-thirds of the sites.10 Stacking faults
and twin boundary layers were found in the synthesized
Fe2O3 nanowires.11–13 Particularly, the oxygen vacancies
were found ordered in the plane of 1/5(33j0).11 Later, this
ordering was found to be 1/10(33j0) in the annealed R-Fe2O3

nanowires.12 More interestingly, the oxygen-vacancy order-
ing resulted in the p-type conductivity of R-Fe2O3,13 indicat-
ing that the electronic and optical behavior of the oxygen-
deficient metal oxide nanowires could be different depending
upon the kind of oxygen-vacancy ordering observed. How-
ever, the origin of such ordering of oxygen-vacancy planes
in nanowires still remains unclear.

Recently, a different process involving direct plasma
oxidation of bulk materials has been successfully applied
for the rapid synthesis of a high density of metal oxide
nanowires.14,15 Specifically, R-Fe2O3 nanowires and nano-
belts were produced by rapid oxidation of iron foils using
highly dissociated oxygen plasma. In this process, iron
species are not supplied from the vapor phase. The nanowires
primarily grow in a basal mode, which is different from the
traditional methods utilizing tip-led growth of nanowires via
catalytic clusters. As this growth methodology is very much
different from traditional ones, we have extensively studied
the oxygen-vacancy ordering in these iron oxide nanowires
using high-resolution electron microscopy (HREM).

Experimental Section

Synthesis. The iron oxide nanowires and nanobelts were
synthesized directly from the solid foils by plasma oxidation during
the exposure of Fe to the oxygen plasma. A commercially available
low-purity (98.85% mass) iron substrate 3 mm thick was treated
with an rf glow plasma generated in oxygen at 100 Pa for 120 s,
where the sample surface was heated to 600 °C. The detailed
process is described elsewhere.15

Characterization. Synthesized nanowires or nanobelts were
scratched from a sample’s surface, and suspended in ethanol
solution and dispersed on a 300-mesh copper grid with a thin layer
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of carbon film for transmission electron microscopic (TEM)
observations. The individual nanowires or nanobelts were separated
while the TEM specimens were prepared. Conventional high-
resolution electron microscopy (HREM) was performed using a
field-emission TECNAI F20 XTWIN TEM equipped with Gatan
GIF 2002 system operated at 200 kV. The superstructure models
were constructed using Crystalkit software and the high-resolution
image simulations were carried out using MacTempas software.

Results and Discussion

Figure 1a shows the typical structure of the synthesized
iron oxide nanowire on one end of a palm-shaped nanobelt.
Both nanowire and nanobelts have the same crystal structure.
Both exhibit a new oxygen-vacancy superstructure in the
(11j2) plane with an ordering of 1/4(11j2) found in R-Fe2O3

nanowires and nanobelts. The HREM image in Figure 1b
taken at position A has lattice fringe distances of 0.37 and
0.25 nm that correspond, respectively, to the d-spacings of
the R-Fe2O3 (1j12j) and (110) planes, respectively. Visible
bands are regularly present in the HREM images separated
by a distance of 1.47 nm. Interestingly, extra maxima can
be seen in the corresponding fast Fourier transform (FFT)
image (inset in Figure 1b). The d-spacing of the maxima
closest to the transmitted beam is about 1.47 nm, which is
precisely 4 times the d-spacing of the (11j2) plane. The extra
maxima resemble the SAD pattern of R-Fe2O3 nanowire
reported before.11,12 However, these extra maxima originate
from the oxygen vacancies that lie in a different plane
compared to those previously reported.11,12 A similar oxygen-
vacancy-ordering structure is also found in the nanobelts.
The HREM image (Figure 1c) taken from position B shows
clear bands at a distance of 1.47 nm, and an extra maximum
is present in its FFT image. We concluded that both the palm-
shaped belt and the finger-shaped nanowire have the same
structure in terms of an oxygen-vacancy ordering of 1/4(11j2).
The FFT images also show that both the nanowires and the

nanobelts have the same growth direction of [110]. In
addition, the oxygen-vacancy planes (11j2) are parallel to the
growth direction in both forms.

To confirm the structure of this oxygen-vacancy ordering,
we constructed a superstructural model, a′ ) b′ ) 4a ) 4b
) 2.0136 nm, and c′ ) 4c ) 5.4808 nm (as shown in Figure
2c), with oxygen vacancies on every fourth (11j2) plane. The
corresponding high-resolution TEM image was simulated
using MacTempas software. The simulated HREM image
(inset of Figure 2a) was obtained using a defocus of 4 nm,
a thickness of 35 nm, and the [1j11] zone axis; it matches
well with the experimental image shown in Figure 2a. The
arrows indicate the position of the oxygen-vacancy planes.
The same image, shown in Figure 2b, was reconstructed
using the obtained FFT mask. It is noticeable that the
ordering feature coincides with the column of oxygen
vacancies in the plane of (11j2), wherein the oxygen vacancies
formed in pairs and aggregate linearly. The diffraction pattern
obtained from the FFT image (Figure 2f) also agrees well
with the calculated diffraction pattern (DP) (Figure 2e) of
the constructed superstructure model. This DP estimated in
Figure 2d is assessed as stochiometric R-Fe2O3. As the DPs
are calculated using same thickness for both the oxygen-
vacancy superstructure and stoichiometric Fe2O3 models, we
can see that the extra maxima in the DPs of superstructure
model are originating from the oxygen-vacancy ordering, and
not from the double diffraction (Figure 2d,e). This leads us
to conclude that the oxygen-vacancy ordering is formed in
the planes 1/4(11j2) of R-Fe2O3 nanowires and nanobelts.

In addition to this ordering in the plane of R-Fe2O3(11j2),
another superstructure in the (33j0) plane with an ordering
of 1/10(33j0) was observed. In the conventional HREM image
(Figure 3b) from the larger nanowire region A (Figure 3a),
blurred ordering bands are visible. The d-spacing of the extra

(16) Colliex, C.; Manoubi, T.; Ortiz, C. Phys. ReV. B 1991, 44, 11402–
11411.

Figure 1. (a) ZLP filtered image showing straight R-Fe2O3 nanowires partly
merged to form a nanobelt. (b) HREM image taken in region A; the inset
FFT image shows extra maxima (indicated by arrows). (c) HREM image
taken from region B presenting clear ordering features with a ordering
distance of 1.47 nm; the inset FFT image shows that this ordering is the
same as the one in region A. (d) Indexed schematic drawing of FFT image,
where the ordering plane in R-Fe2O3 is 1/4(11j2).

Figure 2. (a) Enlarged HREM image with simulated HREM image (inset)
of the superstructure that matches the simulated image. (b) Reconstructed
masked inverse FFT image showing a clear ordering band structure. (c)
Superstructure constructed with induced 1/4(11j2) oxygen vacancies in
R-Fe2O3 structure. (d-f) FFT image (d) of the original HREM image taken
from region B (Figure 1c) with the simulated diffraction pattern of the
superstructural model (e) showing the extra maxima caused by oxygen-
vacancy ordering, and a simulated diffraction pattern of stoichoimistric
R-Fe2O3 with a thickness of 35 nm (f).

3225Chem. Mater., Vol. 20, No. 9, 2008Oxygen Vacancies in R-Fe2O3 Nanowires and Nanobelts
D

ow
nl

oa
de

d 
by

 U
N

IV
 O

F 
LO

U
IS

V
IL

LE
 o

n 
Ju

ly
 1

, 2
00

9
Pu

bl
is

he
d 

on
 A

pr
il 

22
, 2

00
8 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
cm

80
02

88
y

Reference No 84

370



maxima in FFT image (Figure 3b) closest to the transmitted
beam is about 1.45 nm, which is 10 times the d-spacing in
the (33j0) plane. The vacancy-ordering distance in our present
observation was further confirmed to be the same as that in
ref 12, instead of 5 times the d-spacing of plane (33j0) as
reported earlier (ref 11). This value of the distance seems to
be the equivalent of the above ordering distance of 1/4(11j2)
considering possible lattice distortion. Our further analyses
also confirmed the presence of an oxygen-vacancy ordering
of 1/10(33j0) in the R-Fe2O3 nanobelts. This finding indicates
that the formation of nanowires or nanobelts is independent
of the oxygen-vacancy ordering.

Similarly, we constructed a superstructure model with
oxygen vacancies in every 10 (33j0) planes (Figure 4) with
the following lattice parameters: a′ ) b′ ) 10a ) 10b )
5.034 nm and c′ ) c ) 1.375 nm. The corresponding high-
resolution TEM images were simulated using a defocus of
-39 nm and a thickness of 25 nm. The simulated HREM
image (Figure 4a), obtained with the [001] zone axis, matches
well with the experimental image (Figure 4c). The white
circles in Figure 4b indicate the positions of oxygen
vacancies. This ordering feature, seen in the image as the
blurred bands, coincides with the column of oxygen vacan-
cies in the plane of (33j0). After comparing the integrated
diffraction patterns of the model (Figure 4h) with those of
the stoichiometric R-Fe2O3 (Figure 4g), we concluded that
the extra maxima in the DPs of the superstructure model
originate from the oxygen-vacancy ordering in the planes
of 1/10(33j0).

The formation of oxygen-vacancy ordering still is unclear,
though it has been reported for many oxides, particularly in
ferromagnetic and superconducting perovskite oxides.17–21

In the latter, the long-range ordering of oxygen vacancies
generally was thought to reflect the replacement of a high
and low cationic oxidation state, i.e., Ti4+ with Fe3+. In such
cases, one or more oxygen atoms must be removed to retain
the neutral charge balance. Nevertheless, this mechanism
cannot apply to the present observations in pure binary oxide
systems.

A study of Nb12O29 revealed that the formation of oxygen-
vacancy pairs at the nearest-neighbor sites is energetically
favorable.22 Our observations with R-Fe2O3 (shown in
Figures 2c and 4e) also suggest that the oxygen vacancies
form in pairs. A relaxation displacement model, similar to
that used for sodium vacancy in a NaCl crystal,23 was used
for R-Fe2O3 by considering only the nearest-neighbor
interactions. The arrows in Figure 5a show the directions of
stresses generated using a single oxygen vacancy; evidently,
this resulted in a tendency for both the oxygen and iron ions
to move. However, a pair of oxygen vacancies led to a more
stable structure with balanced stresses (Figure 5b). Moreover,
once a single oxygen vacancy forms, less energy is needed
to form a second vacancy next to the first one, since the
valence strength of the O-Va-Fe that is generated is weaker
than that of O-Fe. After a pair of oxygen vacancies has
formed, the second pair could be parallel to the first pair, or

(17) Klenov, D. O.; Donner, W.; Forran, B. Appl. Phys. Lett. 2003, 82,
3427–3429.

(18) Iijima, S. Acta Crystallogr. 1975, A31, 784–790.
(19) Travlos, A.; Boukos, N.; Apostolopoulos, G. Appl. Phys. Lett. 2003,

82, 4053–4055.
(20) Rohrbach, A.; Hafner, J.; Kresse, G. Phys. ReV. B 2004, 70, Art. No.

12542, 1-16.
(21) Chaillout, C.; Alario-Franco, M. A.; Cappononi, J. J. Phys. ReV. B

1987, 36, 7118–7120.

(22) McCammon, C. A.; Becero, A. I.; Langenhorst, F. J. Phys.: Condens.
Matter 2000, 12, 2969–2984.

(23) Kelly, A.; Groves, G. W. Crystallography and Crystal Defects;
Addison Wesley Publishing Company: Reading, MA, Menlo Park,
CA, 1970; p 269.

Figure 3. (a) BF TEM image with analysis spots (marked) showing the
straight R-Fe2O3 nanowire with a tip and merger area with nanowire of
different orientation. (b) HREM image taken from the A region showing
an ordering distance of about 1.45 nm, and the corresponding fast Fourier
transform (FFT) image on the bottom illustrating that ordering occurred by
1/10(33j0). (c) HREM image taken from position B revealing few ordering
features.

Figure 4. (a) Simulated HRM image with overlaying atoms drawn in. (b)
HREM image showing that the blurred bands in the image correspond to
the positions of the oxygen-vacancy planes. (c) Matching of the simulated
image with that of the HREM image taken from region A (Figure 1c). (d)
Reconstructed inverse FFT image with a mask on the maxima showing
clear ordering features. (e) Superstructure model constructed with dimensions
a′ ) 10aR-Fe2O3, b′ ) 10bR-Fe2O3, and c′ ) cR-Fe2O3, and with oxygen-vacancy
ordering at 1/10(33j0). (f) FFT of the HREM image taken from region A
(Figure 1c) with the simulated diffraction pattern of stoichiometric R-Fe2O3

with a thickness of 25 nm. (g) Simulated diffraction pattern of the
superstructural model. (h) Illustration of the extra maxima caused by oxygen-
vacancy ordering.
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aligned with it to form a chain of oxygen vacancies. If the
pairs were parallel, then one of the iron ions next to the
vacancies would have a much lower oxidization state with
high internal energy and, hence, would not be energetically
favorable (Figure 5c). When pairs of oxygen vacancies form
in a chain, all of the iron and oxygen ions next to the oxygen
vacancies have the same state, presumably considered as
lower internal energy (Figure 5d).

The above discussion might explain how the oxygen
vacancies assume a linear dimension during the growth of
an iron oxide nanowire. However, why do two oxygen-
vacancy orderings occur in the R-Fe2O3 nanowires/nanobelts,
and why are they properly situated on the planes of (33j0) or
(11j2) with the same large ordering distance? In the present
study, our nanowire/nanobelts are directly grown from the
iron alloy bulk and the growth direction was [110]. The
nucleation of R-Fe2O3 is likely to follow a certain orientation
relationship to the iron substrate, and thus, R-Fe2O3 may have
grown in an epitaxial relationship with its iron-foil substrate.
Although there is little evidence of a direct orientational
relationship between R-Fe2O3 and iron substrate, this relation
can be derived from the relationship between Fe and FeO,
FeO and Fe3O4, and Fe3O4 and Fe2O3. The formation of FeO
from iron followed the orientation relationships of (001)Fe//
(001)FeO and [100]Fe//[110]FeO.24 There also are such relation-
ships between FeO and Fe3O4: (001)FeO//(001)Fe3O4 and
[110]FeO//[100]Fe3O4. Then the orientation relationships be-
tween Fe3O4 and Fe would be (001)Fe//(001)Fe3O4 and
[100]Fe//[100]Fe3O4. Then again the orientation relationship
between R-Fe2O3 and Fe3O4 is known to be (111)Fe3O4//
(0001)Fe2O3 and [11j0]Fe3O4//[101j0]Fe2O3.25 Therefore, the
direct orientational relationship between R-Fe2O3 and iron
substrate could be derived from (111)Fe//(0001)Fe2O3 and
[11j0]Fe//[101j0]Fe2O3. The ordering planes 1/2(33j0)Fe2O3 and
(11j2)R-Fe2O3 are, respectively, parallel to (123j)Fe and
(001)R-Fe. The mismatch between these two planes can be

calculated with the equation δs ) (df - ds)/ds, where df and
ds are the d-spacings of R-Fe2O3 and the iron substrate planes.
Indeed, our calculated mismatch between 1/2(33j0)Fe2O3 and
(123j)Fe, (11j2)R-Fe2O3 and (001)R-Fe, are, correspondingly, about
5.2% and ∼27.9% at 600 °C. The lattice parameters of
R-Fe2O3 and Fe at 600 °C were taken from ref 26, so that
mismatch caused by thermal stress is already included. If
we assume that the oxygen-vacancy planes of (33j0) and (11j2)
are an array of edge dislocations, the Burgers vector would
be b ) 1/2[33j0], [11j2], respectively. The relaxation distance
of this edge dislocation is given by dRD ) |b|/δs.

The calculated dislocation relaxation distances are then
1.405 and 1.329 nm for (33j0) and (11j2), respectively.
However, there still are differences of ∼3.8% and ∼10%
between our experimental observations and the calculated
distances. However, we note that the calculated distances
did not include the possibility of deformation of the iron
substrate. At 600 °C, the d-spacing of R-Fe2O3(11j2) is about
0.371 nm, while that of Fe(001) is about 0.29 nm. This
difference in lattice spacings would impose a compressed
stress on R-Fe2O3(11j2) and a tensile stress on Fe(001).
Hence, the deformation of Fe(001) would be much easier
than that of R-Fe2O3(11j2). Therefore, it is reasonable to
attribute the formation of the oxygen-vacancy planes to the
relaxation of interfacial stress between R-Fe2O3 and the iron
substrate and, similarly, very likely that the oxygen-vacancy
orderings originate from the expitaxial growth of R-Fe2O3

nanowires/nanobelts. Indeed, other researchers working on
STO found that interfacial and thermal stress caused the
growth of oxygen-vacancy-ordered planes parallel or per-
pendicular to the interface of the epitaxially grown thin
film.17 However, there are a few reports of oxygen-vacancy
ordering in different planes of oxides. The above model also
may explain the formation of oxygen-vacancy-plane ordering
in metal oxide nanowires grown via the tip-led growth mode.
Even in these cases the interfacial stresses at the synthesis

(24) Corkovic, S.; Pyzalla, A. R. Mater. Corros. 2004, 55, 341–351.
(25) Watanabe, Y.; Ishii, K. Phys. Status Solidi A 1995, 150a, 673–686.

(26) Gorton, A. T.; Bitsianes, G.; Joseph, T. L. Trans. AIME 1965, 233,
1519–1525.

Figure 5. (a) Schematic drawing of a single oxygen vacancy showing that it is not a stable structure and indicating the formation of O-Va-Fe valence. (b)
Schematic drawing of a pair of vacancies in the (33j0) (top) and (11j2) (bottom) planes of R-Fe2O3 wherein a balanced local stress leads to a stable structure.
(c) Schematic drawing of parallel oxygen-vacancy pairs depicting a balanced local stress, but a much lower oxidization state of (/) iron atom. (d) Schematic
drawing of linear oxygen-vacancy pair chain in the (33j0) (top) and (11j2) (bottom) planes of R-Fe2O3 that resulted in a balanced local stress as well as a
higher oxidization state of (/) iron atoms. (O ion, sky blue; Fe ion, blue; Va, red dashed circle).
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temperature could trigger the formation of oxygen-vacancy
planes in an ordered fashion.

It is very likely that all oxides might have more than one
oxygen-vacancy-ordering plane. Indeed, our recent investiga-
tions of tungsten oxide nanowires demonstrated that at least
two oxygen-vacancy planes were present. Similar results
were obtained with Nb2O5 nanowires. These results on Nb2O5

and WO3 nanowire systems will be detailed later.

Conclusions

In summary, we studied long-range ordering of iron oxide
nanostructure planes derived by a new direct plasma
synthesis. We found that there are two oxygen-vacancy-
ordered superstructures from different planes in R-Fe2O3

nanowires, which have an equivalent ordering distance. These
two long-range-ordering superstructures were explained by

the introduction of oxygen vacancies in the planes of
1/10(33j0) and 1/4(11j2) in the R-Fe2O3 nanowires/nanobelts.
Both oxygen-vacancy planes share similar ordering distances
of 1.45 and 1.47 nm, and lie parallel to the growth direction
of the nanowires. The formation of such ordering was
attributed to the relaxation of a stress at the interface between
R-Fe2O3 and its iron substrate during the growth of nanow-
ires/nanobelts.
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Composition Controlled Synthesis and Raman Analysis

of Ge-Rich SixGe1−x Nanowires

P. Meduri1, G. U. Sumanasekera2, Z. Chen3, and M. K. Sunkara4�∗
1Department of Chemical Engineering, 2Department of Physics, 3Institute for Advanced Materials and Renewable Energy,

4Department of Chemical Engineering, University of Louisville, Louisville, KY 40292, USA

Here, we report the synthesis of SixGe1−x nanowires with x values ranging from 0 to 0.5 using bulk
nucleation and growth from larger Ga droplets. Room temperature Raman spectroscopy is shown to
determine the composition of the as-synthesized SixGe1−x nanowires. Analysis of peak intensities
observed for Ge (near 300 cm−1) and the Si-Ge alloy (near 400 cm−1) allowed accurate estimation
of composition compared to that based on the absolute peak positions. The results showed that the
fraction of Ge in the resulting SixGe1−x alloy nanowires is controlled by the vapor phase composition
of Ge.

Keywords: SiGe Alloy Nanowires, Raman Analysis, Compositional Analysis, Ge-Rich Alloy
Nanowires, Plasma-Assisted Chemical Vapor Deposition.

1. INTRODUCTION

Bulk Silicon-Germanium (SiGe) alloys are direct bandgap

semiconducting materials unlike silicon and germanium,

which are known to be indirect bandgap materials.

Because of the direct bandgap, SiGe alloys find exten-

sive use in integrated optoelectronics, thermoelectric

energy conversion devices, heterojunction bipolar tran-

sistor devices and photo detector applications.1–3 In this

regard, the synthesis and understanding of fundamental

behavior of SiGe alloy nanowires is of immense interest

for nanoscale device fabrication. Carrier confinement in

nanoscale SiGe alloys is expected to enhance the mate-

rial properties of bulk SiGe alloys.4–6 The SiGe alloy

nanowires have been primarily synthesized using gold

and iron catalysts using silane and germane as the gas

phase precursors.7�8 In addition, the Si/SiGe superlat-

tice nanowires have been synthesized using laser ablation

of iron containing Ge target and SiCl4 at temperatures

around 900 �C.9 Recently, the synthesis of SiGe alloy

nanowires over the entire composition range is achieved

using gold catalyst particles and using silane and germane

as precursors.10 In all of these reports, the tip-led growth

using gold catalyst particle allowed the synthesis of alloy

nanowires similar to that of pure phase nanowires.

Our studies showed that one can synthesize pure phase,

sub 20 nm size, Si and Ge nanowires using bulk nucleation

and growth from large sized droplets of low-melting

metals such as gallium (Ga) in contrast to techniques

∗Author to whom correspondence should be addressed.

involving catalyst clusters at the tips.11�12 However, no

prior reports exist on the use of low-melting metal droplets

for synthesizing SiGe alloy nanowires. It is also not clear

if one can obtain alloy nanowires in such mode of growth,

i.e., bulk nucleation and basal growth from larger droplets.

Here, we performed a systematic set of studies using dif-

ferent gas phase composition over Ga droplets to modu-

late the composition of SiGe alloy nanowires. In addition,

we also investigated whether the room-temperature Raman

spectroscopy can be used to determine the composition of

resulting SiGe alloy nanowires.

2. EXPERIMENTAL DETAILS

Experiments were conducted in a microwave plasma reac-

tor (ASTEX 5010) with hydrogen (H2)/nitrogen (N2) as

the feed-stock gases. Quartz covered with a thin film of

gallium was used as a substrate for all the synthesis exper-

iments. A well mixed powder of Si and Ge was directly

placed next to the substrate along with sodium chloride

(NaCl) and was exposed to microwave plasma with H2,

N2 gases flowing at 15 sccm and 100 sccm, respectively.

The experiments were carried out at different microwave

powers ranging from 500 to 700 W and at a pressure of

30 torr. Ge nanowires were grown at a microwave power

of 500 W with H2, N2 gases flowing at 15 sccm and

100 sccm, respectively and at a pressure of 30 torr. Ocean

Optics S2000 optical fiber emission spectroscopy (OES)

was used for the analysis of the gas phase composition of

the plasma during synthesis.
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The nanowires were scraped-off and dispersed in

ethanol, sonicated and deposited onto the carbon coated

copper grid for transmission electron microscope (TEM)

analysis using a FE-TEM (JEOL 2010 F). Raman scat-

tering measurements on an ensemble of as-synthesized

nanowires were performed at room temperature in the

backscattering configuration using an in-Via Renishaw

micro-Raman system consisting of a cooled CCD detector

and a confocal microscope with 50× objective. The spot

size at the sample is approximately 1 �m2. The excitation

source was a He:Ne laser with 632.8 nm radiation.

3. RESULTS AND DISCUSSION

The hydrogen/chlorine plasma exposure of the well-mixed

Si and Ge powders generated Si and Ge containing vapor

phase species. Figure 1(a) shows a typical optical emis-

sion spectrum of the plasma during one of the chemical

vapor transport experiments described here. The domi-

nant species in the spectrum are SiH∗ (silyl radicals),

SiH2Cl2 (dichlorosilane), and GeH4−nCln (n= 0�1�2�3�4)
(chlorogermanes). The absence of GeH∗ peak at 265 nm is

attributed to the presence of excess hydrogen present in our

experiments similar to work by other researchers.13 The

integrated intensity of the peaks is used to determine the

composition of the solutes (Si and Ge) in the vapor phase.

Figure 1(b) shows the composition trends of vapor phase

species of Ge as a function of the microwave plasma power

used in our experiments. As seen in the Figure 1(b), the
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Fig. 1. (a) A typical optical emission spectrum of the microwave plasma

used for the synthesis experiments. The synthesis conditions used were

H2 and N2 flow rates at a ratio of 15:100, a pressure of 30 torr and

microwave power of 500 W. (b) A plot showing the estimated Ge

composition in the vapor phase as a function of microwave power.

fraction of the Ge containing vapor phase species increases

linearly with increasing microwave power. At low synthe-

sis temperatures used here, the formation of vapor phase

species containing Ge is favored compared to that of Si.7

Figures 2(a–c) show SEM images of high densities

of SiGe nanowires growing out from >100 nm sized

Ga droplets. The diameter distribution of the resulting

nanowires in each experiment is found to be Gaussian

with FWHM less than 10% of the average. The aver-

age diameter of the resulting nanowires as a function of

the microwave power is shown in Figure 2(d). In the

microwave plasma reactor used, the substrate is heated

directly by the microwave plasma. The size of the resulting

nanowires increased with the substrate temperature con-

sistent with the results obtained earlier when using low-

melting metal droplets for pure phases, i.e., Si and Ge.14

A Raman spectrum of a SiGe alloy typically consists of

3 distinct peaks, i.e., two peaks for pure phases (Si and Ge)

and one for alloy (SiGe) phase. The optical phonons in the

alloy produce a local mode at a frequency of ∼410 cm−1.15

The optical phonons in pure Ge and pure Si produce local

modes at frequencies of ∼300 cm−1 and ∼520 cm−1,

respectively. Alloying of Si and Ge results in both peak

broadening and peak shifting of the local modes of Si

and Ge relative to that of the pure materials.16 Alonso

et al.,17 have explained that the appearance of additional

peaks at ∼250 cm−1 and ∼465 cm−1 is due to the long

range ordering of the Si-Ge atoms in the alloy. A typi-

cal Raman spectrum shown in Figure 3(a) has the char-

acteristic peaks for Ge at ∼300 cm−1 and for the alloy

nanowires at ∼400 cm−1. For SiGe alloys with XGe > 0�45,
the Raman intensity corresponding to Si at ∼520 cm−1 has

been observed to be extremely low similar to that reported

in the literature for bulk alloys.18

It is well known that Si, Ge and the alloy Raman peaks

are often indicative of the fractional composition of Si and

Ge in SixGe1−x alloys. But, the use of the equations based

on the absolute peak positions19 led to erroneous results

here. This can be explained with the following reasons:

The absolute peak positions could be affected with several

factors other than composition such as (a) phonon con-

finement effects,20 (b) peak broadening and peak shifting

in low dimensional systems due to size and (c) the peak

shifts due to the laser heating. On the other hand, Renucci

et al.,21 have proposed that a random Ge-Si alloy with

equal oscillator strengths for the Si-Si, Ge-Ge and Ge-Si

pairs follow the ratios of their intensities as described

below

I�Ge-Ge�

I�Ge-Si�
� 1−x

2x
�

I�Si-Si�

I�Ge-Si�
� x

2�1−x�

In this case, the intensity is considered to be the ampli-

tude of the Lorentzian (peak) instead of the integrated area

of the peak as it exhibits lesser noise (also both the analy-

sis methods basically show the same results).18 Using the

3154 J. Nanosci. Nanotechnol. 8, 3153–3157, 2008
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Fig. 2. SEM images of the SiGe alloy nanowires grown at different microwave powers at 30 torr pressure using 15 sccm H2 in 100 sccm N2: (a) An

image showing a high density of nanowires from a 2 micron sized Ga droplet. (b) A low magnification image showing high densities of nanowires

from a number of Ga droplets. (c) A high magnification image showing the nanowire-Ga droplet interface. (d) A plot showing the SiGe alloy nanowire

diameter as a function of the microwave synthesis power.

above intensity ratios, the Ge fractional composition (Gex)

is estimated for a number of synthesized alloy nanowires.

In order to validate the composition determined using the

Raman peak height analysis, the nanowires were also char-

acterized using TEM with two methods, i.e., energy disper-

sive spectroscopy (EDS) and lattice imaging. The lattice
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Fig. 3. (a) A Raman spectrum obtained using a HeNe laser (� = 632�8 nm; power = 0�17 watts) of the as-synthesized SiGe alloy nanowires. The

nanowires were synthesized using a microwave power of 600 W. (b) A graph showing the ratio between the vapor phase species of Ge (determined

from the OES spectra) with the Ge fractional composition x (of SixGe1−x) in the alloy nanowires (calculated from the Raman spectra). The graph

represents the Raman data collected at two different laser powers of 0.17 mW and 0.85 mW. (c) A high resolution TEM image of a SiGe alloy nanowire

showing the growth direction of the nanowire to be (1̄11).

plane spacing determined using high resolution TEM can

be related to the Si/Ge composition using Vegard’s law.22

aGeSi = xaGe+ �1−x�aSi

Where, aGe and aSi are the lattice constants of bulk Ge and

bulk Si respectively and ‘x’ is the fractional composition

J. Nanosci. Nanotechnol. 8, 3153–3157, 2008 3155
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Table I. Comparison of the Ge fractional composition in the nanowires

obtained using Raman spectroscopy, TEM EDS and the TEM lattice

parameter data.

Raman HRTEM lattice

Power (W) analysis (%) parameters (%) TEM EDS (%)

500 51�5 50 49�7

600 69�3 67�5 67�9

700 77�5 76�4 76�8

of Ge in the alloy. Figure 3(c) is a high resolution TEM

image of a SiGe nanowire synthesized using microwave

power of 600 watts. As seen in Table I, the compositional

data obtained using Raman peak height analysis agree well

with that obtained using both TEM EDS and HRTEM lat-

tice plane spacing.

The Ge composition data for the nanowires is plotted

as a function of the Ge composition in the vapor phase

in Figure 3(b). The data shows that the Ge fraction in the

nanowires seems to follow that of Ge fraction in the vapor

phase but is always higher in the nanowires than in the

gas phase. In prior studies with bulk SiGe alloy deposi-

tion, Lovtsus et al.,23 have shown that the Si fraction in the

alloys increases with increase in the synthesis temperature.

So, in the present study, the Ge fraction of the nanowires

increased with increasing temperature indicating that the

nanowire composition is controlled by the gas phase com-

position rather than the synthesis temperature.
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Fig. 4. (a) Dark field STEM image of a Ge/SiGe core-shell structure

synthesized at microwave powers of 500 W and 550 W at 30 torr pressure

using 15 sccm H2 in 100 sccm N2. (b) EDS profile taken along the

line in (a). The EDS profile shows a uniform Ge core with a SiGe shell

around the core. (c) Raman spectrum of the Ge/SiGe core–shell structure.

A set of experiments were performed to create Ge/SiGe

core–shell structures by SiGe alloy growth on the pre-

synthesized Ge nanowires. Figure 4(a) shows a dark field

STEM image of the resulting Ge/SiGe core–shell struc-

ture. The EDS profile shows a slightly Ge-rich SiGe shell

around the Ge nanowire. The Raman spectroscopy shown

in Figure 4(c) also confirms the presence of SiGe alloy

in the resulting Ge/SiGe core–shell nanowires. The results

show that Ge-rich SiGe readily forms a uniform layer

on Ge nanowires. Devices made using similar radial het-

erostructures should be of interest as they have recently

been shown to yield very high carrier mobilities.8

4. CONCLUSIONS

In summary, the synthesis of Ge rich SixGe1−x nanowires

is studied using vapor phase decomposition of Si and Ge

containing gas phase precursors over micron sized gallium

droplets. The results showed that high densities of sub

20 nm size SixGe1−x nanowires resulted from each gallium

droplet. Most importantly, the Ge composition of SixGe1−x

alloy nanowires is varied from 0.5 to 0 by varying the

Ge fraction in the vapor phase. The fractional composi-

tion obtained using the Raman peak heights agrees very

well with that obtained using both TEM based EDS and

lattice parameter data. The Raman peak intensity is shown

to estimate the composition of nanowires accurately com-

pared to that based on the peak positions which can have

complicated effects due to nanoscale phonon confinement

and laser induced heating.
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The possibility to control the morphology and nucleation density of quasi-one-dimensional,
single-crystalline �-Fe2O3 nanostructures by varying the electric potential of iron surfaces exposed
to reactive oxygen plasmas is demonstrated experimentally. A systematic increase in the oxygen ion
flux through rf biasing of otherwise floating substrates and then an additional increase of the
ion/neutral density resulted in remarkable structural transformations of straight nanoneedles into
nanowires with controlled tapering/aspect ratio and also in larger nucleation densities. Multiscale
numerical simulations relate the microscopic ion flux topographies to the nanostructure nucleation
and morphological evolution. This approach is applicable to other metal-oxide nanostructures.
© 2009 American Institute of Physics. �DOI: 10.1063/1.3147193�

The ability to control the nucleation, morphological, and
other properties of nanostructures �NSs� and their arrays by
optimizing the process conditions that is essential for the
development of next-generation nanotechnologies, still re-
mains limited despite two decades of research.1–4 Low-
temperature plasmas offer a broad range of possibilities to
control the shape, size, and properties of a very large number
of nanoscale systems.5–8 One of the peculiar features of this
environment are the ion and electron currents onto the sur-
face, which can be connected or disconnected from the bias-
ing circuits. In the former case, the substrate is under the
floating potential and the electron and ion currents balance
each other so that the associated heating is limited to only a
few topmost atomic layers. If the substrate is conducting and
is connected to the circuit, the net current can flow through it
causing significant heating throughout the substrate.9 This
may create additional possibilities to tailor NSs on surfaces,
yet this possibility still remains unexplored. Here we show
that by controlling the potential difference �and hence the
electron/ion fluxes onto the substrate� between the plasma
and the substrate, one can control the morphology and den-
sity of nucleation of quasi-one-dimensional �quasi-1D�,
single-crystalline �-Fe2O3 NSs. The experimental and nu-
merical results suggest that stronger ion fluxes result in mor-
phological transformations of straight nanoneedles �NNs�
into slightly tapered nanowires, and also in higher NS den-
sities unusual electrical and mechanical properties of these
NSs make them promising for various applications.10 Ulti-
mate control of the NS sizes/shapes and nucleation densities
can improve the performance of nanodevices and is of
interest.11,12

The arrays of �-Fe2O3 NSs were synthesized by expos-
ing Fe substrates to oxygen plasmas generated in a 27.12
MHz rf discharge sustained in the system sketched in Fig. 1.
The reactor was made of Pyrex glass. The flanges were made

of aluminum. The reactor was a cylindrical tube of 11 cm in
diameter and 30 cm in length. The oxygen pressure range,
the base pressure, and the maximum rf power were 75–150
Pa, 1 Pa, and 5 kW, respectively. Movable fiber optics cata-
lytic and double Langmuir probes were used to measure a
range of the plasma parameters, including the densities of
neutral/ionic species and the electron temperature.13,14 The
probes were inserted through side ports as close as possible
to the growth surface. The Langmuir probe was almost at the
position of the sample, whereas the catalytic probes were
inserted through the glass side arms in order to measure only
diffusion-governed neutral atoms, the average surface tem-
perature was measured by a IR camera. The samples used
were iron foils of thickness 1.7 mm and cut to pieces of
approximately 15 mm2. The NSs were grown in the essen-
tially catalyst-free mode. To additionally control the potential
difference between the plasma and the sample surface, the
sample could be either connected or disconnected from the rf
circuit as shown in Fig. 1. The voltage was measured with a
high-voltage electric probe, and the plasma-surface potential
drop was calculated using the measured plasma
parameters.13,15 When the substrate holder was not connected
to the rf generator, the sample was under the �low� floating
potential; otherwise the samples were subjected to the sig-

a�Electronic mail: uros.cvelbar@ijs.si.

FIG. 1. �Color online� Schematic of the experimental setup with the rf
plasma reactor for Fe2O3 NN/nanowire growth on iron substrates exposed to
reactive oxygen plasmas.
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nificantly larger rf self-bias. The samples were analyzed by
the scanning and transmission electron microscopy �SEM/
TEM�. Other details of the equipment, sample preparation
and characterization can be found elsewhere.16

The three sets of the experimental parameters listed in
Table I were selected to �i� produce the NSs just above
and further away from the �-Fe2O3 phase transition
temperature;10,16 �ii� increase the ion flux from one set to
another; �iii� maintain the average surface temperature the
same in sets �1� and �2� by increasing the surface bias and
simultaneously decreasing the neutral/ion densities; and �iv�
study the effect of the increased surface temperature under
the same electric conditions on the surface �sets �2� and �3��.
In Table I, Ts is the surface temperature, n0 is the density of
neutral atoms, ni is the ion density, Te is the electron tem-
perature, and US is the surface-to-plasma potential differ-
ence. The shapes, sizes, and the nucleation densities in these
three cases were different as can be seen in Figs. 2�a�–2�c�.
Straight NNs �Fig. 2�a�� developed under the floating poten-
tial conditions, whereas short �Fig. 2�b�� and long �Fig. 2�c��
tapered nanowires appeared when the sample was connected
to the rf circuit. In all cases, the NSs were single-crystalline
�-Fe2O3, and grew along the �110� crystallographic direction
as confirmed by the bright-field �Fig. 2�d�� and high-
resolution �Fig. 2�e�� TEM �HRTEM� images and the asso-
ciated fast Fourier transform �FFT� patterns �Fig. 2�f��.

The dependence of the NN/nanowire length and surface
density on the base diameter under the three sets of the pro-
cess conditions are shown in Fig. 3. The NNs grown under
the floating potential conditions are typically thin with a very
small diameter variation between the base and the tip. Their
mean length reaches 1000 nm. However, biasing the sub-

strate �and maintaining Ts the same as in case �1�� results in
larger base widths and a modest tapering of the NSs, which
generally become slightly longer than the NNs. Thus, sub-
stantially larger US �at the same Ts� increases the mean di-
ameter from 50 �case �1�� to 120 nm �case �2�� and the mean
length of the NSs from 1100 �case �1�� to 1400 nm �case �2��
as can be seen in Fig. 3�a�. With the increased bias, the
integrated density of the NSs also increases despite a small
decrease in the peak value �Fig. 3�b��. When the surface
temperature is increased from 585 to 660 °C at the same
applied bias ��150 V�, the average nanowire diameter in-
creases even more from 120 �case �2�� to 150 nm �case �3��.
The average NS length increases even more significantly
from 1400 �case �2�� to 2500 nm �case �3�� as can be seen in
Fig. 3�a�. The density of the nanowires on the surface also
becomes larger �Fig. 3�b��. Thus, increasing ion flux from
case �1� to cases �2� and eventually �3� results in the mor-
phological transition from straight and relatively thin nano-
cones to wider and much longer tapered nanowires. The sur-
face density of the NSs also increases as the ion fluxes
become stronger and the surface temperature increases.

To explain the observed transformations, we performed a
multiscale Monte-Carlo simulations of microscopic ion
fluxes onto the NS and substrate, and invoked the vapor-
solid-solid �VSS� mechanism, commonly used in nanowire
growth from the supersaturated solid phase.10,16,17 The model
considers ion movement in the plasma-surface sheath and
allows calculation of flux distribution on the NS and sub-
strate surfaces. The details of the calculations are described
elsewhere.18 The results are shown in Fig. 4�a�. The simula-
tion results suggest that in case �1�, the flux is concentrated
near the NN tips and barely reaches the bases. In case �2�, the
flux is distributed uniformly over the nanowire surfaces and
a significant fraction of the flux reaches their bases. In case
�3�, the ion flux is predominantly deposited near the bases.
Putting these results in the context of the VSS nucleation and
growth from size- and position-nonuniform morphology ele-
ments �nanohillocks� on the iron surface, one can conclude
the following. In case �1�, the NNs nucleate in relatively
small “hot spots,” where conditions for the nucleation of
platelets of single-crystalline iron oxide NSs at the solid �su-
persaturated Fe�–vapor �oxygen plasma� interface are met.
The size of these spots is determined by the surface tempera-
ture and is not affected by the ion fluxes and hence, does not
change during the growth. This is why the NNs emerge,

TABLE I. Parameters of the experiment and the plasma.

Case
TS

�°C�
n0

�m−3�
ni

�m−3�
Te

�eV� Bias type
US

�V�

�1� 585 1.7�1021 4�1016 4�1 floating �15
�2� 585 1.59�1021 3�1016 3.5�1 rf–self-bias �150
�3� 660 1.7�1021 4�1016 4�1 rf–self-bias �150

FIG. 2. �a� Typical Fe2O3 NNs, �b� short, and �c� long tapered nanowires
grown on Fe substrates exposed to oxygen plasmas generated in the rf
plasma reactor. �d� Bright-field TEM image of a NN. �e� HRTEM image
showing the single-crystalline structure. �f� The corresponding FFT image.

FIG. 3. �Color online� �a� Dependence of the length and �b� the surface
density of NSs on the base diameter under the three sets of growth condi-
tions of Table I. Typical NS shapes are drawn to the actual scale. The curves
are labeled �1�–�3� according to Table I.
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platelet-by-platelet, without any significant diameter
changes. In case �2�, the sizes and local temperatures of the
hot spots are affected by the ion fluxes. Localized heating
creates larger nucleation areas, which increase during the
growth as more and more ions deposit near the NS base; this
explains the observed tapering. However, since the
supply of oxygen atoms was reduced �compared to case �1��,
the length increase was insignificant as can be seen in Fig.
3�a�. An increase in the temperature in case �3� led to sig-
nificantly larger nucleation spots, which increase with the
temperature.10 An increased supply of oxygen to the nucle-
ation spots �both because of stronger ion fluxes more focused
on the nanowire bases and of larger densities of oxygen at-
oms, see Table I� resulted in the growth of much longer
nanowires �Fig. 3�a��. The nucleation spots supersaturate and
expand faster, hence, the bases of the nanowires are notably
larger than in cases �1� and �2�.

To interpret the effect of the systematically increasing
ion fluxes on the NS nucleation density, we have computed
and visualized the two-dimensional distribution of ion fluxes
over the surface areas of 10 �m2 shown in Fig. 4�b� that
correspond to cases �1�–�3�, respectively. The flux distribu-
tion around the NSs is represented by the gray-tone visual-
ization with the lighter points corresponding to the stronger
flux, and vice versa. These results suggest that the distribu-
tion of the ion fluxes �and the associated localized heating� is
very nonuniform in case �1� �this is illustrated by light spots
indicating the strong flux to the NSs�, and becomes more and
more uniform as the ion flux increases �in panel 3, the entire
substrate is covered with the gray tint�. Since at low US the
ion fluxes are focused on relatively sharp nanohillocks19 and
the surface temperature is low, the NSs only nucleate in
those “locally sharp” areas, whose density is relatively low.
When the plasma-to-surface potential difference becomes
larger, the flux increases and becomes more uniformly dis-

tributed over the surface �Fig. 4�b�, inset 2�. Areas of impact
of higher-energy ions create additional nucleation spots; this
explains a larger NS density in case �2�. When the ion flux
increases even more and the temperature also increases �case
�3��, conditions for nucleation are met on a larger number of
nanohillocks, and more nucleation spots are created by the
ion impact. We have also observed that if the samples are
further heated to Ts=750 °C, the surface quickly becomes
supersaturated and the film nucleation occurs over the entire
surface area, and no NSs are formed. This further supports
our model based on the temperature dependence of the hot
spot size.

In summary, the treatment of iron surface with plasmas
under the floating bias conditions leads to the growth of nar-
row �50 nm diameter� and long �1200 nm� single-crystalline
�-Fe2O3 NNs, whereas the use of a �150 V bias resulted in
the formation of tapered nanowires with the average base
diameters of 200–300 nm and lengths up to 1500 nm at a
surface temperature of 585 °C, and up to 2500 nm at Ts
=660 °C. Multiscale numerical simulations have related the
observed morphological transformations and the increasing
NS nucleation density to the microscopic distributions of ion
fluxes over the NN/nanowire and substrate surfaces. This
approach is generic and can be used for deterministic syn-
thesis of a broader range of single-crystalline metal oxide
quasi-1D NSs on solid surfaces exposed to low-temperature
nonequilibrium reactive plasmas.
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FIG. 4. �Color online� Scheme of Fe2O3 NN and nanowire growth on a Fe
substrate by VSS mechanism in oxygen plasmas, and the ion flux distribu-
tions on lateral surfaces of NSs �a� and over the substrate surface �b� for
three cases ��1�–�3�� listed in Table I, computed by the MC technique �Ref.
18�. At low substrate bias �case �1��, the ion fluxes are focused on relatively
sharp nanohillocks, the NS is formed with a small base diameter and devel-
ops as a NN without widening. At larger bias �case �2��, the ion flux in-
creases and becomes more uniformly distributed over the NS and substrate
surfaces. In case �3� when the surface temperature is increased, the ion flux
is predominantly deposited near the nanowire bases, and the base diameter
increases due to widening of the hot base.
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a-Fe2O3 Nanowire and Nanobelt Arrays in
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One-dimensional a-Fe2O3 is a promising nanomaterial for

advanced applications in catalysis and water splitting,

environmental protection, sensors, dye solar cells, magnetic

storagemedia, bioprocessing, and controlled drug delivery and

detection, especially as carriers of antigens for prion detection

and PCR manipulation.[1] a-Fe2O3 nanowires have been

successfully synthesized by various methods based on

templates,[2] hydrothermal conditions,[3] sol–gel-mediated

reactions,[4] solvothermal conditions,[5] gas decomposition,[6]

direct thermal oxidation (in a gas atmosphere of CO2, SO2, O2,

and NO2),
[7] chemical vapor deposition (CVD),[8] and plasma-

enhanced chemical vapor deposition (PECVD).[9] The

methods based on direct thermal oxidation, gas decomposi-

tion, and CVD reported to date require long synthesis times

and high temperatures and therefore limit the efficiency of

oxide nanowire synthesis.[6–9] The application and commer-

cialization of nanowires or nanobelts requires simple synthetic

methods that can be scaled for both large areas and large

quantities.

Recently, we discovered a new universal method for the

synthesis of transition metal oxide nanowires and nanobelts by

direct plasma oxidation of bulk materials. It has been

successfully applied for the rapid synthesis of high-density

niobium oxide nanowires.[10] In this process, there is no

continuous supply of metallic species from the vapor phase,

and thus the nanowires are not expected to grow in a tip-led

fashion. Several questions regarding the nucleation and

growth mechanisms for nanowire growth during plasma

oxidation of solid foils are yet to be answered. Specifically,

the role of the substrate temperature during plasma oxidation,

the independent control of nucleation and growth, and the

rational choice of parameters for growing nanowires of other

materials by this method are not clear. To gain more insight,

we chose to investigate the large-scale synthesis of a-Fe2O3

(hematite) by using solid-phase iron material, because the

Fe–O phase diagram is more readily available. Primarily,

we conducted a systematic investigation of the experimental

conditions to understand both nucleation and growth

mechanisms that are responsible for promoting the growth

of nanowires and nanobelts in our plasma oxidation scheme.

The findings presented herein could be used further to help

design the plasma oxidation scheme for synthesizing other

metal oxide nanowire systems.

In a typical plasma oxidation procedure, we used com-

mercial iron sheets that were continuously exposed to oxygen

glow discharge with an O-atom density of approximately

2� 1021 m�3 and ion density of 1–6� 10�16 m�3 for 2min. Such

plasma exposure resulted in vertical arrays of iron oxide

nanowires (NW) on a large area of the iron sheet as shown in

Figure 1a. The nanowires typically grew perpendicular to the

surface. Small deviations from vertical growth were also

observed. Such nonvertical growth could be due to a number

of factors such as parallel orientation of the sample surface to

the gas flow, surface roughness, and plasma gas turbulence in

the reactor caused by oxygen gas leaking into or pumping out

of the vacuum system. The nanowire diameter distribution on

a 100-mm2 sample area from Figure 1a is presented in Figure

1c. The average nanowire is 120 nm wide at the base, but

becomes narrower and sharpens towards the tip. From the

distribution of the nanowire diameters, we can conclude that

spontaneous nucleation takes place. If the plasma parameters

(e.g. atom or ion flux) change, then the resulting growth leads

either to nanobelt growth (Figure 1b) or to the lack of any 1D

nanostructure growth.

The Raman spectrum presented in Figure 2 clearly shows

an a-Fe2O3 phase for the synthesized nanowires and

nanobelts. The peak positions are in good agreement with

previously reported results.[1b,7a] This further confirms the

contention that the nanowires are trigonal Fe2O3. There is a

small variation between the Raman peak positions for the

nanowires and the bulk state in the region 400–700 cm�1. The

shifting of Raman peaks to higher values means blue shifting

of Raman peaks (higher wavenumbers mean lower wave-

lengths).

To understand the formation process of the iron oxide

nanostructures, we carried out plasma-parameter-dependent

experiments and monitored the surface temperature, during

which samples were collected at the end of 2-min plasma

treatment. The surface reactions of reactive oxygen plasma

radicals, mainly by recombination of neutral O atoms and

oxygen (Oþ, O�) ions with iron material, heats up the surface.

The heating is strongly dependent on the density of the atoms

or ions inside the plasma-discharge vessel. The probability for
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surface recombination and loss of neutral oxygen atom energy

(2.5 eV) is approximately 0.4 for iron, but the probability of

recombination and consequential loss of ion energy (3–10 eV)

is almost 1.[11] Therefore, the ions can recombine on the

surface at 2.5-fold higher probability than atoms, and they can

generate up to threefold more energy that is converted into

thermal heating of the substrate. The variability of atom/ion

density and the energy of the ions can be used to manipulate

the flux of reactive plasma radicals to the surface and for

heating of the surface. The above variations were done under

a range of plasma parameters in which the growth of

nanostructures is possible. As radical recombination can

influence nanowire growth, the temperature of the upper

surface layer wasmonitored. The density of neutral O atoms at

the reactor wall was approximately constant at 2� 1021 m�3.

The ion density and energy was changed to study the influence

of plasma parameters on nanowire growth.

The changes in the temperature of the samples during

nanostructure synthesis by plasma oxidation are shown in

Figure 3. After the oxygen plasma is initiated, the tempera-

tures of all samples exposed to the glow plasma discharge

increase rapidly as a result of the exothermic oxidation

Figure 3. The surface temperature of the iron oxide samples during

plasma treatment and synthesis of nanowires, nanobelts, or flat thin

films.

Figure 1. SEM images of iron oxide nanostructures grown on Fe bulk

material during oxygen plasma treatment at 100 Pa. The entire surface is

covered with a large array of a-Fe2O3 a) nanowires or b) nanobelts. The

average diameter of the nanowires is 120 nm. c) The distribution curve

of nanowire diameter (a) within a 100-mm2 area indicates spontaneous

nucleation of nanowires.

Figure 2. Raman spectroscopy reveals the a-Fe2O3 oxide layer, nano-

wires, and nanobelts on bulk Fe surface prepared by oxygen plasma

treatment.
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reaction, the creation of an oxide layer, and the reactive

radical surface recombination. If there are too many higher-

energy ions in the plasma, then the heating is too fierce and no

nanostructures are created on the surface. This holds true

when the surface temperature increases up to 780 8C, and only

a flat oxide layer is created.When the density of O atoms is the

same, a plasma that contains energy-poorer ions leads to

the formation of nanobelts. This occurs when the surface

temperature rises to 680 8C. At lower temperatures of the iron

surface, nanowires grow preferentially to nanobelts. When the

surface temperature during synthesis is even lower than

570 8C, then the density of the nanowires is lower, and their

average diameter also decreases (see Figure 1c). Most

importantly, the initial temperature jump or so-called plasma

overheating before the surface temperature reaches equili-

brium determines the density of the nanowires (presented as

curve B of high-density nanowires in Figure 3 and corresponds

to Figure 1a and 1c). This means that the initial temperature

jump influences the nucleation density of the resulting

nanowires. This can also be seen from the data in Table 1.

As seen in Figure 3, curve A, the density of the synthesized

nanowires is lower with a low initial temperature rise. The

resulting nanowires are short (	100 nm) and have smaller

diameters (	10 nm). The nanowire density is higher when the

initial temperature rise is higher and similar for both surfaces

under constant radical flux without initial surface overheating.

The explanation for this can be found in the phase diagram of

Fe–O transitions.[12] The phase transition of iron with soluble

oxygen to the Fe3O4 phase or to the a-Fe2O3 phase takes

place at 570 8C and 580 8C, respectively. As it is difficult to

target the Fe3O4 phase temperature for nucleation, a-Fe2O3

nuclei are normally formed. The size and density of the nuclei

are determined by the plasma parameters that control the

surface temperature and the oxygen solubility in iron.

The nucleation and growth stages of the synthesized

nanowires could be better understood through the following,

detailed structural characterization. The resulting single-

crystal a-Fe2O3 nanostructures grow along the [110] direc-

tions. The typical structural characteristics of a single

nanowire synthesized by using the plasma oxidation technique

is illustrated in Figure 4. The a-Fe2O3 nanowires are 165 nm

in diameter and gradually decrease towards the end in an

	1-mm-long nanowire (Figure 4a). The tip, the neck, and the

matured body can be clearly seen in Figures 4b and 4c. The

HREM (high-resolution electron microscopy) images and

the corresponding FFT (fast Fourier transform) patterns show

that there is an oxygen-vacancy ordering in the nanowires

(Figure 4c). The corresponding FFT images clearly showed

that there are no extra maxima in the neck region, but there

are extra maxima in the matured nanowire and the NW tip.

Furthermore, the ordering bands are clearly shown in the

HREM image taken from the tip (Figure 4b). The FFT images

illustrate a superlattice structure with ordering of the oxygen-

vacancy planes. The details of our analysis of the FFT patterns

and the corresponding long-range ordering of the oxygen-

vacancy planes are discussed in detail elsewhere.[13] The

analysis of Figure 4 indicates that the extra maxima originated

from oxygen-vacancy ordering on every fourth plane of (1–12)

in a-Fe2O3. Additional long-range ordering of oxygen

vacancies was also found on every 10th (3–30) plane with

the same ordering distance of 1.45 nm. This implies that

the same oxygen-vacancy ordering occurs throughout the

whole wire, even after merger at the base occurs. Note that

the observed ordering plane (1–12) or (3–30) is linear to the

direction of growth of the nanowire. Also, two equal d

spacings, 0.25 nm, from the mature body are consistent with

those from the nanowire base. So far, the structure of the

entire a-Fe2O3 wire is clear: ordered a-Fe2O3 with vacancy

plane through the mature nanowire and tip, but blocked at the

neck region containing stochiometric Fe2O3.

The same ordering as that in the nanowires is also found

within the nanobelt structures (see Supporting Information).

They share the same ordering plane (3–30), which is also

parallel to the growth direction. This implies that the

nanobelts and nanowires show the same long-range ordering

of oxygen vacancies with a d spacing of about 1.45 nm. The

superstructures in a-Fe2O3 are similar to the superlattice

structures in Cr2O3 nanobelts and nanorods, but the two

ordering distances 0.74 and 1.64 nm found are different.[14]

The TEM analysis clearly indicates that the nanowires

have a characteristic tip from the nucleation stage. Like in all

a-Fe2O3 synthesized nanostructures, the tip and the body

follow the same oxygen deficiency in every tenth (3–30) plane.

However, the neck region has no ordering features and

seems to represent the non-steady-state portion of the initial

stages of the growth process immediately after the sponta-

neous nucleation stage. The narrowing of a nanowire towards

the tip further indicates basal growth. High ion densities and

energies could promote later growth of nanowires and merge

them to become nanobelts. The intermediate stage between the

two phases is seen in the form of palm-shaped nanobelts

in which nanowires are merged to form the belt (inset in

Figure 1b). The nanobelts occur at higher temperatures, which

could be explained with higher surface diffusion of iron atoms

on the nanowire surfaces. Although, the nanobelts can be

created from intergrowth between adjacent wires, they can also

be created from single nanowires or from widening of

nanowires at the base (Figure 1 and Table 1). Notably, all

communications

Table 1. Growth dynamics represented with an average number of aligned nanowires and their average basal diameter in different thermal regimes
seen in Figure 3.

Sample Surface Temperature [8C] Nanowire Density [100 mm�2] Average Nanowire Diameter [nm]

A 450 70 8
 2

B 630–405 194 120
 10

C 585 162 110
 10

D 685 159 235
 40

E 783 0 0
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nanowires or nanobelts grow in the same manner, irrespective

of the type of Fe substrate, for example, Fe clusters or the

2–10-mm Fe3O4 layer covering the Fe samples. This shows that

the nanostructure morphology is controlled only by plasma

parameters and not by the initial Fe substrate layer.

Finally, on the basis of the above observations, the

nucleation and growth of metal oxide nanowires is schema-

tically illustrated in Figure 5. During exposure of the Fe

clusters or the iron-oxides to oxygen plasma glow, nucleation

occurs over a large area of the treated surface. The nucleation

occurs spontaneously everywhere on the plasma-treated

substrate. However, further

growth of the nuclei differs,

depending on the substrate

temperature. At low tempera-

tures, the growth of the nuclei

takes place primarily at the

base, leading to nanowire

growth, that is, oxidation of

the interface between the

metal oxide nuclei and the

metal substrate. At higher

temperatures, the growth of

the nuclei can occur in any

direction with increased avail-

ability of iron atoms and will

lead to thin oxide films. First,

the nucleation is primarily

influenced by the initial sur-

face jump beyond 580 8C, the
temperature required for

Fe–O phase transition. How-

ever, nucleation occurs even

when the average measured

surface temperature is below

the required temperature (e.g.

450 8C), as the exposed parts can be heated to temperatures

beyond the Fe–O phase-transition temperature by radical

recombination. In such cases, smaller nuclei and density

distribution is created. Second, one-dimensional nanostruc-

ture growth occurs only when the surface temperature does

not exceed 780 8C. When the surface temperature exceeds

780 8C, no nanostructure growth occurs, and only a thin film is

formed. When the substrate is cooled below the phase-

transition temperature after the nucleation step, the growth of

existing nuclei occurs only at the interface owing to the low

mobility of the iron atoms at these temperatures. The initial

stages of the growth processes can be

further understood with the observa-

tion of a neck region, that is, complete

oxidation with no oxygen-vacancy

planes. The HRTEM analysis further

proves that the nanowire phase con-

tinues with the same phase as nuclei,

where the growth is epitaxial from the

iron–plasma interface region, as seen

from narrowing wires. As the recombi-

nation of O atoms on the nanowires is

approximately 0.3 and the distance

between wires is about 0.5 mm, atoms

with a mean free path of 0.17mm easily

reach the interface and are trapped on

the surface.[15] Therefore, the diffusion

of O atoms along the nanowire can be

generally neglected. If the sample

temperature is continuously increased

to around 600 8C, then nanobelts or

palm-shaped nanobelts are created.

This is due to the increased mobility

of Fe atoms and further growth of

Figure 4. a) High-magnification TEM images of nanowires with HREM image and its FFT image showing

oxygen-vacancy ordering in a� Fe2O3
1
4 ð1 12Þ plane of b) the nanowire tip and c) the matured nanowire, but

not on the nanowire neck area.

Figure 5. Schematic illustration of the growth mechanism of the metal oxide nanowires from bulk

material when exposed to highly dissociated oxygen plasma. Three main stages of nanowire

growth are represented: a) nucleation, b) instability, c) growth.

small 2008, 4, No. 10, 1610–1614 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com 1613

Reference No 87

385



nanowires in another direction to become belts. The

nanostructures can be theoretically grown until oxygen atoms

are supplied to the surface. The resulting nanowires are

thinner when the surface temperature is lower (after the

nucleation step) or when the neutral atom flux is constant and

the ion flux approaches zero. However, the interface is always

disturbed by plasma shutdown, and it is very difficult to assess

how much the shutdown influences the creation of the oxide

interface layer on the substrate after the plasma synthesis.

As the plasma oxidation described herein is rapid (few

seconds), the iron oxide nanowires/nanobelts could be

grown both over large areas and in large quantities. Most

importantly, the nucleation and growth processes for nano-

wires with plasma oxidation of solid foils are rationalized. The

conceptual understanding of the nucleation and growth stages

will help in designing plasma oxidation processes for other

metal oxide nanowire systems.

Experimental Section

The nanowires and nanobelts were synthesized directly from

the bulk material during exposure of an iron band to oxygen

plasmas. A commercially available low-purity (98.85% Fe) iron

sheet of thickness 1.7mm was cut to rectangular pieces of

approximately 15�15 mm2 and exposed to inductively coupled

oxygen glow plasma created in a high-frequency discharge.

The experiments were performed in a vacuum system pumped

with a two-stage rotary pump with an ultimate pressure of about

0.1 Pa. After the chamber was evacuated to base pressure,

commercially available oxygen was continuously leaked into the

system. The reactor chamber was maintained at a pressure of

100 Pa during the experiments. The plasma was created by a

27.12 MHz RF generator with a maximum power of 5 kW. The

temperature of the sample surface was measured through an IR-

transparent window with a Raytec infrared (IR) camera Raynger

MX. Plasma characteristics were controlled by using Langmuir and

catalytic probes at the reactor wall. The plasma parameters were

as follows: electron energy: 3–10 eV, ion density: 1–6�1016 m�3,

neutral oxygen density: 1.6–2.3�1021 m�3. The samples were

exposed to plasma for 120 s.

After the plasma treatment, the samples were analyzed by

means of SEM, TEM, selected area diffraction, and Raman spec-

troscopy. The Synthesized nanowires or nanobelts were scratched

from the sample surface, suspended in ethanol, and dispersed on a

300-mesh copper grid with a thin-layer carbon film for TEM

observation. The individual nanowires or nanobelts were separated

during TEM specimen preparation. High-resolution electron micro-

scopy was carried out with a field-emission gun TECNAI F20 XTWIN

TEM equipped with a Gatan GIF 2002 system operated at 200 kV.
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Abstract

Highly crystalline b-Ga2O3 nanowires with two morphologies have been synthesized through physical evaporation of Te doped GaAs
powder in Ar atmosphere. Growth is not based on VLS mechanism due to absence of Te. S in place of Te resulted in similar nanostruc-
tures. Some of the nanowires exhibit herringbone morphology with presence of hexagonal crystallites in regular spacing along the nano-
wire axis. The crystal planes of the nanowires were found to be parallel to one of the facets of the crystallites implying these crystallites
may serve as the nucleation centers for the growth. Other dominant nanowire morphology is single crystalline nanoribbons.
� 2006 Elsevier B.V. All rights reserved.

1. Introduction

Nanostructures have attracted a great deal of interest
and attention due to their interesting fundamental proper-
ties and potential applications such as gas sensors, field
emitters, and advanced optoelectronic devices [1–3]. Metal
oxide crystals in particular exhibit unique structures and
physico-chemical properties especially at nano meter scale.
Variety of nanostructures with different geometrical mor-
phologies including tubes (single or multiple), wires, rods,
sheets, belts, diskettes have been synthesized in a predicable
way. Functionalized oxide nanostructures are used as func-
tional materials due to their tunable physical properties as
a result of the presence of vacancies and mixed valence
states. Ga2O3 is one of the mostly studied metal oxide nano
structures [4]. b-Ga2O3 is a wide bandgap (Eg = 4.9 eV)
compound with interesting electrical and optical proper-
ties. In order to grow Ga2O3 nanostructure, various meth-
ods including vapor–liquid–solid technique [5], arc-
discharge method [6], physical deposition [7] and thermal
evaporation of oxide powders at high temperature [8] have
been employed. Also Ga2O3 nanobelts have been grown by

heating the metallic Ga in a furnace through vapor–solid
process [9] and by evaporating GaN powders at 100 �C
in flowing oxygen [10]. Ho et al. have synthesized b-
Ga2O3 nanoribbons by plasma immersion ion implantation
of nitrogen into undoped GaAs and post-implant rapid
thermal annealing [11]. Here, we present a novel process
for the synthesis of b-Ga2O3 nanowires and nanoribbons
with unique nano-structures by simple thermal decomposi-
tion of GaAs mixed with a chalcogenide such as Tellurium
or Sulfur in the presence of trace amount of oxygen. Other
growth methods have been conducted associating chalco-
genide elements in the growth of nanostructures [12].

2. Experimental

Commercially available GaAs wafer doped with Te
(with doping concentration of 5 · 1017 cm�3) was ground
and placed in a quartz boat. The boat was positioned in
a horizontal quartz tube reactor inside a furnace and
heated up to 1000 �C at a rate of 10 �C/min, and main-
tained at that temperature for � 1 h while Argon gas was
flowing at a rate of 100 sccm. Then the reactor was cooled
down to room temperature at a rate of 10 �C/min. The
same process under identical experimental conditions was
carried out for mixtures of individual components of pure

0009-2614/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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GaAs and pure Te (S) (weight percent of GaAs: Te (S) was
0.9999:0.0001). In each process a white color web-like
product was observed at the edges of the entire walls of
the quartz boat (as shown in the inset of Fig. 1) while a
black color product was collected on the cold part of the
inner reactor wall in the down stream. The white color
deposit on the quartz boat was found to be essentially
nanostructures of Ga2O3 with unique morphologies. A
controlled experiment using only GaAs powder (in the
absence of Te or S) under identical growth conditions did
not result in any nanowire growth. Further experiments
were carried out with additional flow of pure oxygen dur-
ing the growth to understand the effect of oxygen in the
process. XRD, SEM, EDS, HRTEM, and Raman spec-
troscopy were used to characterize the material.

3. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) spectrum of
the samples collected from different parts of the reactor;
white color web-like structures at the edges of the boat
(solid line) and black deposit on the inner walls of the reac-
tor in the cold part at the down stream (dotted line). Also
shown in the inset is the XRD pattern of the lump of black
residue in the center of the boat. XRD pattern of the GaAs
powder is also shown in the inset for comparison. The
resulting spectra of the sample collected from the walls of
the quartz boat matches very well with b-Ga2O3.

The diffraction peaks can be indexed to a monoclinic
structure of b-Ga2O3 with lattice parameter a = 5.8 Å,
b = 3.04 Å, c = 12.23 Å and b0 = 103.42�. Most of the
peaks are identified for various orientations as labeled in
the spectrum for b-Ga2O3. No peak associated with other

crystalline phases of gallium oxide was observed in the
XRD spectrum.

This results suggested that the synthesized product only
contains the crystalline phase of b-Ga2O3. We observed
some differences in the intensity compared with the pattern
of the bulk b-Ga2O3 powder, for which the most intense
peaks correspond to (004), (104), and (200) orientations.
In this study, the strongest peaks correspond to (200) and
(006). This difference can be attributed to the one-dimen-
sional nature of the structure. The XRD pattern of the
residual material found in the center of the boat corre-
sponds to that of bulk GaAs implying it consists of un-
decomposed GaAs. The XRD pattern for the material col-
lected from the inner reactor wall seems to match with a
mixture of GaAs and b-Ga2O3.

Fig. 2a shows the typical SEM image of the material
obtained from the inner walls of the quartz boat after the
synthesis using Te doped GaAs powder. Shown in the inset
is the schematic diagram of the quartz boat with resulting
products after the growth. Arrow shows the direction of
Argon gas flow in the reactor. SEM micrograph reveals
the presence of abundant Ga2O3 nanowires with a high
aspect ratio of more than 10000. The diameter of these
nanowires ranges between 10 and 100 nm with average
diameter of � 50 nm. The length of nanowires ranges up
to hundreds of micrometers. Energy-dispersive X-ray spec-
troscopy (EDX) results of a representative sample is shown
in Fig. 2c. The spectrum exhibits dominant peaks of oxy-
gen (at 0.5 keV), gallium (at 1.1, 9.3 and 10.2 keV), and
carbon (at 0.3 keV). The intensity ratio of Ga and O peaks
is consistent with the stoichiometry of Ga2O3. Interest-
ingly, no traces of tellurium or sulfur were found in the
EDX analysis suggesting the growth is not VLS based. Tel-

Fig. 1. XRD pattern of the samples collected from different parts of the
reactor; white color web-like structures at the edges of the boat (solid line)
and black deposit on the inner walls of the reactor wall in the cold part in
the down stream (dotted line). Also shown in the inset is the XRD pattern
of the lump of black residue in the center of the boat. XRD pattern of the
GaAs powder is also shown in the inset for comparison.

Fig. 2. (a) SEM image of the material obtained from the inner walls of the
quartz boat synthesized using Te doped GaAs powder. (b) Shown in the
inset is the schematic diagram of the quartz boat with resulting products
after the growth. (c) EDX spectrum shows peaks corresponding to Ga, O
and C.
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lurium or sulfur do not play a role as a catalyst in typical
VLS growth but rather act as a promoter in the process.
Fig. 3 shows SEM micrographs of various Ga2O3 nano-
structure morphologies resulted from (i) Te assisted
growth: (a) comb-like structure (b) nanoribbon (c) herring-
bone structure (d) small diameter (� 15 nm) nanowire, and
(ii) S assisted growth: (e) larger size herringbone structured
nanowires. The structures resulted in the presence of either
Te or S show subtle differences.

Tellurium promoted experiments resulted in smaller size
nanostructures while larger sheet-like structures were
observed from S promoted growth. Herringbone structures
obtained in both Te and S promoted growth have diame-
ters ranging from 20 nm to 2 lm with length of tens of
microns. The herringbone structures show the V-groove
structure with an angle of � 57� typical for most of them.

Fig. 4a shows a high-resolution TEM image along with
a low-resolution image (inset) of an individual b-Ga2O3

nanowire. The width of this individual nanoribon is
� 25 nm. In HRTEM image of this nanowire, the lattice
fringes of the (202) planes with a d spacing of 0.28 nm
for monoclinic b-Ga2O3 can be observed clearly. It also
indicates that the nanowire is single crystalline and the
examined region is free from defects like dislocation or
stacking faults, with no amorphous layer present. How-
ever, vacancy or interstitial defects may not be observed
in HRTEM images. The growth axis for this nanowire is
shown with an arrow, which is (010).

Fig. 5 shows TEM images of an individual Ga2O3 nano-
wire with a different morphology. Interestingly, this her-
ringbone structures exhibit, an array of hexagonal
crystals arranged in a regular spacing along the axis of
the nanowire as in Fig. 5a, b. Fig. 5c shows that the hexag-

onal crystallites consist of crystal planes with spacing of
� 0.75 nm. Fig. 5d shows the selective area diffraction
(SAD) pattern of the herringbone nanaowires indicating
single crystallinity of Ga2O3. The HRTEM images shown
in Fig. 5e reveal that the nanowires are single crystalline
with lattice spacing of 0.35 nm. Interestingly, the crystalline
planes of the herringbone structure are parallel to two of
the facets of the hexagonal crystallites. It is believed that
the Ga migrate after the decomposition of GaAs in the
presence of Tellurium or Sulfur at elevated temperatures
forming hexagonal Ga2O3 nanocrystals with the incorpora-
tion of oxygen present in the reactor or in the carrier gas or

Fig. 3. SEM images of various Ga2O3 nanowire morphologies: (i) resulted
from Te assisted growth; (a) comb-like structure, (b) nanoribbon, (c)
herringbone structure, (d) small diameter (� 15 nm) nanowire resulted
from S assisted growth and (f) larger size of herringbone structure.

Fig. 4. (a) High-resolution TEM image of an individual nanowire
showing structurally perfect surface. (inset) Low-resolution TEM image
of an individual b-Ga2O3 nanowire. The image shows the nanowire with a
uniform diameter. The lattice fringes of the (202) planes with a d spacing
of � 0.28 nm for monoclinic b-Ga2O3 can be observed clearly. The
growth direction is (010) as indicated by the arrow. (b) Micro Raman
spectrum of Ga2O3 nanostructures at room temperature.

R. Jalilian et al. / Chemical Physics Letters 426 (2006) 393–397 395

Reference No 89

389



in the constituent materials. These nanocrystals in turn act
as nucleation centers for the formation of Ga2O3

nanowires.
Chalcogens such as Te, S, and Se are typically used as

dopants for GaAs in order to satisfy the dangling bonds
on the GaAs surface [13]. It is also known the chalcogen
treatment can lead to decrease in band bending [14]. This
passivation can be attributed to the hetero-valent exchange
of Arsenic with the chalcogen. This exchange reaction
depends on the temperature and even at room temperature,
some partial As–chalcogen exchange can take place. It is
also known to form As–Te, As–S, and As–Se bonds
[15,16]. At relatively lower temperatures these Arsenic
chalcogenides are exhausted from the reactor whereas pure
GaAs can only decompose at higher temperature and low
pressures.

Fig. 4b shows the Raman spectrum of a representative
Ga2O3 nanostructure obtained using a Renishaw Micro-
Raman spectrometer with the laser excitation of 514.5 nm.
Similar results were observed using 488 nm excitation laser
(2 mW) and a ‘HR460’ Yobin–Yuan spectrometer.

Both sets of data are in excellent agreement with the
vibrational modes of b-Ga2O3 structures confirming the
high-quality of gallium oxide nanostructures. b-Ga2O3

belongs to the C3
2h space group, which predicts 27 sets of

optical modes at k = 0 [17] given by C = 10Ag + 5
Bg + 8Bu + 4 Au. Fifteen of them (Ag and Bg) are Raman
active and 12 of them (Bu and Au) are IR active. Raman
bands have been previously observed at 111, 114, 147,
169, 199, 318, 346, 353, 415, 475, 628, 651, 657, and
763 cm�1 in single crystals of b-Ga2O3 [18,19].

4. Conclusion

Ga2O3 nanowires were synthesized by simple thermal
decomposition of GaAs powder at 1000 �C and subsequent
oxidation of Gallium. Tellurium or sulfur was required for
the growth of the nanostructures and believed to promote
the reaction, but do not play a role as a catalyst in typical
VLS growth as verified by the absence of traces of Te or S
after the synthesis. The chalcogen exchanges As in GaAs
by forming arsenic chacogenide that can be exhausted leav-
ing Ga. Ga2O3 nanowires have single crystalline structure.
The Herringbone structures exhibit single crystalline struc-
ture as observed by HRTEM image and single crystalline
hexagonal crystallites are arranged in regular spacing along
the central axis of the nanowire. These hexagonal crystal-
lites are believed to act as the nucleation centers for the
growth of the nanowires. Raman spectroscopy, EDX and
XRD provide the evidence for the synthesized material to
be b-Ga2O3. This method can be expanded to synthesize
nanowires, nanoribbons, and nanosheets with varying sizes
on a large scale and may find wide range of potential
applications.
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We explore the combined effects of phonon confinement and local heating caused by laser beam absorption
on the Raman spectra of Germanium nanowires of different diameters �6 nm, 7 nm, and 12 nm�. The asym-
metric broadening and downshifting of the first order Raman band is studied as a function of the average wire
diameter and the local temperature of the nanowires. The basic phenomenological model with a modified
confinement function incorporated with thermal effects is in good agreement with our experimental results. We
also show the effects of the nanowire diameter, thermal conductivity of the underlying substrate, and the
mediating substance �gallium in this case� on the local temperature of the nanowires.
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I. INTRODUCTION

The research activities done both experimentally and
theoretically, on reduced dimensional systems have demon-
strated their unique electronic and optical properties1 and
have generated tremendous interest in both scientific and
technological communities. Especially, the application of
one-dimensional nanostructures such as silicon and Germa-
nium nanowires into integrated optoelectronic devices has
triggered immense research pursuits with the expectations of
transition from indirect to direct band gap in these
materials.2,3 The importance of quantum confinement effects
in low dimensional systems has already been demonstrated
with the observance of increase in band gap and the shifting
of photoluminescence into visible region in silicon nano-
wires with sufficiently small diameters. Theoretically, the
quantum mechanical effects are expected to dominate in
nanowires when the wire diameter approaches the de Broglie
wavelength of the carriers. Another equally important and
unique quantum mechanical feature of low-dimensional sys-
tems is the phonon confinement. Raman spectroscopy can be
utilized to study the phonon confinement effects in
nanowires.4,5 In recent years, several papers have reported
Raman spectroscopy results on silicon nanowires related to
phonon confinement.6–8 But, most of these results are com-
plicated due to the effects of local heating caused by laser
beam absorption,9,10 wide distribution of nanowire diam-
eters, and unavoidable oxide sheath of the nanowires among
other complexities. Here, we report a model of first order
Raman excitation that couples the effect of phonon confine-
ment and heating effect on assembly of high density Ge
nanowires grown on molten gallium droplets.

II. EXPERIMENT

Ge nanowires were synthesized using bulk nucleation and
growth from gallium droplets at temperatures ranging from
200–550 °C using a concept similar to the one described
earlier.11 High densities of crystalline Ge nanowires were
grown spontaneously from gallium droplets of sizes ranging
from 50 nm to several millimeters, on several different

substrates including Germanium and quartz. The results of
Ge nanowire synthesis using low-melting metals and the cor-
responding rationalization about nucleation for nanowire size
as a function of synthesis temperature are described in detail
elsewhere.12 Raman scattering measurements on an en-
semble of as-synthesized Ge nanowires were performed at
room temperature in the backscattering configuration using
an in-Via Renishaw micro-Raman system consisting of a
cooled CCD detector and a confocal microscope with 50X
objective. The spot size at the sample is 1 �m2. The excita-
tion source was a He:Cd laser with 632.8 nm radiation. Mea-
surements at various laser excitation powers were performed.

III. THEORY

In sufficiently smaller dimensions, the electronic and pho-
non states are expected to be altered due to quantum confine-
ment. Fundamental studies on confined crystalline nanostruc-
tures are being intensively explored and subjected to
controversies and inconsistencies. Several groups have re-
ported Raman scattering results on Si and Ge nanowires to
confirm the phonon confinement effects by observing the
down shifting and asymmetric broadening of the Raman-
active optical modes relative to their bulk counterparts.4–7

The results due to phonon confinement were explained by
fitting the experimental line shape with the phenomenologi-
cal theory first proposed by Richter et al.,4 for spherical
nanoparticles and then extended to cylindrical nanostructures
by Campbell and Fauchet.5 According to their model, the
plane wave such as bulk phonon wave functions cannot exist
inside the nanowires transverse to the wire axis caused by the
finite spatial extent and leads to the breakdown of the bulk
q0=0 selection rule. Instead, the confined phonons are
composed of a sum of bulklike phonons with a range of
different wave vectors �q� around the zone center leading to
asymmetric broadening and downshifting of the Raman band
in nanowires.

The intensity of the first-order Raman spectrum I0��� �of
a single nanostructure� is given by
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I0��� � 	 �C�0,q��2

��� − ��q��2 + 
�
2
�2�d3q , �1�

where C�0,q� is the Fourier coefficient4–6 of the spatial con-
finement function W�r�, ��q� is the dispersion relation of Ge,
and � is the FWHM of the Raman peak of the bulk Ge.
The spatial confinement function for the nanowire is as-
sumed to be of the form W�r�=e−��r/D�2 in cylindrical coor-
dinates, where D is the diameter of the nanowire measured
radially and perpendicular to the wire axis and � is the con-
finement parameter. This yields �C�0,q��2=e�−q2D2/2�2�. For a
cylindrical nanowire d3q�qdq with q being perpendicular
to the wire axis. The dispersion relationship ��q� for the
Germanium TO mode is approximated by

�2�q� = A + 0.5�A − cos�
q�� + B �2�

with A=45 300 cm−2 derived by fitting A to the experimental
�neutron scattering� TO branch data13 for Ge at 300 K and is
confirmed by the equation proposed by Kanata et al.7 B is
adjusted to match the bulk Ge value measured with our spec-
trometer. � is measured by the convolution of the natural Ge
FWHM ��0� and the instrumentation broadening ��i� and is
given by

� = �0 +
�0

2
�2

+ �i
2. �3�

In the spectrometer used, bulk Ge has FWHM of �5 cm−1.
By comparing this with the natural FWHM of Ge, the instru-
mentation broadening �1.4 cm−1. Since the Raman signal
from an individual nanowire is too weak to detect, all our
measurements are done on an ensemble of wires. The diam-
eter distribution of the nanowires is determined by Gaussian
function

P�D� � e��D − D0�2/2�2�, �4�

where D0 is the most probable diameter and � is the standard
deviation of the diameter distribution.

The resulting confinement effect with the diameter
distribution included is given by

I��� =	 I0���P�D�dD . �5�

Typically the laser irradiation during Raman measurements
can cause sample heating and photon excitation of charge
carriers.7,9,14–16 Down shifting and broadening of Raman
band in bulk materials, with increasing laser radiation is typi-
cally identified to be due to heating. Poor thermal contact of
the nanowires with the substrate and intense focusing of the
laser beam in a micro Raman spectrometer can lead to sig-
nificant heating of the sample. Here, we report results of the
temperature dependence of the first-order Raman spectra of
Ge nanowires by varying the laser power and thermal con-
ductance of the nanowires and the substrate. In this report,
the subtle interplay between quantum phonon confinement,
the local heating effect and thermal expansion of the nano-
wires will be shown to influence both the frequency shift and

the asymmetric broadening of the Raman spectra. The
Stokes-anti-Stokes intensity ratio of the first order Raman
spectra is used to determine the local temperature of the
nanowire sample. The intensity ratio is related to the tem-
perature by

Is

Ias
= K exp
 ��0

KBT
� , �6�

where, the prefactor K depends on the absorption constant
and the Raman cross section at a given frequency. Typically,
the value of K is determined by calculating the Stokes-anti-
Stokes intensity ratio �Is / Ias� at a known temperature. In our
case, the value for the lowest possible laser power was used
to determine K at room temperature assuming no laser in-
duced heating. �0 is the phonon frequency.

The phonon confinement function is modified to include
the temperature dependence14–16 as

��q,T� = ��q� + ��1�T� + ��2�T� , �7�

��1�T� is the frequency shift due to phonon decay processes.
This phonon-phonon coupling term describes the anhar-
monic coupling between phonons and is approximated by

��1�T� = A1
1 +
2

e���0/2�BT� − 1
� + A2
1 +

3

e���0/2�BT� − 1

+
3

�e���0/2�BT� − 1�2� . �8�

Where, the first term describes the coupling of the phonon to
decayed low energy two phonons �three phonon coupling�
and the second term describes the coupling to three decayed
phonons �four phonon coupling�. In our analysis, we used
only the three phonon coupling term. A1 is adjusted to match
the bulk Ge values.
��2�T� is the frequency shift due to the thermal expan-

sion of the lattice �interestingly nanowires used in this study
exhibit no oxide sheath formation as evidenced by Fig. 1�b�,
and hence, the compressive stress can be neglected and it is
given by

��2�T� = �0�exp�3��T� − 1� , �9�

where � is the Gruneisen parameter and � is the thermal
expansion coefficient of Germanium.

FIG. 1. �a� SEM image of as-synthesized Ge nanowires growing
from a single Ga droplet. �b� HRTEM image of a 6 nm Ge nano-
wire with a growth direction of �211�.
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The temperature dependence of the FWHM in the
formalism14–16 is

��T� = � + ���T� , �10�

where � is the FWHM of the bulk Ge including the
instrumental broadening, and ���T� is given as

���T� = B1
1 +
2

e���0/2�BT� − 1
� + B2
1 +

3

e���0/2�BT� − 1

+
3

�e���0/2�BT� − 1�2� . �11�

The first term is due to the three phonons coupling and the
second term resulted by four phonons coupling effect on
FWHM of Raman spectrum. Just as before, we neglect the
four phonon coupling term, and B1 is adjusted to match the
bulk Ge values.

The asymmetric broadening of the Raman band has been
attributed to Fano interference8 between scattering from the
discrete optical phonon and an electronic continuum due to
photon-excited charge carriers. At sufficient doping levels,

electrons and holes in semiconductors participate in inelastic
scattering leading to Fano resonance with optical phonons.
An asymmetry on the Fano line shape depends on the
electron-phonon coupling strength. Attributable to the obser-
vation of asymmetry in low frequency tail, the contribution
of Fano resonance for the asymmetric broadening of the Ra-
man spectrum can be ruled out. Since laser excitations gen-
erate both holes and electrons in Ge, one should expect some
positive asymmetry at least for higher powers as the phonon
interact with these hole carriers.

The asymmetric line shape in the phonon mode is also
known to be affected by strain caused by oxide layer. But the
Ge nanowires used in this investigation were virtually devoid
of any oxide sheath.

In this study, the dominant effect depends on the thermal
contact of the sample to the substrate and the diameter of the
nanowires. A coupled phenomenological model that accounts
for both the phonon confinement as well as the temperature
effects so as to best describe the observed asymmetry in the
phonon line shapes is developed. The first order Raman spec-
tra for the Ge nanowires considering the quantum phonon
confinement and the heating effect is expressed as

I��,D� = 	
0

1 	
0

� e−�q2D2/4�2�e��D − D0�2/2�2�

�� − ���q� + A1
1 +
2

e���0/2�BT� − 1
� + �0�e−3��T − 1���2

+
1

4
�� + B1
1 +

2

e���0/2�BT� − 1
��2

dqdD .

�12�

IV. RESULTS AND DISCUSSION

Figure 1�a� shows a scanning electron micrograph �SEM�
of as-synthesized Ge nanowires grown from a single gallium
droplet. Figure 1�b� shows a high resolution transmission
electron micrograph �HRTEM� of a Ge nanowire free of any
oxide sheath. The diameter of the nanowire is �6 nm and
the growth direction is �211�. The SEM images show that
uniform Ge nanowires with small diameter distribution are
nucleated from gallium droplets of any size.

In Fig. 2, we display the temperature determined experi-
mentally using Eq. �6� for Ge nanowires with average diam-
eter, D=12 nm grown on quartz substrate vs the laser power.
The inset of Fig. 2 shows the temperature determined by
calculating �Is / Ias� ratio including the estimated error vs. the
temperature determined by fitting the data with our model
described by Eq. �12�. The temperature values determined by
either method are in reasonable agreement. It should be em-
phasized that the accurate temperature determination of an
individual nanowires is non-trivial.

Figure 3 shows the Stokes Raman spectrum of the Ge
nanowires �D=12 nm� using 632.8 nm radiation at 0.85 mW
power �circles�. The Raman spectrum of the bulk Ge is also
shown for comparison �dotted line�. It is also shown in Fig. 3

the best fits with systematic inclusion of �i� pure phonon
confinement effect �dashed line�, �ii� phonon confinement
with Gaussian diameter distribution �dotted-dashed line�, and
�iii� the complete model with the inclusion of temperature
effects �solid bright line� given by Eq. �12�. The results are in
excellent agreement with experimental data. The data
collected at the lowest possible laser power in this analysis is
used to extract the confinement parameter � assuming no
laser heating; The best fit yields �=1.7�CF. Previously, Rich-
ter et al. used �=1 in their confinement model while, Camp-
bell and Fauchet have used �CF=2
2. The average diameter
D and the standard deviation � are determined using both
SEM and TEM analysis. For higher laser powers, these cal-
culated results cannot account for the large down shifting
and asymmetric broadening of the experimental data and
temperature effects because of inhomogeneous heating were
necessary to be incorporated in the analysis. It has been
shown that the thermal conductivity of semiconducting nano-
wires are considerably low compared to their bulk counter-
parts due to surface scattering of acoustic phonons17 causing
excessive heating. Equation �6� is used to determine the local
temperature of the nanowires. Also we determined T by us-
ing as a free parameter in Eq. �12� to fit the experimental
data.
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Here we discuss the effect of the mediating Ga droplets
on the inhomogeneous heating effect of nanowires. Figure 4
shows the Stokes Raman spectra taken at 632.8 nm excita-
tion for Ge nanowire samples with similar sizes �average
diameter=7 nm� but grown on two different Ga droplet sizes
on Ge substrates with varying laser power levels �circles�.
Solid lines are the fits to the spectra using modified phonon
confinement model including the anharmonic effects and
thermal expansion effects using Eq. �12�. Smaller Ga droplet
�of the order of micrometers�, �Fig. 4�a�� resulted in more
heating of nanowires compared to the larger Ga droplet �of
the order of millimeters�, �Fig. 4�b�� for the same average
nanowire diameters. This can be attributed to the poor ther-
mal energy transport from smaller Ga droplets to the substrate due to smaller interfacial contact area.

Next we discuss the effect of the underlying substrate on
the inhomogeneous heating effect of nanowires. In Fig. 5, the
Raman spectra for two different nanowire samples of similar
size �average D=12 nm� grown from similar size Ga drop-

FIG. 2. The temperature determined experimentally using
Stokes-anti-Stokes intensity ratio �Is / Ias� for Ge nanowires with av-
erage diameter, D=12 nm grown on quartz substrate vs. the laser
power. The inset is the temperature determined by calculating
�Is / Ias� ratio vs. the temperature determined by fitting the data with
the model.

FIG. 3. Stokes Raman spectrum ��=632.8 nm� of Ge nanowires
�12 nm average diameter� at 0.85 mW laser power �circles� and the
best fits with systematic inclusion of �i� pure phonon confinement
effect only �dashed line�, �ii� phonon confinement with Gaussian
diameter distribution �dotted-dashed line�, and �iii� the complete
model with the inclusion of temperature effects �solid line�. The
Raman spectrum of the bulk Ge is also shown �dotted line� for
comparison.

FIG. 4. Raman spectra at 632.8 nm for the Ge nanowire
�D=7 nm, �=2 nm� for varying laser power levels �circles� at two
different Ga droplet sizes �a� droplet size �1 �m and �b� droplet
size �1 mm. The soild lines represent the best fits to Eq. �12�.

FIG. 5. The Raman spectra for two different nanowire samples
of similar size �average D=12 nm� grown from similar size Ga
droplets on two different substrates, quartz �upper two curves� and
Ge �lower two curves� for two different laser power levels.

JALILIAN et al. PHYSICAL REVIEW B 74, 155421 �2006�

155421-4

Reference No 90

395



lets on two different substrates, quartz and Germanium, are
shown. The upper two curves represent the data for nano-
wires grown on quartz substrates and the lower two represent
that on Germanium substrates for two different laser power
levels. Again the circles represent the experimental data and
the solid lines represent the best fits to Eq. �12�. The heating
effect is found to be more pronounced for nanowires grown
on quartz substrates for a given laser power level. This can
be attributed to the difference in the nature of thermal an-
choring of Ge nanowires onto the quartz substrate with poor
thermal conduction �thermal conductivity, ��6 W/mK�
compared to the Germanium substrate with better thermal
conduction ���60 W/mK�.

Finally, Raman spectrum of Ge nanowire ensembles with
three different average diameters, 6 nm, 7 nm, and 12 nm,
grown on Ge substrates with similar size Ga droplets were
studied as shown in Fig. 6. In each case, the temperature was
determined from best fits to Eq. �12� and compared with the
values obtained from Eq. �6�. The same confinement param-
eter value for � was used in the entire analysis. For a given
power level, the down shifting, broadening, and asymmetry
of the Raman line shape increase with decreasing diameter of
the nanowires as shown in Fig. 6. These values are displayed
in Table I.

The asymmetry is defined as A= ��m−�−

�+−�m
�.Where, �m is the

peak position, �− and �+ are the frequency at 10% intensity
on the low and high frequency sides of the peak maximum.
Also the local temperature �as determined by the fits� in-
creases considerably with decreasing diameter of the nano-
wires. Our model can explain the enhancement of the

phonon confinement as well as the suppression of the ther-
mal conductivity with decreasing wire diameter. In order to
identify the pure phonon confinement, one has to work at
very low laser power levels with nanowires on a substrate
with high thermal conductivity or at a lower temperature
using a cold stage. The model can be used as a possible tool
to determine the diameter and diameter distribution of en-
sembles of nanowires for a variety of nanowire systems
knowing the local temperature of the sample due to laser
heating during the spectral measurements. Interestingly, our
model can account very well for the larger diameter data for
high laser power levels, but excessive heating effects on
smaller diameter nanowires prohibit further spectroscopic
study at higher Raman laser power.

V. CONCLUSIONS

The asymmetric broadening and the down shifting of the
Raman line shape in Ge nanowires show complicated depen-
dence on wire diameter and local laser heating. We demon-
strated the ability to include the effects of local laser heating
and thermal expansion in addition to the pure phonon con-
finement effects to describe the first order Raman spectra of
Ge nanowires. We also observed the effects of thermal con-
ductivity of the underlying substrate and the mediating sub-
stance �gallium in this case� on the local temperature of the
nanowires. We excluded the effects of Fano resonance aris-
ing from interference between photon-excited free carriers
and q=0 phonons. This is the first report to address detailed
analysis of Raman spectroscopy on Ge nanowires in spite of
excellent work on Si nanowires by Piscanec et al.9 and Adu
et al.18 Our results support the findings of both groups and
confirm the common effect of laser induced heating during
micro Raman spectroscopy in addition to phonon confine-
ment at least for polar semiconducting nanowires. In
order for one to appreciate phonon confinement effects using
micro Raman spectroscopy of semiconducting nanowires it
is necessary to use ultra low power laser and high thermal
conductivity substrates with good thermal anchoring. Our re-
sult should provide good insight into all these factors that
have enormous effects on the Raman spectra of Germanium
nanowires and any nonpolar semiconductor nanowires.
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There are a variety of methods for synthesizing or fabricating one-
dimensional (1D) nanostructures containing heterojunctions between
different materials. Here we review recent developments in the synthesis and
fabrication of heterojunctions formed between different materials within the
same 1D nanostructure or between different 1D nanostructures composed of
different materials. Structures containing 1D nanoscale heterojunctions
exhibit interesting chemistry as well as size, shape, and material-dependent
properties that are unique when compared to single-component materials.
This leads to new or enhanced properties or multifunctionality useful for a
variety of applications in electronics, photonics, catalysis, and sensing, for
example. This review separates the methods into vapor-phase synthesis,
solution-phase synthesis, template-based synthesis, and other approaches,
such as lithography, electrospinning, and assembly. These methods are used
to form a variety of heterojunctions, including segmented, core/shell,
branched, or crossed, from different combinations of semiconductor, metal,
carbon, and polymeric materials.

1. Introduction

The synthesis of one-dimensional (1D) nanostruc-
tures[1–13] has gained a tremendous amount of attention in
recent years due to their fascinating chemistry and size-,
shape-, and material-dependent properties. Their interesting
electronic, optical, and magnetic properties, along with
small size and chemical reactivity, have led to a wide range
of applications in nanoelectronics, optoelectronics, plasmon-
ics, medical diagnostics, catalysis, drug delivery, therapeutics,
separations, and chemical sensing. There are many different
forms of 1D nanostructures, which are all characterized by a
high aspect ratio (length-to-width). Nanorods (NRs) and
nanowires (NWs) are the most common shape, differing
only by their aspect ratio (AR), which is commonly defined
as <20 for NRs and �20 for NWs, respectively. Other
common 1D shapes include tubes, ribbons, belts, whiskers,
and needles. The physical properties greatly depend upon
the material, which can be metals, alloys, semiconductors,
carbon, polymers, or molecular, but may also depend on
shape, morphology, and structure (i.e., crystalline or amor-
phous).

There have been two main types of studies on the prop-
erties of 1D structures. The first includes those that measure
the collective properties of a solution or solid-state assembly
of numerous 1D structures. This requires the ability to syn-
thesize large quantities of material with high uniformity and
low size dispersity in order to determine the structure and
size-dependent properties. For solid-state properties, it is
also necessary that the material be deposited as a film or as-
sembled into an ordered array, and depending on the prop-
erty, may also require control over alignment and orienta-
tion of the assembly. One example of collective properties is
the optical spectrum of a solution of metallic 1D NRs or
NWs of Ag and Au, which prominently display a transverse

and AR-dependent longitudinal plasmon band.[14–16] Orient-
ed, assembled arrays of Ag NWs and NRs display high sur-
face-enhanced Raman scattering (SERS),[17–19] fluorescence
enhancement,[20] and plasmonic waveguiding properties,[21,22]

for example. Semiconductor NWs and carbon-nanotube
arrays display properties useful for applications in nanoelec-
tronics,[23] optoelectronics,[24] lasing,[25] sensing,[26, 27] and sepa-
rations.[28]

The second type of study includes those that isolate and
measure the properties of individual 1D nanostructures. Ex-
cellent examples include electronic studies of individual
carbon nanotubes and Si NWs, which behave as field-effect
transistors[29–32] and electronic-based chemical or biological
sensors.[33–35] There are also studies on the photoconductive
properties of individual semiconductor NWs[36,37] and the
effect of molecular adsorption on the conductivity of indi-
vidual metallic quantum wires.[38] These studies have had an
enormous impact on nanotechnology, demonstrating the
great potential of these materials for a variety of applica-
tions.

A natural progression from single-component materials
has been towards the synthesis and design of more complex,
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multicomponent 1D nanostructures. These multicomponent
materials contain heterojunctions between various combina-
tions of metals (M), semiconductors (SC), carbon (C), and
polymers (P) having a nanoscale 1D morphology. The for-
mation of 1D heterojunctions has led to materials with
unique properties and multiple functionalities not realized
in single-component structures that are useful for a wide
range of applications. For example, the synthesis of p–n
junctions formed from SC–SC 1D heterojunctions has re-
sulted in current rectification[39] useful for logic gates, the
fabrication of nanoscale photodetectors,[40] and functional
light-emitting diodes (LEDs).[41] M–SC–M heterojunction
NWs are photoconductive and M–M segmented 1D hetero-
junctions have been used for biosensing,[42] gene delivery,[43]

separations,[44] and catalysis.[45] Other groups have synthe-
sized segmented M–M 1D heterojunctions, where the differ-
ent segments possess different functions and properties,
leading to the assembly of higher-order superstructures.[46,47]

Combining different materials into a 1D nanostructure ex-
ploits the combined benefits of the 1D morphology with the
unique function of the multicomponent heterojunction.

One of the most promising applications of 1D nano-
structures in general, as shown in some of the examples
above, has been in the area of electronics and photonics.
Their small size potentially allows for higher-density elec-
tronics, which could lead to smaller, more portable devices
or those with improved speed and performance. In addition
to the size benefit, the small size of the structures often
leads to vastly different properties compared to their bulk
or 2D counterparts due to the higher surface-to-volume
ratio of the material and quantum confinement effects.
These properties are often tunable by the nanostructure size
and offer more desirable properties for certain applications.
Heterojunctions of 1D materials offer the same size and
property benefit as single-component materials, but with the
added benefit of multifunctionality or new properties arising
from combining different materials, such as p–n junctions or
Schottky diodes. Another highly desirable property of 1D
nanoscale heterojunctions, which may be the most impor-
tant (especially for electronics), is that lattice mismatches
are often avoided when forming junctions between two dif-
ferent materials having substantially different lattice con-
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stants. With single-crystalline bulk materials, junctions
formed between materials with substantially different lattice
constants are subject to large misfit dislocations, which is
detrimental to the electronic performance of devices com-
posed of such heterojunctions. Nanowire 1D geometries,
however, offer the promise of creating junctions between
highly mismatched materials without suffering from these
dislocations. Matthews and Blakeslee[48] recently described a
critical thickness model for misfit dislocations formed in
planar heterostructures, which predicts instability in a nano-
wire heterojunction above a critical radius. The model
shows that it is possible to create perfect, dislocation-free
heterojunctions from nanowires below the critical radius,
even from materials with a large lattice-mismatch. There-
fore, one of the greatest benefits of nanowire heterojunc-
tions is that misfit dislocations are nonexistent below the
critical radius of the nanowire (depending on the lattice mis-
match). Importantly, this allows the formation of defect-free
heterojunctions from materials not possible in a larger 2D
geometry, which may lead to novel properties, enhanced
functionality, and higher performance of electronic devices.

In Sections 2–5 of this Review, we discuss various meth-
ods for synthesizing or fabricating 1D heterojunctions. Vari-
ous approaches used to synthesize single-component 1D
nanostructures are commonly used to synthesize 1D hetero-
junctions, but with slight variations in the experimental pro-
cedure. We broadly define a 1D heterojunction in this
review as a 1D nanostructure comprising more than one
material with a well-defined interface between the different
materials, where both materials in the junction have a 1D
anisotropic structure. This does not include junctions be-
tween nanoparticles and 1D nanostructures, such as ZnS
nanoparticles deposited on carbon nanotubes[49] or quantum
dots deposited on semiconductor NWs.[50] The main synthet-
ic categories fitting our definition include vapor-phase meth-
ods, solution-phase methods, template-based synthesis, and
other methods. Other methods include synthesis in super-
critical fluids, lithography, assembly, solid–solid reactions,
and electrospinning. Some of the methods involve a combi-
nation of two or more methods. These will be classified
under the method that dominates the formation of the het-
erojunction. The various approaches lead to: a) SC–SC,
b) SC–M, c) M–M, d) C–C, e) C–M, and f) C–SC hetero-
junctions, and junctions containing polymers. The C may be
in the form of carbon nanotubes, amorphous carbon, or dia-
mond. The different heterojunctions can also be classified
by the nature of the junction. Scheme 1 shows some of the
more common junctions, including segmented (also called
superlattices or end-to-end), core/shell (also called core/
sheath or coaxial), 908 or angled cross junctions (or T-junc-
tions), hyperbranched, or other multibranched (“nano-
brushes”) heterojunctions. The type of junction plays an im-
portant role in the measured property or application and is
sometimes limited by the synthetic method or the material.
For example, template-based methods are limited to form-
ing segmented or core/shell heterojunctions.

In Section 6 we summarize the field of 1D nanoscale
heterojunctions with general conclusions, limitations, future
outlook, and challenges. It is important to note that this

Review does not include 1D heterojunctions formed with
molecules. There have been some exciting developments in
the growing field of molecular electronics and molecular
wires with work published on 1D heterojunctions including
molecules. For example, M–molecule–M junctions were
formed by combining electrochemical deposition, self-as-
sembly, and electroless deposition in hard templates.[51]

However, this Review will not cover these types of exam-
ples. We also do not cover all of the numerous examples of
polymers and, for the most part, do not include examples of
junctions defined by differences in structure or morphology
within the same material. For example, Zhou et al. synthe-
sized ZnO nanoplate–nanorod junctions[52] and Mather et al.
synthesized crystalline Ge/nanocrystalline Ge core/shell
structures[53] that fit this description. We do cite some impor-
tant examples of heterojunctions in CNTs and inorganic
NWs formed by doping various segments[54–59] or assembling
cross junctions of metallic and semiconducting CNTs.[60]

This Review does not include detailed information about all
of the exciting properties and applications of 1D heterojunc-
tions because the focus is on the synthesis and fabrication.
Finally, we would like to state that we have truly done our
best to include all of the work in this fast-growing field and
apologize for any important examples of heterojunctions
that we may have overlooked.

2. Vapor-Phase Methods

2.1. Vapor–Liquid–Solid Growth and Catalyst-Supported
Techniques

2.1.1. Segmented and Branched Heterojunctions

2.1.1.1. Alternating Flow of Precursors

The vapor–liquid–solid (VLS) growth mechanism is
commonly used for forming 1D NWs of elemental, III–V,
and II–VI semiconductors as well as metal oxides. There are
several good reviews on the synthesis of 1D NWs by VLS
and other vapor-phase growth mechanisms.[1,5, 6,9, 10] VLS
growth can occur during different types of deposition meth-

Scheme 1. Different types of nanoscale 1D heterojunctions.
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ods, including pulsed-laser deposition (PLD), chemical
vapor deposition (CVD), metal–organic vapor-phase epitaxy
(MOVPE), and chemical beam epitaxy (CBE), for example.
For VLS growth to occur, the substrate must contain a
bound metal catalyst, which is typically a noble metal (i.e.,
gold or silver) or other type of transition metal (i.e., nickel
or iron). The growth process is held at elevated tempera-
ture, usually 500–1200 8C, where the metal particle melts,
forms a liquid-phase droplet, and alloys with reactant
vapors. Reactant vapors concentrate preferentially on the
catalyst droplet and, with an increasing amount of reactants
in the system, the alloy becomes supersaturated, which
leads to nucleation and anisotropic crystallization of a NW
that retains the diameter of the catalyst/reactant droplet.
For single-component NWs, this process occurs with just
one type of precursor molecule or the appropriate combina-
tion of precursors to form single-crystalline III–V or II–VI
semiconductors. To form segmented or core/shell 1D SC/SC
heterojunction NWs, two (or more) different types of pre-
cursors are introduced to the chamber in sequential fashion
or all together at once as discussed in the following Sec-
tions.

Yang and co-workers recently synthesized Si/SiGe seg-
mented NW heterojunctions grown by the VLS mechanism
where precursors were introduced in an alternating fash-
ion.[61] The experimental setup and VLS growth process is
shown schematically in Figure 1A and B, respectively. Ex-
perimentally, the reaction chamber contains a silicon sub-
strate with Au nanoparticles (catalyst) deposited on it. The
apparatus is set up to introduce reactant vapors into the
chamber by laser ablation of solid targets, as shown for Ge,
or by the supply of the vapor-phase precursors SiCl4 and H2,
as shown for Si. The growth process of the segmented Si/
SiGe NW is depicted in Figure 1B, occurring via four main
steps: 1) formation of the metal/reactant alloy from the re-
actant vapor Si(Ge) and the surface-bound metallic Au cat-
alyst (i.e., Au reacting with Si(Ge) to form the AuSi(Ge)
alloy), 2) catalytic surface nucleation of the reactant Si(Ge),

3) axial growth of the Si or SiGe segment of the NW, and
4) continuation of the process to form a NW with alternat-
ing Si and SiGe segments. The SiCl4 vapor is constantly
flowing through the chamber and laser ablation of Ge is
turned on and off to form SiGe at various segments (laser
on) of the wire with the other parts of the NW consisting of
Si only (laser off). The length of the individual Si/SiGe NW
segments corresponds to the duration of the laser pulses
and time between pulses.

Figure 1C shows a scanning transmission electron
micros ACHTUNGTRENNUNGcopy (STEM) image that clearly reveals the different
Si and SiGe segments of two representative NWs.[61] The
	100-nm-diameter NWs grew from a substrate containg a
20-nm-thick Au catalyst layer at the temperature range of
850–950 8C. The NW diameter depends on temperature and
the thickness of the catalyst layer, where a lower tempera-
ture and thinner Au layer favors smaller diameter NWs. The
high-resolution transmission electron microscopy (HRTEM)
image in Figure 1D shows that the NW is highly crystalline
and grows along the (111) direction, as confirmed by select-
ed-area electron diffraction (SAED) with the zone axis
along the [110] direction.[61] Gçsele and co-workers synthe-
sized Si/Ge NW superlattices by molecular beam epitaxy
(MBE) at lower temperatures (525 and 545 8C) to grow the
NWs on a Au-coated SiACHTUNGTRENNUNG(111) substrate, where Ge segments
grew during interuption of the Si source.[62]

Lieber and co-workers also synthesized superlattice
nanostructures using laser-assisted growth. They formed
GaAs/GaP segments on the same NW by laser ablation of
GaAs and GaP solids, respectively.[63] The NWs were
	20 nm in diameter with a length of 	3 mm. Au nanoparti-
cles on silicon served as a nucleation site, and segments
were formed by switching between targets. Figure 2A shows
a TEM image (top left) of a crystalline GaAs/GaP NW,
showing that it is difficult to distinguish between the two
segments. The other three images in Figure 2A show ele-
mental mapping of the NW. The boundary between the two
segments in the NW is clearly observed by the labeled P

and As segments. As expect-
ed, the Ga component of the
NW is evenly distriACHTUNGTRENNUNGbuted
throughout the length since
it is present in both seg-
ments. These NW hetero-
structures exhibit interesting
photoluminescent behavior
and may be useful for nano-
scale electronics. Lieber�s
group also employed local
heating of a substrate to fab-
ricate modulation-doped Si
NWs by controlling the flow
of silane in H2 gas and
switching between different
vapor concentrations of the
phosphine dopant.[58] They
produced n and n+ regions
of segmented Si NWs. They
also synthesized p-type-Si/in-

Figure 1. VLS synthesis of Si/SiGe segmented (superlattice) NWs. A) Scheme of the growth chamber and
experimental setup. B) Steps of the VLS process: 1) formation of the metal/reactant alloy, 2) catalytic
surface nucleation of the reactant, 3) axial growth of the Si (laser off) and SiGe segments (laser on), and
4) continuation of the process to form the Si/SiGe superlattice. C) STEM image of the Si/SiGe segments
of the NW. D) HRTEM image of the same NW with a SAED pattern. Reprinted with permission from
Ref. [61]. Copyright 2002, American Chemical Society.
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trinsic-Si/n-type-Si segmented NWs by VLS growth on
20 nm Au catalyst particles.[64] They formed p-Si in the pres-
ence of diborane, i-Si without any dopant, and n-Si in the
presence of phosphine. Individual NWs behaved as avalan-
che photodetectors. Tutuc et al. similarly fabricated p–n
junctions within a Ge nanowire, where a boron source was
used as a dopant to form p-type segments of the VLS grown
NWs.[59]

Samuelson and co-workers introduced precursors during
the synthesis of segmented or superlattice NWs as metal-or-
ganic species, either in CBE or MOVPE processes.[65–76] Typ-
ical precursors contain trimethylindium, t-butylarsine, and
t-butylphosphine as the In, As, and P source, respectively.
They demonstrated sequential growth from a Au catalyst
where a change in source material defines the segments
forming the heterojunctions in the NWs. Epitaxial growth
occurs on the surface of a (111)B InAs or (111) Si substrate.
Since crystallographic growth of the NWs follows the ar-
rangement of the substrate atoms, the NWs were predicted
to grow either in the [111] or [001] direction with hexagonal
or square cross sections, respectively. They also studied the
electron-transport characteristics and photoconductive prop-
erties of the heterojunctions. Figure 2B shows a TEM image
of the InP/InAs NW, where 100-nm-long InAs segments are
inserted between small InP segments.[65] Samuelson and co-
workers also reported the synthesis of GaAsP/GaP,[72,73]

InAs/GaAs,[75] and InAs/InAsP[70,74,76] segmented NWs. Sim-
ilarly, Verheijen et al. synthesized GaP/GaAs segmented
NWs by MOVPE on a SiO2 substrate.

[77]

Su et al. used an alternating flow of precursors, which in-
terestingly led to the fabrication of branched core/shell
GaN/AlN heterojunctions instead of superlattices.[78]

MCM-41 molecular sieves served as a template and In as a
catalyst. Alternating the introduction of trimethylaluminum
(TMAl) and the precursors for GaN NW growth led to the
formation of GaN/AlN core/shell structures with AlN
branches. The branched segments consisted mainly of AlN

with In at the branch tips.
The use of molecular sieves
as a template gave a uniform
30–40-nm diameter for the
GaN core, preventing coales-
cence of the In catalyst.

2.1.1.2. VLS Combined with
VLS (Two-Stage VLS)

Various processes can be
combined with the VLS
growth method to form het-
erojunctions. These usually
lead to branched junctions,
but there are examples of
segmented or end-to-end
junctions as well. In the fol-
lowing examples, VLS has
been combined with VLS in
a two-stage VLS process.

Two-stage VLS usually
leads to the growth of branched heterojunctions, often
termed “nanotrees” or “nanobrushes”. The synthesis occurs
by three steps (or two stages). The first step is the standard
VLS growth of a NW (stage 1). The second step is attach-
ment of an appropriate catalyst to the NW. The third step
(stage 2) is the VLS growth of a second NW, which grows as
a branch from the catalyst particles attached to the first
NW. The number of branches of the second type of NW de-
pends on the number of catalyst particles attached to the
first NW. Figure 3A shows GaN/InN nanobrushes grown by
a two-stage VLS procedure. Lan et al. synthesized the GaN
NW backbone first and then coated the GaN NWs with a
Au layer to serve as a catalyst for the VLS growth of InN
NWs in the second stage.[79] InMe3 and ammonia served as
precursors for the high-temperature InN NW synthesis. The
diameter of InN NWs ranged between 30–40 nm with
lengths up to a few micrometers. Figure 3B shows a
HRTEM image of the nano-heterojunction, confirming epi-
taxial growth of InN NWs on GaN NWs at the interface.
The inset of Figure 3B is the SAED pattern showing the
[100] zone axis for both GaN NWs and InN NWs.[79]

Samuelson and co-workers described a similar procedure
for the two-stage growth of GaAsP branches on GaP, as
shown in Figure 3C.[80] The first step involves the synthesis
of GaP NWs by MOVPE on a GaP (111)B substrate using
40–70 nm Au aerosol particles as a catalyst and GaMe3 and
PH3 as NW precursors. For branching, smaller Au aerosol
particles (10–40 nm) were deposited onto the GaP trunks
and GaAsP segments were formed from the GaP nanotrees,
adding AsH3 as a precursor. The GaAsP branches were
	40 nm in diameter and up to several hundreds of nano-
ACHTUNGTRENNUNGmeters long formed on several-micrometer-long GaP trunks.
The energy dispersive X-ray analysis (EDX) on various
parts of the “nanotrees” shows that the As component is
present only in the branches grown during the second stage.
This method produces heterojunctions with high control
over the density of branches either by controlling the

Figure 2. A) TEM image of a GaAs/GaP superlattice NW with elemental mapping of Ga, P, and As as
labeled. B) STEM image of an InAs/InP segmented NW. A) Reproduced with permission from Ref. [63].
B) Reprinted with permission from Ref. [65]. Copyright 2004, American Chemical Society.
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amount of catalyst particles deposited on the first NW or
the number of branching levels. This group also grew InP
branches on GaP trunks.[80]

Bae et al. synthesized various branched heterojunctions
of ZnO NRs on different materials.[81] They used thermal
CVD to grow ZnO NRs onto presynthesized CNTs, GaN,
GaP, SiC, and core/shell SiC/C 1D nanostructures grown
also by CVD on a solid substrate with appropriate catalysts.
ZnO NRs grew by the VLS mechanism from powder mix-
tures containing Zn with Ga or In serving as the catalyst.
The substrate containing the presynthesized 1D nanostruc-
tures was placed into the same boat with Zn and Ga or In
precursors and growth of ZnO NRs occurred at 500 8C.
They also introduced oxygen for ZnO formation. Figure 3D
shows branched heterojunctions of ZnO NRs grown on
CNTs.[81] The CNT backbone is completely coated with the
ZnO NRs and difficult to observe in the image. The diame-
ter of the ZnO NRs was 80 nm and the length 300 nm.

2.1.1.3. VLS Combined with Other Methods

The VLS method has also been combined with carbon-
nanotube synthesis, chemical assembly, and thermal meth-
ods to form interesting heterojunctions. Carbon nanotubes
(CNTs) are promising 1D materials for future applications
in nanoelectronics and other nanoscale devices as they can
be metallic or semiconducting, depending on their chirality,
and they are mechanically very strong. For these reasons,
carbon has been commonly incorporated into 1D hetero-
junctions as shown in the example for ZnO/CNT hetero-

junctions above. Similarily, in
the following examples, the
attachment of catalyst parti-
cles to presynthesized CNTs
and subsequent growth of
NWs on the catalyst by the
VLS mechanism leads to the
formation of CNT/SC heter-
ojunctions. For example,
Lieber and co-workers
mounted MWCNTs synthe-
sized by arc-discharge at the
end of a Pt–Ir scanning tun-
neling microscopy (STM) tip,
and formed a heterojunction
with a Si NW, as shown in
Figure 4A.[82] The FESEM
image shows the STM tip on
the left side coated with mul-
tiple CNTs. Au electrochemi-
cally deposited onto the end
of the extended nanotube
served as a catalyst for the
VLS growth of the Si NW.
The inset in Figure 4A is a
TEM image of the junction
formed, confirming that the
Si NW originates from the
CNT. Lazareck et al. similar-

ly synthesized a MWCNT/ZnO heterojunction.[83, 84] They
synthesized MWCNTs inside an aluminum oxide porous
template terminated with carboxylic acid groups through
H2SO4/HNO3 acid treatment. They attached amine-function-
alized oligonucleotides onto the carboxylic acid groups of
the CNTs through amide couACHTUNGTRENNUNGpling. Next, they attached Au
nanoparticles coated with the complementary oligonucleo-
ACHTUNGTRENNUNGtides to the CNTs through DNA hybridization. The Au par-
ticles served as a catalyst for subsequent VLS growth of
ZnO NWs to form end-to-end CNT/ZnO heterojuctions as
shown in Figure 4B.[84]

Our group recently synthesized SWCNT/GaAs NW het-
erojunctions directly on surfaces using a similar procedure.
We immobilized presynthesized SWCNTs onto amine-func-
tionalized Si/SiOx surfaces through strong chemical
SWCNT–amine interactions. Next, we attached hexanethio-
late-coated gold-monolayer-protected clusters (Au MPCs)
onto the CNTs by simply immersing the substrate contain-
ing CNTs into a toluene solution of the Au MPCs.[85] Au
MPCs are 1–2-nm-diameter clusters of Au containing a
monolayer shell of hexanethiolates around the Au core,
which renders the clusters stable and soluble in nonpolar
solvents. They selectively bind to the CNTs through hydro-
phobic interactions. The Au MPCs served as a catalyst for
subsequent VLS growth of GaAs NWs onto the SWCNTs
to produce a SWCNT/GaAs NW t-shaped heterojunction,
as shown in the SEM image of Figure 4C, where the darker
features correspond to bundles of SWCNTs and the bright
features correspond to GaAs NWs. Most of the structures
were branched because the Au MPCs tended to stick to the

Figure 3. A) FESEM image of GaN/InN nanobrushes. B) HRTEM image of the heterojunction between InN
and GaN in the nanobrushes. C) STEM image of branched GaP/GaAsP NWs with EDX elemental tracking
of As, Ga, and P along a branch. D) SEM image of ZnO NRs synthesized on a CNT support. A,B) Repro-
duced with permission from Ref. [79]. C) Reproduced with permission from Ref. [80]. D) Reprinted with
permission from Ref. [81]. Copyright 2004, American Chemical Society.
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sidewall of the SWCNTs as opposed to the ends, as was the
case in the studies of Lieber and co-workers[82] and Lazareck
and co-workers.[83,84]

A thermal vapor deposition method was employed by
Xie�s group to form In2O3-beaded SnO2 NWs.[86] With tem-
perature modulation, SnO2 NWs formed first followed by
deposition of In droplets on the NWs. The substrate was a
Si wafer containing a thin Au layer. A mixed powder of
In2O3 and graphite was placed in one boat while the SnO
powder was in the second boat. The temperature of the fur-
nace was kept at 600 8C for 30 min and then raised to 900 8C
for 20 min.

Kohno and Takeda described the synthesis of a segment-
ed heterojunction by combining VLS growth with a thermal
process.[87] They fabricated silicon/silicide/oxide NWs from
Si nanochains grown by the VLS method, which served as a
substrate for subsequent incorporation of metal into the
structure. They simultaneously heated the Si nanochains
with copper metal at 700 8C for 10 min. The Cu fused into
the center of the Si nanochains to form Cu–silicide struc-
tures along the length of the Si nanochains.

2.1.1.4. All Precursors Introduced Together

The examples discussed up to this point include those
where heterojunctions formed by alternating the precursors
during VLS growth, using two-stage VLS growth, or by
combining VLS growth with another method, such as the
synthesis of CNTs. There are a few examples where seg-
mented or superlattice heterojunctions form when all pre-
cursor materials are mixed together in one step. The ther-
mal evaporation of solid powders containing all components
of the NW can generate heterojunctions in one step. For ex-
ample, Park and co-workers simultaneously heated ZnO, In,
and Sn powders in a mixture, which resulted in the synthesis
of Sn-doped In2O3/ ACHTUNGTRENNUNG(ZnO)4 superlattice NWs on a Si surface
containing Au nanoparticles as a catalyst.[88] In Figure 5, the

high-voltage (HV) TEM clearly shows the 	2 nm Zn-O
segments repeating periodically and separated by the short-
er (<1 nm) In-O layers. These segments formed naturally
during synthesis without purposely switching between pre-
cursors as in previous examples. Similarly, Hou and co-
workers heated a solid powder mixture of ZnO, In2O3, and
Co2O3 to produce ZnO/In NW superlattices by VLS growth
on a Au-coated Si/SiO2 substrate.

[89]

2.1.2. Core/Shell Heterojunctions

1D core/shell heterojunctions have also been synthesized
by growing a core NW by VLS growth and then using other
methods to produce a shell composed of a different materi-
al. This can occur in the same reaction chamber as the VLS
process or by removing the VLS-grown NWs from the reac-
tion chamber and reacting them further under completely
different conditions and environments. Alternatively, the
core/shell structure can form by mixing all the reactant pre-
cursors together in a one-step reaction. We describe these
different approaches in the following sections.

Figure 4. A) FESEM image of a CNT/Si NW end-to-end heterojunction
formed on a Pt–Ir STM tip from a Au catalyst. B) SEM image of a
CNT/ZnO heterojunction. C) SEM image of SWCNT/GaAs 1D hetero-
junction. A) Reproduced with permission from Ref. [82], and B) repro-
duced with permission from Ref. [84].

Figure 5. HV-TEM image of In2O3/ACHTUNGTRENNUNG(ZnO)4 segmented NWs. Reprinted
with permission from Ref. [88]. Copyright 2005, American Chemical
Society.
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2.1.2.1. Alternating Precursors and Other Multistep
Processes

In order to create core/shell 1D heterojunctions within
the same reaction chamber, it is necessary to achieve con-
trol over axial and radial growth of the NW. The NW core
is synthesized from one material first by the VLS process,
where the reaction conditions are such that axial growth
occurs via reactant activation at the catalyst site and not on
the nanowire surface. Next, radial growth of a second mate-
rial is “turned on” by altering the growth kinetics through
variations in pressure, flow rate, temperature, reactant spe-
cies, or background gases. These conditions favor homoge-
neous vapor-phase deposition of the second material on the
nanowire surface of the first material, which leads to the
formation of a core/shell heterojunction. As switching of the
reactant gases during axial growth leads to the synthesis of
segmented or superlattice NWs (Section 2.1.1), switching
the reactant gas and changing the mode to radial growth
can be employed to grow core/shell and even core/multishell
1D nanostructures.

Lieber and co-workers synthesized core/shell NWs in
order to fabricate a novel nanoscale field-effect transistor
(FET) device.[90] In one example, an intrinsic silicon (i-Si)
core and p-type Si shell (p-Si) were fabricated by altering
the axial and radial growth modes during CVD. Following
the VLS i-Si core synthesis, a coaxial shell formed with di-
borane added as a p-type dopant, which also promotes shell
growth by lowering the decomposition temperature of the
silane precursor molecule. The core diameter was 	19 nm,
consistent with the size of the 20-nm Au catalyst used, and
the thickness of the shell strongly depended on the synthesis
time. Thermal treatment led to shell crystallinity. The same
procedure was used to fabricate Ge/Si core/shell NWs,
which are shown in the TEM images of Figure 6A and B.[90]

The initially amorphous p-Si shell again becomes crystalline
after thermal annealing. Other examples of core/shell or
core/multishell structures fabricated by the Lieber group in-
clude Ge/Si,[91, 92] n-GaN/InxGa1�xN/GaN/p-AlGaN/p-
GaN,[93] n-GaN/InGaN/p-GaN,[94] GaN/AlN/AlGaN,[95] and
p- or n-Ge/i-Ge[96] NWs, where again modulation of the
temperature and reactants led to the formation of the outer
shells. These nanostructures are promising materials for
nanoscale electronics and photonics. Similarly, Samuelson
and co-workers synthesized GaAs/GaxIn1�xP core/shell NWs
by formation of a GaAs core at 450 8C followed by growth
of a GaxIn1�xP shell at 600 8C.[97] They also synthesized
GaAs/AlInP core/shell NWs and studied phase segregation
and photoluminescence.[98] Lee and co-workers used a simi-
lar two-step CVD process to fabricate GaN/MnGaN[99] or
GaP/Ga2O3

[100] heterojunctions and Wu and co-workers used
a two-stage MOCVD process to form Ga2O3/TiO2

[101] or
Ga2O3/ZnO

[102] core/shell NWs. Zhang et al. synthesized
core/multishell NWs of Ge/Si/Al2O3/Al by several steps in-
volving VLS growth of single-crystal Ge NWs followed by
Si and nitride passivation by CVD, Al2O3 deposition by
atomic layer deposition (ALD), and sputter deposition of
Al.[103] These NWs were utilized in the construction of Ge
NW surround-gate field-effect transistors.

Lin et al. synthesized GaP/GaN and GaN/GaP core/shell
NWs using the VLS mechanism for the core synthesis and
the vapor–solid (VS) process for the shell formation.[104] The
GaP core was prepared on the Si wafer using an Fe catalyst,
and subsequently placed in a furnace at 950 8C under ammo-
nia gas flow to form the GaN shell. For GaN/GaP NWs, the
VLS-grown GaN cores were coated with a GaP shell after
heating at 1000 8C in the presence of gallium, gallium oxide,
and red phosphor precursors.

Carbon materials are commonly used as a shell material
for core/shell heterojunctions as well. For example, Wu and
Yang reported the synthesis of 10–100-nm-diameter Ge
NWs by VLS growth, which were then coated with carbon
by pyrolysis of organic molecules.[105,106] They studied Ge
NW melting/recrystallization, forming the Ge/CNT core/
shell structures shown in Figure 6C. The TEM image shows
two Ge NWs inside the CNT separated by a 150–200-nm
gap as a result of the NW breaking during the thermal pro-
ACHTUNGTRENNUNGcessing. Chen et al. used a similar approach to fabricate
GaN/CNT core/shell NWs by CVD of methane for the CNT
coating,[107] and Yin et al. synthesized VLS-grown InP NWs
from an In catalyst that was coated with layers of carbon by
a VS process.[108]

Zhou and co-workers grew thin shells (	10 nm) of
Fe3O4 on the outside of MgO NWs formed by the VLS
mechanism.[109,110] They used pulsed laser deposition (PLD)

Figure 6. A) Bright-field image of a Ge/Si core/shell NW. B) HRTEM
image of the Ge/Si NW after annealing. C) TEM image of Ge NWs
encapsulated within a CNT. The inset is the HRTEM image of the NW
and nanotube junction. A,B) Reproduced with permission from
Ref. [90], and C) reproduced with permission from Ref. [106].
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of Fe3O4 powder with growth speeds close to 2–3 �min�1.
The same group also synthesized MgO/LaCaMnO3, MgO/
LaSrMnO3,

[111] MgO/YBa2Cu3O6.66, MgO/La0.67Ca0.33MnO3,
and MgO/PbZr0.58Ti0.42O3

[112] core/shell heterostructures by
combining VLS core growth and PLD shell deposition. Bell
and co-workers used the same VLS/PLD method to fabri-
cate p-Si/n-CdS core/shell heterojunctions.[113] Boron doped
p-Si NW cores were grown on an oxidized silicon substrate
with the assistance of Au catalysts under the flow of SiH4

and B2H6 precursors. As prepared p-Si NWs were coated
immediately with an n-CdS shell using a PLD system.

Gçsele and co-workers employed ALD to produce uni-
form Al2O3 shells surrounding VLS-grown ZnO cores.[114]

The ZnO NWs were synthesized from zinc vapor after car-
bothermal reduction of ZnO powder precursor at 910 8C.
The usual thickness of the NWs ranged between 10–30 nm,
and the length reached up to 20 mm. The shell was synthe-
sized in the ALD chamber from Al ACHTUNGTRENNUNG(CH3)3 and H2O precur-
sors as sources of aluminum and oxygen, respectively. In
this example the shell thickness is directly proportional to
the number of precursor/purge cycles, as opposed to growth
time. After a total number of 65 cycles, the Al2O3 shell
thickness was 10.0
0.3 nm. The same group used thermal
oxidation of Si NWs under O2 flow to form Si/SiOx core/
shell structures with an oscillating diameter of the oxide
shell.[115] The first step involved growth of Si NWs on a Si-
ACHTUNGTRENNUNG(110) substrate (coated with an 8-nm Au layer) from a SiO
precursor at an evaporation temperature of 1050 8C. Once
the NW growth was complete the oxide layer formed on the
Si NWs was removed by chemical etching in HF solution.
Subsequent high-temperature treatment at 1000 8C with an
O2 flow led to the formation of an oscillating SiO2 shell on
the Si NW cores. The average NW diameter ranged from 60
to 90 nm and the length was on the order of micrometers.

2.1.2.2. All Precursors Introduced Together

Most methods for forming 1D core/shell heterojunctions
by VLS require a second step to produce a shell over the
VLS-grown core wire. However, there are VLS methods
where all the precursors for the core and the shell are intro-
duced to the growth chamber at the same time. This one-
step VLS process is used to produce the core and shell si-
multaneously, which occurs due to differences in the reactiv-
ity of the core and shell material. An excellent example is
the work of Hsu and Lu for the fabrication of CdS/ZnS
core/shell heterojunctions.[116] They fed CdS (CdACHTUNGTRENNUNG(S2CN-
ACHTUNGTRENNUNG(C3H7)2)2 denoted as Cd33) and ZnS ([ZnACHTUNGTRENNUNG(S2CNBu2)2]2 de-
noted as Zn44) precursors into the system simultaneously.
Cd33 decomposes at the catalyst first since it is of higher re-
activity than Zn44, leading to growth of the CdS core via
the VLS mechanism. The CdS core subsequently serves as a
catalyst for thermal decomposition of Zn44, resulting in the
core/shell heterojunctions. Hsu et al. used a similar proce-
dure, introducing all precursors in a single step, to synthe-
size CdS/ZnS and Cd1�xZnxS/ZnS coaxial heterojunc-
tions.[117] Heo et al. synthesized ZnO/ ACHTUNGTRENNUNG(Mg,Zn)O radial NWs
spontaneously, where the core grows by the VLS mechanism
and the composition is determined by bulk solid solubili-

ty.[118,119] The (Mg, Zn)O shell grows as a heteroepitaxial
layer. Jang et al. used a one-step thermal CVD reaction of
GaP, B2O3, and NH3 to synthesize GaN/BN core/shell nano-
cables.[120] Gwo and co-workers fabricated In/GaN core/shell
NWs on a substrate containing Au catalyst by a single evap-
oration step.[121] Lee and co-workers synthesized Ge/SiOx

coaxial nanocables by an oxide-assisted self-catalyzed VLS
process.[122] A reaction occurs within the droplet of GeO4/
SiO2 to form the SiOx shell while the core consists of Ge.
Other examples of single-step syntheses include core/shell
heterojunctions of GaN/BN NRs,[123] linear or helical SiC/
SiOx NWs,[124–126] ZnS/SiO2 NWs (ZnS wrapped in high-den-
sity SiO2),

[127] and GaP/C and GaP/SiOx/C nanocables.[128]

Seo et al. synthesized GaN NWs coated with boron
carbo ACHTUNGTRENNUNGnitride (BCN) layers when Ga, Ga2O3, CNTs, B2O3,
and NH3 precursors were introduced into the reaction
chamber at the same time.[129] The high-temperature proc-
essing led to the formation of the Ga core that grew by the
VLS mechanism on the Fe catalyst, coated with BCN layers.
Wang et al. fabricated Cu/SiO2�x NWs by encapsulating Cu
nanoparticles inside the SiO2�x NW.[130] The procedure in-
volved simultaneous heating of the precursor powder mix-
ture of SiO and CuO. Under the presence of H2 in the at-
mosphere the environment is suitable for reducing the CuO
to Cu particles and formation of SiO2�x NW/Cu NP hetero-
structures. Wu et al. reported a VLS process to form B NWs
on a substrate containing Au catalyst.[131] The diameter
ranged from 30 to 500 nm and the length reached hundreds
of micrometers. Evaporation of SiOx during B NW growth
led to beadlike B/SiOx heterojunctions. The VLS growth
mechanism was also proposed for the core in SiC/BN or
Si3N4/BN core/shell NWs synthesized by Tang and co-work-
ers.[132,133] The heterostructures were synthesized on Ni-sup-
ported highly ordered pyrolytic graphite (HOPG) and Ni–
BN substrates from B and SiO2 precursors either under the
flow of nitrogen and argon for HOPG or ammonia and
argon for the BN substrate. Zhou et al. synthesized b-SiC/
SiOx by a one-step procedure.[134,135] A tablet of silicon and
graphite powders was reacted with atomic hydrogen activat-
ed at 2200 8C, leading to the formation of SiHx and CHx pre-
cursors. The b-SiC NWs formed by the VLS process where
metallic particle impurities served as the catalyst. The SiC
NWs were coated with an amorphous 	1–2-nm-thick SiOx

shell.

2.2. Vapor–Solid (VS) and Catalyst-Free Growth
Mechanisms

There are a large number of reports of heterojunctions
synthesized without using any catalyst to promote the
growth of nanostructures. The growth mechanism is often
classified as a vapor–solid (VS) process, but usually is not
well understood. We will review heterojunctions formed by
the VS method and other growth procedures not requiring a
catalyst in the next sections. The sections are divided by the
structures formed, including segmented, core/shell, or
branched heterojunctions. We also divided the sections into
those using an alternating flow of precursors or reaction
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conditions, those using a combination of techniques, and
those where all of the reactants are combined together. It is
important to note that even in examples where all of the re-
actants are combined, multiple reaction steps may occur to
form the heterojunction.

2.2.1. Segmented Heterojunctions

2.2.1.1. Alternating Flow of Precursors

Chung and co-workers fabricated segmented GaN nano-
wire p–n junctions via hydride vapor-phase epitaxy (HVPE)
using an alternating flow of precursors to form the different
segments.[136] A GaCl precursor was produced via the reac-
tion of HCl gas and Ga metal and mixed with NH3 to grow
GaN at 478 8C. The n-type segment of the NW forms during
the nitrogen flow while the p-doped region grows by intro-
ducing Cp2Mg to the growth chamber. The 	3-mm-long p–n
GaN NWs are promising for use as diodes in electronic and
photonic devices.

2.2.1.2. All Precursors Combined Together

Golberg and co-workers used thermal evaporation of a
mixture of precursor powders to fabricate Ga/ZnS segment-
ed nanowires encapsulated within a silica tube, as shown in
Figure 7.[137] A mixture of ZnS, Ga2O3, and SiO powders

was heated at 1400–1500 8C. Even though all of the precur-
sors are mixed together, they proposed two stages of
growth, where silica tubes formed first by oxide-assisted
growth and served as templates for the following NW
heteroACHTUNGTRENNUNGjunction synthesis. An increase in temperature allows
for the deposition of Ga/ZnS solution inside the tube, and
after supersaturation, ZnS precipitates to form a separate
segment of the NW. The typical diameter of the Ga/ZnS
heteroACHTUNGTRENNUNGjunction ranges between 150–250 nm and the thick-
ness of the silica tube is 4–8 nm. Other heterojunctions syn-
thesized by the same group include ZnS-sheathed Zn/Cd
NWs formed in a one-step thermal process.[138] Rapid heat-
ing of a ZnS and CdS powder mixture to 1200 8C led to the
formation of 30–70-nm-diameter Zn/Cd segmented NWs en-
capsulated with a few-nanometers-thick ZnS shell on the
walls of the quartz tube. The same group also used thermal
evaporation of a solid mixture of In and SiO precursors to
prepare In/Si segemented NWs sheathed with amorphous

silica.[139] The Si NWs sheathed with silica grow by oxide-as-
sisted growth, while silica nanotubes grow in the opposite
direction at the junction between the Si NWs and In drop-
lets. Vapor-phase In is drawn into the silica nanotubes and
condenses to form the final In/Si segmented junctions
sheathed with amorphous silica. Wang et al. synthesized
bundles or brushlike arrays of Si/SiOx nanostructures
formed by pyrolysis of a Si and SiOx powder mixture.[140]

2.2.2. Core/Shell Heterojunctions

2.2.2.1. Alternating Reaction Precursors or Conditions

Fukui and co-workers synthesized various core/shell het-
erojunctions by selective-area (SA)-MOVPE, where the
precursors were introduced in an alternating fashion.[141–144]

For example, they synthesized GaAs/AlGaAs[143,144] hexago-
nal pillars and InP/InAs[142] core/shell structures in this
manner. In the case of InP/InAs, they grew the InP core
first at 635 8C from trimethylindium (TMI) and tertiary-
ACHTUNGTRENNUNGbutylphosphine (TBP) precursors followed by growth of the
shell from TMI and AsH3 precursors at 400 8C. They used a
similar method to prepare InP/InAs/InP core/multishell het-
erojunctions on a hexagonally patterned surface.[141] In this
case they formed the InP/InAs core/shell structure as previ-
ously described and then added another InP shell by con-
trolling the growth temperature (600 8C) as well as the parti-
al pressure of the TBP precursor. Figure 8A shows an SEM
image of the highly aligned core/multishell NW arrays.[141]

The shape of the pattern from the substrate was transferred
to the grown nanostructures, which have a hexagonal cross
section as shown for the individual NW in Figure 8B. Addi-
tionally, this image reveals the composition of the NW with
well-defined regions of the InP core and InAs/InP shells.
The length of this core/multishell heterostructure was
2.5 mm and the diameter of the InP core was 70 nm, while
the thickness of the InAs and InP shell was 5 nm and
30 nm, respectively. Yi and co-workers also used MOVPE
and alternating reaction conditions to fabricate ZnO/
Mg0.2Zn0.8O

[145,146] and ZnO/GaN[147] core/shell structures.
Zhan and co-workers heated a powder mixture of SiO

and ZnS or SiO and ZnSe to 1300 8C for 1 h and then to
1600 8C or 1500 8C for 1.5 h to form 60–120-nm-diameter Si/
ZnS biaxial and ZnS/Si/ZnS triaxial NWs or 40–90-nm-di-
ameter Si/ZnSe biaxial NWs through a two-stage thermal-
evaporation process.[148] The NWs were several micrometers
in length. Chen and co-workers used a two-step procedure
to form ZnO/ZnGa2O4 core/shell heterojunctions.[149] The
ZnO NWs, formed by a thermal vapor deposition process,
served as templates for the shell deposition. The Ga2O3 and
graphite powders (shell precursors) were placed in a zone of
the furnace held at 1000 8C, while the ZnO NWs were
placed downstream. The deposition temperature was 600–
900 8C. Similarly, Hu et al. synthesized ZnS/Si core/shell
NWs.[150] They synthesized ZnS NWs first by heating ZnS
powder at 1200 8C and used these NWs as a template for
the growth of the Si shell, which formed after heating SiO
powder at 1450 8C for 1 h. Zhu et al. reported ZnS nano-
structures coated with a BN layer.[151] The ZnS twinned-

Figure 7. TEM image of a Ga/ZnS segmented NW within a silica shell.
Reproduced with permission from Ref. [137].
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crystal whiskers were prepared first by heating the ZnS
powder at 1200 8C under N2, and then reheated again with
B/N/O vapors under N2/NH3 flow. Zheng and co-workers
synthesized tetrapod ZnO NRs coated with a SnO2 sheath
by a two-step procedure involving the initial formation of
ZnO nanostructures through heating of a zinc powder at
800 8C, and subsequent reheating to 770 8C with the intro-
duction of a SnH4/N2 mixture to form the final ZnO/SnO2

core/shell heterojunctions.[152]

Yin et al. reported the synthesis of several-micrometer-
long cubic aluminum nitride/boron nitride (c-AlN/BN) co-
axial nanotubes by the VS method.[153] The AlCl3 and B/N/
O precursors were heated in the furnace under Ar flow.
When the temperature reached 950 8C, they introduced a
flow of NH3/N2 only and raised the temperature to 1200 8C
for 1.2 h. The temperature was then increased further to
1600 8C. AlN nanotubes grow first at the lower temperature
followed by the BN shell, which forms at higher tempera-
tures. The outer diameter of the heterojunctions was
	50 nm with a wall thickness of about 15 nm and a BN
coating of 2–3 nm. Golberg and co-workers synthesized ZnS
or Si/SiO2 NWs sheathed with BN coatings.[154] For the
latter, SiO precursors were placed above B/N/O precursors.
Heating at 1200 8C led to the formation of Si/SiO2 NWs and
changing to 1600 8C and a flow of N2/NH3 led to growth of
the BN coating. ZnS/BN core/shell NWs were prepared sim-
ilarly. Alternatively, the Si/SiO2 or ZnS NWs were prepared
first and then subsequently coated with BN. More recently,
the same group synthesized BN nanosheets protruding form

Si3N4 NWs by placing a BN crucible containing Si powder
above a crucible containing the B/N/O precursor and B2O3

powder in a graphite susceptor, which was heated at 1500 8C
in N2 and 1750 8C in N2/NH3 to form the Si3N4 NWs and BN
sheets, respectively.[155]

Golberg and co-workers used a VS route in a CVD
system to produce Mg2Zn11/MgO beltlike nanocables by
heating Mg and ZnO powders.[156] The ZnO and Mg pow-
ders were heated to temperatures of 1300–1400 8C and 800–
900 8C, respectively. The Mg2Zn11/MgO nanocables were col-
lected from the graphite surface inside the furnace. The
cables were typically 30–150 nm wide and tens of microme-
ters in length. Another example is the synthesis of Zn/ZnO
core/shell heterostructures by thermal reduction of ZnO
with H2 to form the Zn core and thermal annealing to form
the ZnO shell.[157]

2.2.2.2. All Precursors Mixed Together

Li and co-workers used thermal evaporation to fabricate
ZnSe nanopeas filled inside SiO2 nanotubes by a one-step
thermochemical method.[158] Two separate mixtures of pre-
cursor powders containing Se with Zn and Si with SiO2

were placed in the furnace and heated to 1300 8C for 2 h
under Ar flow. The products were collected on a Si wafer.
The core/shell structure was 	80 nm in diameter and tens
of micrometers in length. The nanotube wall was about 20–
25 nm thick and ZnSe-formed nanodots or short rods were
observed inside the nanotube. Hsu et al. synthesized ZnO/
ZnGa2O4 NWs by heating the precursor mixture of Zn
metal and Ga powder at 600 8C for 1 h.[159]

Peng and co-workers synthesized core/shell structures
from precursors placed in different temperature zones.[160] In
this example, they synthesized CdSe-filled silica nanotubes
by loading Si and SiO2 powders in the center of a furnace,
with Cd and Se precursors upstream and the collection sub-
strate downstream. The furnace was set to 1200 8C, which
caused the Si and SiO2 powders to be at 1200 8C, the Cd and
Se to be at 900 8C, and the substrate (where CdSe/silica het-
erostructrues were collected) at 1100 8C. In another exam-
ple, Hu et al. synthesized partially Ga-filled Ga2O3/ZnO
core/shell coaxial nanotubes by simultaneously heating
Ga2O3 and ZnO precursors at 1350 8C for 2 h.[161] The core/
shell nanostructures were tens of micrometers long and
150 nm in diameter with a shell-wall thickness of 40 nm and
an inner core of 	80 nm. Uemura and co-workers fabricat-
ed InS/SiO2 core/shell NWs 30–200 nm in diameter and tens
of micrometers in length by a one-step physical vapor-depo-
sition process.[162] InS and silicon powders were heated to
900–1000 8C for 1 h and the product collected from the wall
of the alumina crucible. Teo et al. prepared Si/SiO2 core/
shell NWs on a zeolite template where the diameter of the
Si core varied between 1–5 nm and the SiO2 shell was about
20–40-nm thick.[163] The SiO powder was used as a precursor
and heated gradually to 1250 8C and held at this tempera-
ture for 1 h. The product was collected from the zeolite sub-
strate. During this procedure they also fabricated silicon
nanotubes filled with amorphous silica and biaxial silicon/
silica NWs. Wang et al. synthesized ZnSe/Si bi-coaxial NWs

Figure 8. A) SEM image of aligned InP/InAs/InP core/shell/shell NWs.
B) SEM image of the cross section of an InP/InAs/InP NW showing
hexagonal shape and composition. Reprinted with permission from
Ref. [141]. Copyright 2006, American Institute of Physics.
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that were 80–100 nm in diameter and tens of micrometers
long by thermal evaporation of a ZnSe powder at 1250 8C
for 2 h under Ar/H2 flow (5% H2).

[164] Li and Wang report-
ed a single-step thermal evaporation to form single-crystal-
line Si/CdSe nanocables.[165] The CdSe was heated to
1200 8C for 2 h and the product collected at a silicon wafer
coated with a thin oxide layer.

Thermal evaporation of a MoSi2 precursor led to the for-
mation of 	100-nm-diameter Si/SiOx core/shell NWs, which
were several micrometers long.[166] Li and Jiao produced
Au/Si junctions in Si/SiOx core/shell NWs by filling Au into
the voids between the Si core and the SiOx shell.

[167] Smash-
ed Si wafers were used as precursors and alumina (0001)
with a thin Au film as a substrate. Subsequently, the furnace
was heated at 1300 8C for 2–4 h under an Ar/H2 flow (10%
H2).

Other examples include CaF2/a-C and MgF2/a-C core/
shell NWs (a-C=amorphous carbon) reported by Chiu and
co-workers.[168] The precursors, which include CaC2 and
Mg2N3, were reacted with C6F6 at elevated temperatures to
produce CaC2/a-C and Mg2F2/a-C, respectively. Wang and
co-workers synthesized Zn/ZnO core/shell nanobelts and
nanotubes by evaporating ZnO powder at 1350 8C and intro-
ducing an Ar flow for 30 min.[169,170] The products were col-
lected at a silicon substrate placed in the 200–400 8C temper-
ature region. Kang and co-workers fabricated Zn/ZnSiO4

nanocables by vapor-phase oxidation of Zn powder.[171] The
Zn powder was heated up to 1100 8C at a rate of 15 8Cmin�1

under N2 flow and the product collected at a Si substrate.
The nanocables were 	100 nm in diameter with a 	25-nm-
thick shell.

2.2.2.3. Combined Techniques

Catalyst-free vapor methods can be combined with
other methods to grow various heterojunctions. Solution-
based systems are commonly used as the second technique.
Jiang et al. used this setup to prepare FeCoNi/SiOx core/
shell NWs.[172] First, SiOx NWs were synthesized by heating
a mixture of Si and SiO2 powder and collecting the product
on an Al2O3 substrate. Then, the Al2O3 substrate containing
SiOx NWs was placed in a solution of FeCoNi vitriol. Con-
tinued growth of SiOx on the Al2O3 substrate led to NWs
with a crystalline metallic FeCoNi alloy core (	20 nm in di-
ameter) surrounded by a double-layer amorphous SiOx

shell. The typical diameter of these heterojunctions was
about 20 nm for the FeCoNi core, 50 nm for the inner shell,
and 90 nm for the outer SiOx shell layer. Similarly, a combi-
nation of vapor and solution techniques was employed by
Fan and co-workers to fabricate ZnO/ZnS core/shell
NWs.[173] ZnO NWs were initially synthesized by a vapor-
phase transport process and then coated with ZnS by solu-
tion self-assembly. The first solution contained Na2S and the
second contained Zn ACHTUNGTRENNUNG(NO3)2 where the NWs were soaked
for 2 h at 60 8C. The ZnO/ZnS heterojunctions were
	100 nm in diameter and 	3 mm long. Zheng and co-work-
ers fabricated Se/Ag2Se nanocables;[174] they modified Se
NRs, synthesized via laser ablation of a Se powder, by im-
mersing them in a AgNO3 solution. The diameter of the Se/

Ag2Se nanocables was 	20 nm for the core and 	33 nm for
the shell. Zettl and co-workers formed KI/BN, KCl/BN, and
KBr/BN core/shell heterostructures by filling in BN nano-
tubes (formed by substitution of C atoms in a boron oxide/
nitrogen vapor-phase reaction) with potassium halide crys-
tals from solution by capillary action.[175] Yang et al. de-
scribed another example of combining noncatalyst vapor
methods with solution methods in the formation of Cu2S/X
core/shell NW heterojunctions (X=nanoparticles of CdS,
Au, or polypyrrole).[176] Cu2S NW arrays were fabricated
first by subjecting a Cu foil to a flow of O2 and H2S for
10 h. The Cu2S NWs were subsequently coated chemically
with nanoparticles of CdS, Au, or polypyrrole. The Cu2S
NWs were 60–100 nm thick and several micrometers long,
while the sheath was 20–50 nm thick.

2.2.3. Branched Heterojunctions

There are not many reports of branched heterojunctions
by noncatalyst methods. One example is the sawlike nano-
structures synthesized by Shen et al. in a two-step VS
growth process, where a ZnO nanobelt was synthesized first
and ZnS NWs were grown on the nanobelts.[177] Zn and SnS
powders were placed in two different zones of the furnace
and heated to 550 8C in 20 min. Subsequently the tempera-
ture of the SnS precursor was ramped up to 1100 8C while
the Zn powder was held at 550 8C for 30 min. This resulted
in the formation of an interesting saw-shape morphology as
shown in Figure 9. The surface of the ZnO nanobelt remains
chemically active to facilitate the formation of ZnS NWs
during the second step of the synthesis. Typically the diame-
ter of the saw was about 100 nm and the length reached
hundreds of micrometers.

2.3. Carbon-Containing Heterojunctions

We have already described heterojunctions containing
carbon involving VLS growth where 1) a NW is synthesized
by VLS and then a carbon shell is deposited onto it to form

Figure 9. TEM image of a sawlike heterojunciton of ZnS NWs grown
on a ZnO belt. Reprinted with permission from Ref. [177]. Copyright
2006, American Chemical Society.
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a core/shell heterojunction or 2) a CNT is first synthesized
and a NW grown from a catalyst bound to the CNT by VLS
to form a segmented or branched heterojunction. In this
section, we describe other types of segmented or core/shell
heterojunctions containing carbon species such as CNTs,
SiC, CNx, amorphous carbon, or diamond synthesized
mostly by multi-step procedures.

2.3.1. Segmented Heterojunctions

Golberg and co-workers prepared segmented SiC/CNT
nanochains after thermal treatment of SiC/SiO2/CNT core/
shell nanocables.[178] Thermal evaporation of SiO and Fe
powders under a CH4 atmosphere led to the formation of
SiC/SiO2/CNT nanocables with diameters between 20–
50 nm and lengths of several micrometers. High-tempera-
ture annealing in vacuum transformed the nanocables into
SiC/CNT end-to-end nanochains. Wu and co-workers report-
ed the synthesis of segmented CNx/CNT heterojunctions by
CVD through pyrolysis of a mixture of ferrocene and mela-
mine.[179, 180] Similarly, Hu et al. fabricated CNx/C nanotube
junctions by pyrolysis of iron phthalocyanine, where C seg-
ments were obtained with an H2 flow only and CNx with an
NH3 carrier gas.

[181] The diameter ranged between 30–60 nm
and the length reached tens of micrometers. Ma and Wang
synthesized segmented heterojunctions between CNx nano-
tubes and CNTs by a two-step microwave plasma-assisted
CVD process using an Fe catalyst, where N2/CH4 and H2/
CH4 gaseous mixtures formed the CNx and CNTs, respec-
tively.[182] Cassel et al. prepared end-to-end junctions consist-
ing of vertical connections between two MWCNTs by a
two-step process.[183] In the first step, they grew vertically
aligned CNTs and embedded them into an SiO2 matrix. In
the second step, they electroplated Ni on the end of the first
CNTs and grew the second segment of CNTs by a plasma-
enhanced CVD process. Multiple segments could be formed
by repeating the procedure. The first generation of CNTs
was about 50 nm in diameter and the second was also
	50 nm at the junction point but became thinner towards
the end. The average length was about 1 mm. Also, Liu et al.
synthesized CNT/ZnO heterojunction arrays by pyrolysis of
C2H2 on a zinc foil at 850 8C under combined Ar and H2

flow passed through a water bubbler.[184] Zn served as the
source of ZnO and catalyst for CNT growth by the tip-
growth mechanism while the water enhanced CNT growth
and promoted ZnO formation. Post-synthesis annealing of
the sample under Ar passed through the water bubbler led
to increased growth of the ZnO structures formed at the tip
of the CNTs.[184] The flow rate of Ar during synthesis con-
trolled the formation of ZnO nanoparticles or ZnO nano-
rods, with the latter occurring at higher flow rates.

2.3.2. Core/Shell Heterojunctions

The synthesis of core/shell heterojunctions with carbon
usually involves either 1) filling a carbon nanotube with
some material, 2) coating a carbon nanotube with some ma-
terial, or 3) coating a 1D material with a carbon shell. There
are also examples of carbon-containing materials in the core

or shell by various methods. In the first example, Chan et al.
fabricated multi-walled carbon nanotubes (MWCNTs) filled
with Pd using a microwave plasma-enhanced CVD system
in a two-step process.[185] A Pd film was activated by a H2

plasma and then methane and H2 were introduced into the
reaction chamber, resulting in core/shell Pd-filled CNTs
with some void spaces between the Pd regions.

Examples of the second procedure include heterojunc-
tions of MWCNT/maghemite composites made by Zhang
and co-workers.[186] MWCNTs, made by catalytic decomposi-
tion of methane, were coated with iron oxides using high-
temperature decomposition of ferrocene. Also, Strongin and
co-workers synthesized MWCNTs or BNTs by arc-discharge
and a CNT substitution reaction, respectively, and coated
them with amorphous Ge that crystallized at elevated tem-
perature to form MWCNT/Ge and BNT/Ge core/shell struc-
tures.[187] The thickness of the Ge coating was typically 4 nm
for CNTs and 2 nm for BNTs. Duan and co-workers report-
ed CNT/SiOx core/shell structures where CVD-grown
MWCNTs on a silicon wafer were used as substrates.[188]

The sample was loaded into a PECVD chamber and heated
to 700 8C in the presence of hydrogen. Zhang and Dai syn-
thesized SWCNT/M (where M=Au, Pd, Fe, Al, and Pb) by
using CVD to grow suspended SWCNTs over holes on a
TEM grid and depositing the appropriate metal on the
tubes by electron-beam evaporation.[189] The procedure re-
quires deposition of a 1-nm titanium layer on the SWCNTs
for forming continuous metal wires.

Carbon also serves as a coating material by various
methods. For example, Cao et al. formed Au NWs coated
with an amorphous carbon shell using a plasma-assisted
method.[190] They coated template-synthesized Au NWs dis-
persed in a radio-frequency Ar plasma with a C shell using
isopropanol as a carbon source. Sun et al. used a hydrogen
plasma to transform CNTs into diamond NRs.[191] The final
product consisted of diamond NRs coated with an amor-
phous carbon sheath. The typical diameter of the diamond
NRs ranged between 4–8 nm and their length reached sever-
al hundreds of nanometers. Golberg and co-workers fabri-
cated C/AlN/C coaxial nanotubes via substitution and car-
bonitridation processes where the C atoms of CNTs were
replaced by AlN components.[192] The MWCNTs were
mixed with Al2O3 powder and heated at 1600 8C for 1 h
under Ar flow and another hour under NH3 flow. The prod-
uct consisted of AlN nanotubes with inner and outer layers
coated with carbon. The thickness of the carbon coating was
2–2.5 nm, the tube-wall thickness was about 13 nm, and the
total diameter ranged between 50–55 nm. Chen et al. used a
CVD system to remove Si from SiC whiskers and fabricate
SiC/C core/shell heterojunctions.[193] SiC whiskers were
heated to an appropriate temperature before introducing
the Cl2:H2 extraction mixture.

There are a few other examples of heterojunctions in-
volving carbon-containing materials in the core, such as SiC/
BN[194] and SiC/SiOx

[195] heterojunctions. In the former, SiC/
BN core/shell structures were synthesized by mixing Si and
In2O3 in a BN crucible and heating to 1600 8C in the pres-
ence of CH4 gas. The 30–60-nm-thick SiC core was coated
with 8–15-nm-thick BN nanotubes in this single-step pro-
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cess. Interestingly, a 10–15-nm gap existed between the core
and the sheath. The decomposition of SiO onto MWCNT
templates resulted in the formation of biaxial SiC/SiOx NWs
as reported by Sun et al.[195] Wang et al. synthesized the
same SiC/SiOx biaxial NWs by reacting amorphous SiO with
carbon/graphite at 1500 8C.[196]

3. Solution-Phase Methods

3.1. Chemical Methods

In this section we describe chemical methods in the solu-
tion phase or methods combining solution-phase synthesis
with some other technique, such as CNT synthesis or VLS
growth. The chemical methods may involve the crystalliza-
tion of solution-phase precursors through spontaneous oxi-
dation/reduction or other chemical reactions either at room
temperature or elevated temperatures. This usually occurs
in the presence of a stabilizing ligand, polymer, or surfac-
tant. Some of the examples in this section involve chemical
formation of a thin film from the solution phase onto a 1D
nanostructure synthesized in solution or by some other tech-
nique.

3.1.1. Branched and Segmented Heterojunctions

3.1.1.1. Alternating Solution Precursors

Alivisatos and co-workers chemically synthesized seg-
mented and branched heterojunctions containing CdSe,
CdS, or CdTe in the solution phase using Cd oxide com-
plexed with alkylphosphonic acids as a cation precursor and
Se, S, or Te dissolved in a tri(n-alkylphosphine) as anion
precursors.[197] They synthesized CdS/CdSe segmented rods,
CdS/CdTe branched rods, CdSe/CdTe branched rods, CdSe/
CdTe segmented tetrapods, or CdSe/CdTe branched tetra-
pods as illustrated in Scheme 2. The procedure involves
growth of a NR or tetrahedral particle of either CdS or
CdSe for the first generation. Growth of the second-genera-
tion material (CdSe or CdTe) onto the first-generation NR
or tetrahedral particle leads to four different possible heter-
ostructures. The NRs and arms of the tetrahedral particle

may simply extend in length to form a second segment of
material when the precursor anion is switched during syn-
thesis. This corresponds to the synthesis of segmented rods
and segmented tetrapods as shown in Scheme 2. Alterna-
tively, if the second precursor anion is introduced at super-
saturation, branching of the first-generation structure occurs
to produce the branched rod and branched tetrapod struc-
tures in Scheme 2. These four possible heterojunctions can
be synthesized either by 1) using an excess of Cd in the first
generation and then just simply switching the precursor
anion from the first to the second generation of growth, or
2) by synthesizing the first-generation structure, isolating it,
and then growing the second generation in a separate reac-
tion solution. Using precursors with different surface ener-
gies promotes end growth to form segmented structures in-
stead of core/shell structures. At supersaturation, branching
occurs by nucleation in the zinc blende phase, whereas a
low concentration of precursor favors linear anisotropic
growth of the wurtzite stucture.[197] Figure 10 shows a TEM

image of a CdSe/CdTe branched tetrapod synthesized in this
manner by Alivisatos and co-workers.[197] The diameter of
the CdSe tetrapods and CdTe extensions was 	3 nm and
the arms were tens of nanometers in length. Peng et al. also
fabricated CdSe/CdTe branched tetrapods, where CdSe rods
were used as a starting material and subsequently branched
with CdTe.[198] The length of the CdSe rods was 49.76

9.51 nm and the diameter 6.36
0.93 nm. After branching
with CdTe the diameter remains largely unchanged but the
length of the arms increased to 86.35
9.22 nm.[198]

Yang and Zeng chemically synthesized various hetero-
junctions, including TiO2/H2Ti5O11·H2O, ZnO/H2Ti5O11·H2O,
ZnO/TiO2/H2Ti5O11·H2O, and ZnO/TiO2.

[199] The step-by-
step reaction of TiO2/H2Ti5O11·H2O nanobelts formed in the
first stage led to the formation of different flowerlike, fish-
bone-like, or multipode nanostructures on the surface of the
nanobelts.

Scheme 2. Solution method for forming nanoscale segmented or
branched NRs and tetrapods containing CdS, CdSe, and CdTe seg-
ments. Reprinted with permission from Ref. [197].

Figure 10. TEM image of CdSe tetrapods branched with CdTe seg-
ments. Reproduced with permission from Ref. [197].

736 www.small-journal.com � 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim small 2007, 3, No. 5, 722 – 756

reviews F. P. Zamborini et al.

Reference No 91

412



3.1.1.2. Combination of
Methods

Our group recently re-
ported the synthesis of
branched heterojunctions by
combining SWCNT synthesis
and assembly with the chemi-
cal synthesis of 1D Au NRs
by seed-mediated growth.
The seed-mediated growth of
Au and Ag NRs or NWs was
recently developed by
Murphy and co-workers[15,16]

and also studied by the
groups of El-Sayed[14] and
Mulvaney,[8] our-
selves,[85, 200–203] and
others.[204–206] In general, the
synthesis of Au NRs occurs
by adding presynthesized 3–
5-nm gold-nanoparticle (Au
NP) seeds into a solution
containing cetyltrimethylam-
monium bromide (CTAB),
AuCl4

� ions, and ascorbic
acid. This leads to the aniso-
tropic growth of Au nanopar-
ticles into NRs or NWs by
electroless deposition of Au
onto the seed particles. The
seed/AuCl4

� ratio controls
the aspect ratio of the NRs
and NWs. The yield of 1D
structures is usually about
10%, but this has been im-
proved synthetically or the
NRs/NWs are purified to prepare samples >90% pure. It is
believed that preferential blocking of certain crystal planes
of the Au NP seeds by CTAB promotes the anisotropic
growth of nanorods[206–209] and preferential growth on the
NR ends due to enhanced electric fields may also play a
role.[8]

We synthesized SWCNT/Au NR heterojunctions directly
on Si/SiOx surfaces by the seed-mediated growth of Au NRs
from Au nanoparticle seeds attached to surface-bound
SWCNTs.[85] A scheme of the procedure along with the cor-
responding SEM images are displayed in Figure 11A and B.
In the first step, SWCNTs were deposited onto an amine-
functionalized Si/SiOx substrate based on the well-known af-
finity of CNTs for NH2 groups. The second step required
depositon of Au seed particles selectively onto the
SWCNTs. Immersion of the substrate into a solution of hex-
anthiolate-coated Au-monolayer-protected clusters (MPCs),
which are hydrophobic and soluble in toluene, led to selec-
tive deposition of Au MPCs onto the SWCNTs.[85] SEM
imaging and UV/Vis spectroscopy confirmed the selective
deposition, which is presumably through hydrophobic inter-
actions. The seed-mediated growth of the Au MPCs bound

to SWCNTs on the surface led to the formation of SWCNT/
Au NR heterojunctions assembled on surfaces. Figure 11B
shows an AFM image of SWCNT bundles immobilized on
the Si/SiOx substrate (top image), and an SEM image of a
heterojunction formed between two bundles of SWCNTs
and one Au NR (bottom image). The SWCNTs were typi-
cally several micrometers in length while the Au NRs were
600–900 nm in length.

Our group also synthesized GaAs/Au NR heterojunc-
tions by combining VLS growth of GaAs NWs and seed-
mediated growth of Au NRs on surfaces. In this case, cit-
rate-stabilized Au nanoparticles bound to the thiol groups
of a Si/SiOx surface modified with mercaptopropyltrime-
thoxysilane served as catalysts for the CVD growth of
GaAs NWs by the VLS process directly on the surface. The
Au catalyst remains at the end of the synthesized GaAs
NWs, which we used as seeds for the subsequent growth of
Au NRs by seed-mediated growth. This procedure led to
the formation of GaAs/Au NR branched heterojunctions as-
sembled directly on the surface. Figure 11C and D show
SEM images of the heterojunctions.

Figure 11. Seeded growth of Au NRs on SWCNTs: A) Schematic of the experimental procedure. B) AFM
image of SWCNTs on a Si/SiOx surface only, and SEM image after growth of Au NRs on SWCNTs.
C,D) SEM micrographs of GaAs NW/Au NR heterojunctions. A,B) Reprinted with permission from
Ref. [85].
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3.1.2. Core/Shell Heterojunctions

3.1.2.1. Solution Phase Only

Chemical solution-based methods are common for syn-
thesizing core/shell structures containing semiconductors,
metals, carbon, or polymers. The synthesis can occur by in-
troducing all precursors at once in one step, by alternating
the precursors in the solution, or by synthesizing the core
chemically and then transferring it to a new solution for the
shell. We will describe these different situations below.

There are only a few examples of one-step procedures.
Li et al. used a polymerization/carbonization process to pre-
pare C/ZnSe core/sheath heterojunctions.[210] The products
were obtained in a one-step reaction from an aqueous solu-
tion containing ZnCl2, ammonia, glucose, and SeO2. Stirring
and heating up to 160 8C led to the formation of C/ZnSe
heterostructures. In this example the glucose precursor
served as both the carbon source and the reducing agent,
while the ammonia sustained the alkaline environment and
acted as a soft template. Huang and co-workers synthesized
Ag/TiO2 core/shell NWs from tetrabutyl titanate (TBT) and
AgNO3 in ethylene glycol.[211] In this one-step method the
samples were heated up to 240 8C or 270 8C for 14 h giving
products with a smooth or rough surface, respectively. The
diameter of the NWs was 	40 nm for the core and 	35 nm
for the shell. Leung and co-workers synthesized Fe/
Fe2O3FeO or Fe/FeOOHFeO core/shell NRs by a technique
involving electrodeposition on H-terminated Si, with the
composition controlled by precursor concentration.[212] This
technique is a one-step process where Fe is electrodeposited
from an FeCl3 precursor in NaClO4 electrolyte. As reported,
the nanorod-like shape was obtained at a 10 mm concentra-
tion of FeCl3.

[212] A closer examination of the sample re-
vealed a 130 nm�25 nm core/shell NR structure, with Fe
comprising the core and FeO/FeOOH the shell.

For semiconductor/semiconductor core/shell heterojunc-
tions, the synthesis usually occurs in strongly coordinating
solvents from metalorganic precursors using alternating pre-
cursors or by synthesizing the core first and then the shell in
another solution. For example, Weller and co-workers[213,214]

synthesized a CdSe/CdS core/shell NR by first synthesizing
the CdSe core in a mixture of hexadecylamine (HDA), tri-
n-octylphosphine oxide (TOPO), and tri-n-octylphosphine
(TOP) using dimethylcadmium and tri-n-phosphine selenide
as precursors and then growing a CdS shell from a TOP so-
lution containing dimethylcadmium and bis(trimethylsilyl-
sulfide) precursors. The diameter of the CdSe cores was typ-
ically between 3–6 nm and the length was controlled by the
concentration of the shell precursor. Other groups used sim-
ilar procedures that employ coordinating solvent mixtures
as well. Alivisatos and co-workers,[215] Lomascolo and co-
workers,[216] and Rosenthal and co-workers[217] reported the
synthesis of CdSe/ACHTUNGTRENNUNG(CdS/ZnS) core/shell NRs. A double shell
of CdS/ZnS formed on the surface of CdSe NRs, with the
CdS shell growing closer to the core due to a smaller lattice
mismatch between the two materials. As reported by Alivi-
satos and co-workers, the diameter of the NRs were 3.3 nm,
6.0 nm, and 7.3 nm for a thin, medium, and thick shell, re-

spectively.[215] The groups of Wang[218] and Banin[219] fabricat-
ed CdSe/ZnS core/shell NRs. The average length of the
core/shell NRs with the shell thickness of 1.7 monolayers
(ML) was 24.3 nm and diameter was 4.2 nm, for 3.5 ML the
length was 24.5 nm and diameter 4.9 nm. Weiss and co-
workers synthesized the same nanostructure coated with a
phytochelatin-related peptide.[220] The TOPO-coated core/
shell NRs were redissolved in pyridine and mixed with the
peptide solution. Subsequent surfactant exchange was facili-
tated by addition of tetramethylammonium hydroxide,
which enabled binding of the peptides to the NR surface.
Zhang and co-workers synthesized CdS/CdSe core/shell
NRs, where the CdSe sheath formed around CdS by a sub-
stitution process with selenium.[221] For CdSe formation the
CdS NWs were suspended with selenium in TBP and react-
ed for 24 h at 100 8C. The typical diameter was 7.7 nm for
the core and 0.75 nm for the shell.

Core/shell 1D metal/silica and metal/metal nanostruc-
tures have been synthesized using the seed-mediated growth
approach described previously. Hunyadi and Murphy syn-
thesized Ag/silica nanopeapods by synthesizing Ag NWs by
seed-mediated growth, coating the NWs chemically with
silica, and finally reacting them with aqueous ammonia,
which partially dissolves the Ag, creating a silica shell filled
with a “pea-like” Ag material.[222] The thickness of the silica
shell was controlled synthetically and varied between 9 and
150 nm. Similarly, the length of the Ag “peas” depended
strongly on the reaction parameters, ranging from 35–
240 nm. Chang and co-workers synthesized Au NRs first by
seed-mediated growth and then chemically deposited an Ag
shell to form bimetallic core/shell NRs or Ag and Hg to syn-
thesize trimetallic Au/Ag–Hg core/shell structures.[223–225]

The pH of the solution, concentration of the metal ions, and
presence of the CTAB surfactant during the second stage of
growth determines the shape of the final core/shell struc-
tures. They observed dumbbell-shaped structures, as shown
in Figure 12, as well as boat-shaped structures.[225] Depend-
ing on the pH of the solution, the fabricated NRs had differ-
ent ARs. For trimetallic NRs the AR was 3.39, 2.89, and

Figure 12. TEM image of dumbbell-shaped Au/Ag core/shell NRs.
Reprinted with permission from Ref. [225]. Copyright 2004, American
Chemical Society.
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4.10 for a pH of 8.0, 9.5, and 10.5, respectively. The AR for
bimetallic NRs was 4.10, 2.72, and 1.90 for the same pH
values. A similar procedure was used by Liu and Guyot-
Sionnest to fabricate Au/Ag core/shell NRs.[226] Yang and
co-workers electrochemically synthesized Au NRs and used
them as seeds to fabricate Au/Ag and Au/Pd core/shell NRs
by growing the shell from a solution containing surfactant,
mild reducing agent, and silver or palladium ionic precur-
sors.[227] The resulting core/shell NRs were about 25 nm in
diameter and 50–60 nm in length.

Sun and Xia synthesized AuAg/PdAg core/shell hetero-
structures using Ag NWs synthesized by the polyol process
as sacrificial templates.[228] Galvanic replacement of Ag from
the NWs with Au by immersing the NWs into a solution of
HAuCl4 led to the formation of AuAg nanotubes in the first
step. Next, after electrolessly plating more Ag onto the
AuAg nanotubes by suspending the nanotubes into a solu-
tion of l-ascorbic acid and adding AgNO3 dropwise, the
nanotubes were immersed into PdACHTUNGTRENNUNG(NO3)2 solution to form
the outer Pd/Ag alloy shell. This led to the formation of
double-walled nanotubes containing AuAg on the inside,
and PdAg tubes on the outside. The average diameter of
the double-walled nanotubes was about 100 nm.

Tsuji et al.[229] and Ah et al.[230] reported the synthesis of
Au NRs coated with Ag shells by combining the polyol
method with microwave heating or by reaction of Au NRs
with AgCl4

3� ions in NH2OH solution, respectively. In the
latter report, the average diameter of the Au/Ag NRs was
22.5–25.0 nm and the length varied between 56.5 and
58.0 nm. Wen and Yang synthesized Cu2S NWs by surfac-
tant-assisted growth in solution and coated the NWs with an
Au shell.[231] This occurred by depositing Au from HAuCl4
solution onto Cu2S NWs that were synthesized on a copper
substrate by a redox reaction, where the NWs served as the
cathode and the copper surface as the anode. The Cu2S core
was typically 60 nm in diameter and the Au shell was
	20 nm thick. Wang and co-workers prepared Bi2S3 NRs by
a solution-based polyol method, and subsequently coated
the as-synthesized NRs with silica by dispersing the NRs in
a solution of the shell precursor, which was composed of tet-
raethoxysilane (TEOS) and ammonia catalyst.[232] The Bi2S3

NRs were 150–180 nm in diameter and hundreds of nano-
meters in length. The thickness of the silica coating was 30–
40 nm.

3.1.2.2. Combined Procedures

The above examples demonstrate chemical methods for
the chemical synthesis of both the core and shell. Other
methods utilize solution methods combined with another
technique for the synthesis of core/shell heterojunctions.
The solution-based system can be employed for the synthe-
sis of the shell or for synthesis of the core. As an example
of solution shell synthesis, Cao et al. first synthesized TiO2

NWs and CNTs by a hydrothermal method and direct-cur-
rent arc discharge, respectively. They synthesized TiO2/
CdS[233] and CNT/CdS[234] heterojunctions by suspending the
core wires in solution and coating the surfaces chemically
with CdS via KBH4 reduction of S powder and CdCl2 in

dried THF. Typically the NWs were micrometers in length
with a TiO2 core 	60 nm in diameter and a CdS shell
	15 nm thick. Colorado and Barron deposited a 	25-nm
layer of silica onto vapor-phase-synthesized 3–6-nm-diame-
ter SWNTs using a basic sodium silicate solution.[235] Han
and Zettl chemically coated SWCNTs made by laser abla-
tion with a 5-nm layer of SnO2 by stirring in the Sn precur-
sor solution.[236] Dai and co-workers deposited Pt and Au
onto presynthesized single-walled carbon nanotubes by
spontaneous reduction from aqueous solution.[237]

As an example of solution-based core synthesis, Woggon
et al. synthesized CdSe NRs and CdSe/ZnS core/shell NRs
chemically in solution and then coated them with an epitax-
ial layer of ZnSe using vapor-phase MBE.[238,239] The NRs
were typically 6.7
0.5 nm in diameter and 34.7
0.5 nm
long. Gajbhiye and Bhattacharyya formed e-Fe3N/GaN
core/shell NWs by wet-chemical procedures combined with
a nitridation process.[240] In this example, Fe/Ga citrate
fibers were formed first during the evaporation of citrate
gel and transformed to Fe/Ga oxide in air atmosphere.
Next, the nitridation of Fe/Ga oxide NWs in NH3 gas pro-
duced e-Fe3N/GaN heterostructures that were typically
30 nm in diameter and 	1 mm in length.

3.1.2.3. Polymer-Containing Structures

Various heterojunctions of chemically synthesized 1D
nanostructures containing polymer materials have been re-
ported. In most cases, the polymer material is used as a
shell to coat metals, semiconductors, or carbon 1D nano-
structures. The polymer coating may be deposited as a shell
after synthesis of the core structures or the entire core/shell
structure may form in a one-pot reaction. Huang et al. de-
scribed a one-pot self-assembly process, where chlorauric
acid reacted with aniline monomers in the presence of
d-camphor-10-sulfonic acid (CSA) as a dopant/surfactant
formed Au/polyaniline (PANI)-CSA nanocables.[241] The di-
mensions depend on the synthetic conditions, and for a 7:1
molar ratio of aniline to chlorauric acid the diameter of the
nanocables was 50–60 nm and length was 1–2 mm. At higher
concentrations of CSA the diameter was 180 nm and the
length was 1–5 mm. Li and co-workers described a one-step
process used to fabricate Ag/polypyrrole (PPY) coaxial
nanocables via reaction between AgNO3 and pyrrole mono-
mer.[242] Qian et al. synthesized Te/poly(vinyl alcohol)
(PVA) nanocables using a different approach.[243] They
formed the core/shell structures via synergistic soft–hard
template effects between Te4+ ions and PVA in a one-step
process. The concentration of PVA influenced the diameter
of the nanocables, ranging from 400 nm to 2 mm, with their
lengths reaching tens of micrometers.

In a two-step process, Yang and co-workers coated Si/
SiO2 core/shell NWs with polymethylmethacrylate (PMMA)
using an atom-transfer radical polymerization (ATRP) pro-
cess.[244] The (Si/SiO2)/PMMA core/shell NWs are shown in
Figure 13. The average diameter of the Si/SiO2 NWs in-
creased from 	65 nm to 	122 nm after the PMMA coating.
In another example, Kim and Song pregrew Au NRs as
seeds for the polymerization of PPY shells.[245] Caruso�s
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group coated Ni NRs with alternating layers of poly(diallyl-
dimethylammonium chloride) (PDADMAC) and poly(sodi-
um-4-styrenesulfonate) (PSS) polymers using layer-by-layer
deposition and electrostatic attraction.[246] The Ni NRs had
diameters of 65
15 nm, and lengths of 1.5
0.25 mm. The
eight-layer polymer shell was 	8 nm thick. Kroto and co-
workers used an in situ atom-transfer radical polymerization
process to form poly(N-isopropylacrylamide) (PNIPAAm)
shells around MWCNTs.[247] Yu et al. formed MWCNT/
PANI core/shell heterojunctions by inverse microemulsion
polymerization.[248] They controlled the polymer thickness
on the nanotube surface by reaction time and the diameter
of the heterojunction increased from 60 nm after 12 h to 80–
100 nm after 24 h reaction time. Liu et al. described the syn-
thesis of CNTs with polymer shells, where MWCNTs
formed by catalytic CVD were coated with a PMMA layer
by a radical grafting polymerization processing of methyl
methacrylate.[249]

3.2. Soft Templating

Soft templating involves the use of organic or biological
molecules that self-assemble into nanoarchitectures as soft
templates for the synthesis of inorganic materials. For exam-
ple, Stupp and co-workers utilized “dendron rodcoils”
(DRCs), which form helical nanoribbons in ethyl methacry-
late/2-ethylhexyl methacrylate (EMA/EHMA) gels.[250] CdS/
DRC helical heterostructures formed from CdNO3 and H2S
precursors, where the CdS helix grew onto the DRC back-
bone. The helical structures were 35–100 nm wide with
lengths reaching about 2 mm. Each coil of the periodical
structure repeated every 40–50 nm.

Gazit and co-workers formed metal–insulator–metal
(Ag–peptide–Au) coaxial nanocables from soft biological
templates.[251] A peptide that self-assembled into nanotubes
served as the template and insulator. They filled the inside
of the nanotubes with silver by incorporating Ag+ ions into
the tubes and then reducing them to silver metal. Attach-
ment of gold nanoparticles to the outer walls of the peptide

backbone through a thiol-terminated peptide linker and
subsequent reduction of gold ions onto the peptide-bound
gold nanoparticles led to the formation of the Ag/peptide/
Au metal–insulator–metal trilayered heterojunctions. They
were able to obtain a 20-nm-thick continuous film of Au on
the surface of the peptide nanotubes.

3.3. Sonochemistry

Sonochemistry involves acoustic cavitation as a driving
force for reactions to occur in solution. During this process,
bubbles formed in the liquid phase grow and collapse implo-
sively, producing local heating of about 5000 8C, pressures
close to 500 atm, and high cooling rates (	107 Ks�1).[252]

Many reactions may take place under these conditions (oxi-
dation, reduction, dissolution, etc.).

Gao and Wang used sonochemical methods to decorate
SnO2 nanobelts with a sheath of CdS nanoparticles forming
core/shell nanobelts/nanoparticles[253] and to fabricate ZnO/
CdS core/shell NR/nanoparticle junctions.[254] SnO2 nano-
belts prepared previously by a thermal evaporation process
were mixed with cadmium chloride and thiourea in deion-
ized water. Subsequent sonication led to SnO2/CdS hetero-
structure formation. The SnO2 nanobelts were 30–200 nm
wide, 10–50 nm thick, hundreds of micrometers long, and
coated with 	10–20 nm CdS nanoparticles. Similarly, ZnO
NRs synthesized by the oxidation of ZnO/Zn particles at
920 8C were suspended in deionized water with the same
shell-forming precursors, producing ZnO/CdS heterostruc-
tures after sonication. Typically, the ZnO NRs were 20–
40 nm in diameter and a few micrometers long. The CdS
nanoparticles coating the ZnO NRs ranged from 8.5 nm up
to 20–50 nm in diameter after agglomeration. Qiu et al. fab-
ricated striped Bi2Se3 NWs composed of orthorhombic and
hexagonal phases produced by pulsed ultrasound, where
ultrasonication accompanied the passing of current through
the cell.[255] The average phase length was about 30 nm for
29.2-nm-thick NWs with an AR of 	13.2. Yan and co-work-
ers deposited SnO2 nanorods on a-Fe2O3 nanotubes by
ultrasonication of the nanotubes in a reverse micelle solu-
tion with the addition of Sn(OH)6

2� ions.[256] The nanorods
grew preferentially along the [101] direction, forming
angled architectures with the length controlled by the reac-
tion time. The NRs were about 70 nm long following a reac-
tion time of about 6 h. Zhang et al. used reverse micelles
and ultrasound to fabricate Ag/polystyrene (PS) core/shell
NRs.[257] Metal particles formed in a reverse micelle solution
subsequently grew into Ag NRs when treated with ultra-
sound. Finally, a 0.5 h ultrasound treatment of a solution
containing the polymer precursors and CO2 led to 30 nm
average diameter Ag NRs coated with a 5-nm-thick PS
layer and a length of 200
40 nm. The diameter remained
constant with increasing sonication time while the length in-
creased to 390
30 nm.

Xia and co-workers combined sonochemistry with other
techniques to produce interesting heterojunctions. They ul-
trasonically synthesized trigonal Se NWs, which were subse-
quently heated in a solution containing appropriate precur-

Figure 13. SEM image of PMMA-coated Si/SiO2 NWs. Reprinted with
permission from Ref. [244]. Copyright 2005, American Chemical Soci-
ety.
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sors to grow RuSe2 or Pd17Se15 shells on the Se NW
cores.[258] The Se NW templates were 10–100 nm in diameter
and the length could reach 	100 mm. The RuSe2 shell thick-
ness was 2–4 nm. They also grew overlayers of CdSe onto
sonochemically prepared Se NWs by treatment of the as-
prepared NWs in a Cd2+-containing solution.[259] Stirring at
100 8C led to the formation of a 5–10-nm-thick CdSe wall on
the NW core.

3.4. Other Solution Systems

Zhu and co-workers demonstrated an interesting
method for fabricating p–n junctions in Si NWs.[260] Si p–n
wafers prepared in a UHV CVD system by n-type silicon
film deposition (9 mm thick) on p-type Si wafers were used
as precursors. Selective etching at 50 8C in HF solution with
the addition of AgNO3 formed p–n Si NW arrays arranged
parallel to each other with the length depending on etching
time. Typically, the Si NWs were single-crystalline with di-
ameters ranging from 30 to 200 nm and lengths of 10–
20 mm.

Fang et al. used the solution–liquid–solid–solid (SLSS)
method to fabricate Sn-filled In(OH)3 nanotubes.

[261] This is
a single-step procedure where the liquid part of an In–Sn
droplet serves as a catalyst and source of precursors to the
nanostructure at the same time. In foil, Sn foil, and NaOH
served as precursors, and were heated at 180 8C for 30 h.
Slow dissolution of Sn in the In droplet forms an alloy that
during precipitation divides into a solid Sn core and solid
In(OH)3 shell under oxidizing conditions. Also, depending
on the In precursor concentration, the nanotubes may have
an open or closed end. The diameter of the Sn/In(OH)3
NWs was 	70 nm for the core and 	10–20 nm for the shell.
NWs with nonuniform diameters were also present, where
the thicker part was about 220 nm with a 50-nm-thick shell,
which gradually decreased to 80 nm with a 20-nm-thick
shell.

4. Template-Directed Synthesis

In the early 1990s, Martin and co-workers pioneered the
use of hard templates in the synthesis of metal and polymer
tubules, rods, and wires by electrochemical or electroless
deposition in porous membranes followed by dissolution of
the membrane.[262, 263] The commercially available mem-
branes, usually polycarbonate or alumina, contain a con-
ACHTUNGTRENNUNGtrolled density of well-defined, uniform pores with diame-
ters ranging from 15 nm to 1.2 mm. The diameter of the re-
sulting nanostructures formed inside these templates is de-
termined by the pore diameter and the length is determined
by the membrane thickness, which are both variable. There-
fore, the final AR of the 1D structures is easily controlled
by these two parameters. Since these early studies on one-
component materials, many groups have utilized the same
approach to fabricate 1D nanostructures that comprise mul-
tiple components containing heterojunctions. NWs, NRs,
and NTs containing M–M, M–SC, M–C, or M–P junctions

have been formed by sequential deposition of the metal,
semiconductor, carbon, or polymer in the pores of the mem-
branes. The 1D structures usually contain segmented hetero-
junctions, however, strategies exist for fabricating core/shell
or coaxial heterojunctions as well. It is important to note
that Hurst et al. recently published an excellent review on
the preparation of multisegmented 1D nanorods by hard-
template methods.[4] We will review these template-based
methods for forming heterojunctions in the following sec-
tions, categorizing the examples into electrochemical, elec-
trochemical combined with other methods, methods involv-
ing electrophoretic deposition, and non-electrochemical
methods. The sections are further divided into segemented
and core/shell heterojunctions.

4.1. Electrochemical Deposition in Templates

4.1.1. Segmented Heterojunctions

The general procedure for electrochemical deposition of
segmented structures is outlined in Scheme 3. The first step
is to evaporate metal on the backside of a polycarbonate or
alumina membrane template. It is best to use a metal that is

easy to dissolve later, such as Cu or Ag, but Au has also
been used. Next, some Cu or Ag may be electrochemically
deposited to fill in the pores slightly before depositing the
materials of interest (Step 2). Step 3 is to electrochemically
deposit the different segments of the NW with the materials

Scheme 3. Schematic illustration of the procedure for forming seg-
mented metal NRs and NWs electrochemically in hard templates by
the single-bath or alternating-bath procedure.
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of interest. The segments are most commonly metals, how-
ever, semiconductors and polymers may also be electro-
chemically deposited into the pores. There are two main
ways to perform Step 3. The
first is by using a single plat-
ing bath containing the pre-
cursors of all of the materials
to be deposited. This strategy
has been utilized mainly for
depositing different segments
of metal from their corre-
sponding ions. As shown in
Scheme 3, in the case of two
metals with different reduc-
tion potentials, the more
noble metal (A) can be se-
lectively deposited at a po-
tential that is more positive
than the reduction potential
of the second metal (B). The
potential is then poised more
negative to deposit the
second metal. However, at a
more negative potential both
of the metals will codeposit.
The concentration of the
second metal in the plating
solution is made much higher
than the more noble first
metal ([Bn+]@ [An+]) in
order to minimize the
amount of noble metal de-
posited during deposition of
the second metal. The
second strategy for Step 3 in
Scheme 3 is by simply depos-
iting material from one plat-
ing bath and then switching
to a new plating bath containing a different material of in-
terest to form different segments. This takes more time
since it involves switching plating solutions, but it avoids
having a small contamination of the more noble metal when
the second metal is deposited.

One of the earliest examples of multicomponent tem-
plate-synthesized NWs is the work of Piraux et al., who syn-
thesized Co/Cu segmented wires by electrochemical deposi-
tion in the pores of polycarbonate for studies of giant mag-
netoresistance (GMR) using a single plating bath.[264] The
polycarbonate pores ranged from 10 to 50 nm in diameter.
The first step in the synthesis was the evaporation of a thin
film of copper on one side of the membrane, which served
as the working electrode. Then, Co/Cu multilayered nano-
wires were deposited by electrochemical deposition from a
single sulfate-plating bath containing both Cu2+ ions
(10�3 m) and Co2+ ions (0.5 m). The electrochemical poten-
tial was pulsed between �0.2 V and �0.9 V, where Cu and
Co were deposited, respectively. At �0.2 V, only Cu depos-
its because the potential is not sufficiently negative to
reduce Co. At �0.9 V, Co and Cu both deposit, but only

trace amounts of Cu deposits due to the much lower con-
centration in the plating bath. Figure 14 A shows a TEM
image of a wire formed by this procedure. The Co (light

bands) and Cu (dark bands) segments are clearly observable
in the image. The NW is about 40 nm in diameter and each
segment of Co and Cu are about 10 nm thick, which is con-
trolled by the charge passed during the pulsed deposition at
the two different potentials. The same group reported other
work on the GMR of Co/Cu[265,266] and NiFe/Cu[267] sege-
mented NWs using a similar approach. The single-bath ap-
proach is crucial for the synthesis of these superlattice NWs
with multiple small segments within one NW since switching
between plating baths would be a long and tedious ap-
proach.

Following this early work, other groups synthesized dif-
ferent types of segmented magnetic wires using a similar
single-bath, pulsed-deposition approach. For example, Sear-
son and co-workers synthesized Co/Cu[268] and Ni/Cu[269–271]

for studies of GMR and other magnetic properties. They
also synthesized Pt/Ni/Pt wires for magnetic assembly, but it
was not clear if this was achieved using a single plating bath
or alternating solutions.[272] Schwarzacher and co-workers
synthesized Co-Ni-Cu/Cu[273–275] and NiCu/Cu[276] NWs and
studied GMR and remanant magnetization of the nano-

Figure 14. TEM images of segmented NWs prepared electrochemically in a single bath. A) A Co/Cu seg-
mented NW made in a polycarbonate membrane. B) A Ni/Pt superlattice prepared in an AAO template.
C) A CoPt/Pt segmented NW from AAO. D) A Bi/Sb segmented NW made in AAO. A) reprinted with per-
mission from Ref. [264]. Copyright 1994, American Institute of Physics; B,D) reprinted with permission
from Refs. [279] and [285], respectively. Copyright 2005, American Chemical Society; C) reprinted from
Ref. [283]. Copyright 2004, with permission from Elsevier.
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structures. Bai and co-workers fabricated Ni/Cu particles[277]

from Ni/Cu segmented nanowires and prepared arrays of
Ni/Cu[278] and Ni/Pt[279] segmented wires with enhanced coer-
civity and high remanence ratio. A TEM image of a 50-nm-
diameter Ni/Pt nanowire is shown in Figure 14B. Other ex-
amples of single-plating-bath approaches include the fabri-
cation of Ni/Cu,[280] Au/Co,[281] Co/Cu,[282] CoPt/Pt,[283] and
Ni/CuSn/Ni[284] segmented NWs for studies of magnetic
properties, spin valves, and
magnetic manipulation. Fig-
ure 14C shows an example
of a bamboo-shaped CoPt/Pt
nanowire resulting from thin-
ner 300-nm-long segments of
CoPt compared to the thick-
er 20-nm-long Pt segments,
which is thought to occur by
partial etching of Co in the
acidic electrolyte solution.[283]

Finally, Xue et al. synthe-
sized segmented Bi/Sb super-
lattice nanowires by electro-
deposition in anodic alumina
templates from a single etha-
nol plating bath.[285] Fig-
ure 14D shows a TEM image
of two of the four different
kinds of structures synthe-
sized.[285] Blondel et al. pre-
pared Co/Cu segmented
NWs by single-bath and al-
ternating-bath techniques
and compared the magneto-
resistance of the prepared
structures.[286]

Several groups have also
used alternating plating solu-
tions (Scheme 3) to synthe-
size NWs with various elec-
trochemically deposited
metal, semiconducting, or
polymer segments. One of the early examples is the work of
Natan, Mallouk, and co-workers, who synthesized striped
Au/Pt nanorods inside an alumina template by evaporating
Ag on the backside of the membrane, electrochemically de-
positing a small amount of Ag inside the pores, and finally
electrochemically depositing segments of Au and Pt sequen-
tially from separate commercially available plating solu-
tions.[287] The Ag and alumina membrane were then dis-
solved to release the striped Au/Pt nanorods, which were
suspended in solution. The different chemistry of Au and Pt
allowed for selective assembly of different molecules on the
two segments. Following this work, Natan and co-workers
synthesized various striped nanorods in alumina templates,
which they refer to as metallic barcodes.[42,288–291] Au/Ag rods
are the most common, but they have also demonstrated
rods containing Pd, Pt, Ni, Cu, and Co by sequential deposi-
tion in alumina templates using alternating plating baths of
the individual metal. The rod diameters are generally 200–

300 nm with lengths of 4–10 mm. The different metal seg-
ments are distinguishable optically by their different reflec-
tivity. Changing the lengths of the segments and the metal
leads to a variety of different patterns (barcodes). The met-
allic barcodes can be used to detect biological molecules
based on bioassay chemistry and optical detection.[42] Fig-
ure 15 A and B shows the optical image and SEM image of
a striped Au/Ag nanorod, respectively.[288] The segments are

observable in both images. The five Au segments are con-
stant at 550 nm in length and the variable Ag segments are
60, 110, 170, and 240 nm in length from bottom to top.[288]

The Ag segments appear brighter in the optical image due
to its higher reflectivity. Note that in these examples of al-
ternating plating baths, there are generally fewer and longer
segments compared to the single-bath NWs, partially due to
the inconvenience of switching baths and the fact that super-
lattices were not required for this application. Keating and
co-workers also synthesized Au/Ag metal barcodes and
those containing other metals such as Co, Cu, Ni, Pt, and
Pd.[292–294] These studies were aimed at understanding their
reflectivity,[292] fluorescence,[292] stability,[293] and issues relat-
ed to DNA-hybridization efficiency.[294]

Mallouk and co-workers synthesized Au/CdSe/Au and
Ni/CdSe/Ni segmented NWs by alternating the electrochem-
ical deposition in polycarbonate membranes using commer-
cially available plating solutions for the Au and Ni segments

Figure 15. A) Optical image of an Au–Ag striped nanorod with corresponding FE-SEM image of the same
heterostructure in (B). C) SEM image of Au/CdSe/Au nanowires synthesized in a polycarbonate mem-
brane. D) SEM image of a Au/Ni nanowire bundle with ferromagnetic attraction. A,B) are from Ref. [288],
reprinted with permission from AAAS. C) Reprinted with permission from Ref. [295]. Copyright 2002,
American Chemical Society. D) Reprinted with permission from Ref. [300]. Copyright 2003, American
Chemical Society.
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and an acid solution of CdSO4 + SeO2 for deposition of the
semiconducting CdSe segment.[295] The SEM image in Fig-
ure 15C shows the Au/CdSe/Au wires, where the Au ends
appear brighter. These metal–semiconductor–metal junc-
tions exhibit interesting photoconductive behavior. They
also synthesized Au/Sn/Au NWs[296] in polycarbonate for
studies of interdiffusion and both Pt/Au[297] and Pt/Ni/Au/Ni/
Au[298] wires for studies on their motor properties driven by
the formation of oxygen at the Pt segments due to catalytic
decomposition of hydrogen peroxide. Fournier-Bidoz et al.
synthesized Au/Ni NRs from alumina templates and
attached the rods to a silicon surface through the Au
ends.[299] The catalytic decomposition of hydrogen peroxide
to form oxygen at the unattached Ni ends led to a constant
circular movement of the rods, behaving as self-propelled
nanoACHTUNGTRENNUNGrotors.[299]

Whitesides and co-workers used the alternating deposi-
tion method to form Ni/Au[300] and CoNi/Au[301] segmented
rods that were 400 nm and 80 nm in diameter, respectively,
and a few micrometers in length. Ni/Au rods formed three-
dimensional assemblies, as shown in Figure 15D, based on
their magnetic interactions,[300] and CoNi/Au rods trapped
magnetic Fe2O3 nanoparticles at the interface between seg-
ments due to the high magnetic-field gradients generated at
the ferromagnetic (CoNi)/diamagnetic (Au) heterojunc-
tions.[301] Meyer and co-workers synthesized Au/Ni segment-
ed NWs in alumina templates that were typically 200–
350 nm in diameter and 10–20 mm in length and studied se-
lective functionalization,[302] protein adsorption,[303] and mag-
netic trapping.[304] Hangarter and Myung synthesized Ni/Au/
Ni and Ni/Bi/Ni segmented NWs and demonstrated align-
ment in magnetic fields.[305] They deposited Au segments
from a commercial plating solution and Ni and Bi from Ni-
ACHTUNGTRENNUNG(H2NSO3)2 and BiACHTUNGTRENNUNG(NO3)3 or BiCl2 solutions, accordingly, in
an alumina template to form wires that were 100–200 nm in
diameter and 10–20 mm in length. Xue et al. synthesized Ni/
Fe multisegmented nanowires by electrodeposition in alumi-
na from alternating solutions and studied their coercivity
mechanism.[306] Zhou and co-workers synthesized Pt/
Ni,[45, 307] Pt/Ru,[45, 308] and Pt/RuNi[45] NRs in alumina tem-
plates that were typically 	200 nm in diameter and 1–2 mm
long. They studied the important electrocatalytic properties
of these materials in methanol electro-oxidation as a func-
tion of composition and different segment configura-
tions.[45, 307,308]

Searson and co-workers synthesized two-component Au/
Ni NRs in alumina templates by alternating electrochemical
deposition for applications in gene delivery,[43] self-assem-
bly,[309] and vaccination.[310] They also synthesized and assem-
bled three-component Au/Pt/Au[47] and Au/Ni/Au[311,312] NRs
in an end-to-end fashion by selectively functionalizing the
shorter Au segments with biotin and connecting the NRs
through biotin-avidin linkages. Mirkin and co-workers syn-
thesized Au/Ni/Au NRs in alumina templates for biomolec-
ular separations, utilizing the specific chemistry of the differ-
ent metal segments and ferromagnetic properties of Ni for
magnetic removal from solution.[44, 313] They also studied the
self-assembly properties of two-segment Au/polypyrrole
(Ppy) and three-segment Au/Ppy/Au NRs synthesized by

electrochemical deposition in alumina templates.[46] Au is
deposited as usual and the Ppy segments are deposited by
electrochemical oxidative polymerization of pyrrole. These
rods self-assembled into interesting two- and three-dimen-
sional structures as shown in Figure 16 A.[46] Similarily, this

group synthesized Au/Ppy/Au and Au/Ppy/Cd/Au segment-
ed nanorods and studied their behavior as nanoresistors and
diodes.[314] Ag or Cd, CdSe, or polyaniline could alternative-
ly be used for the metal, semiconductor, or polymer seg-
ments, respectively. Whitesides and co-workers synthesized
Au/polyaniline (PANI) segmented 1D nanostructures by de-
positing Au and PANI sequentially in anodic aluminum
oxide (AAO), but also deposited a self-assembled mono-
ACHTUNGTRENNUNGlayer (SAM) of p-mercaptoaniline on the Au before PANI
deposition to improve adhesion between layers.[315]

Figure 16. A) SEM image of assembled Au–Ppy segmented NRs.
B) TEM image of a PANI shell around a CdS NW. C) SEM image of
AgNW/CNT segmented heterojunctions. A) Reprinted from Ref. [46]
with permission from AAAS. B) Reprinted from Ref. [316]. Copyright
2005, with permission from Elsevier. C) Reproduced with permission
from Ref. [317].
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4.1.2. Core/Shell Heterojunctions

The work of Xi et al. represents an example of a core/
shell heterojunction prepared by an electrochemical deposi-
tion method from alternating solutions in hard templates.[316]

The group synthesized a CdS/PANI core/shell coaxial nano-
cable inside an AAO membrane. The diameters of the CdS
core and PANI tube were about 50 nm and 90 nm, respec-
tively. The procedure involved sputtering a conductive layer
of Au on the AAO membrane to serve as the working elec-
trode. Next, they electrochemically deposited the PANI
nanotube by cycling between �0.2 and +0.7 V versus a
standard calomel electrode (SCE) at 100 mVs�1 for
400 cycles in a solution of 1m HClO4 + 0.5m aniline. Final-
ly, they filled in the hollow interior of the PANI nanotubes
by electrochemically depositing CdS from a solution of
0.055m CdCl2 and 0.19m sulfur. They studied the photolumi-
nescent properties of the coaxial nanocables. Figure 16B
shows a TEM image of the CdS/PANI core/sheath structure
where the PANI shell and CdS core are easily distin-
ACHTUNGTRENNUNGguished.[316] Whitesides and co-workers synthesized PANI/
Au core/shell nanotubes by electrochemically polymerizing
PANI first in an AAO membrane and then electrochemical-
ly depositing Au under high-pH conditions, which leads to
deposition of Au on the outside of the PANI instead of
inside the PANI tube because PANI is insulating and the
membrane pore widens by dissolution at high pH. The Au-
shell coverage is controlled by deposition time.[315]

4.2. Combination of Electrochemical and Chemical
Processes in Templates

4.2.1. Segmented Heterojunctions.

There are several examples of segmented NRs and NWs
containing heterojunctions synthesized by combining elec-
trochemical deposition in hard templates with some other
chemical procedure, such as chemical vapor deposition
(CVD), layer-by-layer assembly, electroless deposition, ther-
mal heating, chemical anodization, and chemical assembly.
For example, Zhu and co-workers combined electrochemi-
cal deposition with CVD to form various M–SC and
M–CNT 1D end-to-end heterojunctions.[317–321] Specifically,
they synthesized Ni/CNT,[318–320] Ag/Si,[319–321] Pt6Si/Si,

[319,321]

Ag/amorphous-CNT,[317,319] and Ni/MWCNT/amorphous-
CNT[318] heterojunctions by first depositing the Ni, Ag, or Pt
segments in AAO templates from common plating solutions
and then depositing CNT and Si segments on the tips of the
metal by CVD through the decomposition of ethylene or
the reaction of SiCl4 with H2, respectively. Diameters
ranged between 30 and 100 nm and lengths between 7 and
90 mm and importantly the authors used AFM and micro-
fabricated electrodes to study the interesting electron-trans-
port characteristics of the 1D heterojunctions. Figure 16C
shows an example of Ag/amorphous-CNT heterojunctions
prepared by this method.[317] Mallouk and co-workers syn-
thesized films of ZnO-PANI, TiO2-PANI, or TiO2-polysty-
ACHTUNGTRENNUNGrenesulfonate (PSS) sandwiched between Au, Ag, or Pt seg-

ments.[322, 323] The films of semiconductor particles and PANI
or PSS were deposited through electrostatic interactions
using layer-by-layer assembly while the metal segments
were deposited electrochemically in polycarbonate or alumi-
na membranes. The M/ ACHTUNGTRENNUNG(ZnO-PANI)/M, M/(TiO2-PANI)/M,
and M/ ACHTUNGTRENNUNG(TiO2-PSS)/M junctions exhibit interesting electronic
properties. Mock et al. synthesized Ag/Au, Au/Ag/Au, and
Ag/Au/Ni segmented NWs that were 30 nm in diameter and
	7 mm in length in polycarbonate membranes and studied
their light-scattering properties.[324] The Au and Ni segments
were deposited electrochemically in a similar manner to
previous studies, but the Ag segments were deposited with
an electroless-plating bath since they found that the electro-
chemical Ag plating bath tended to dissolve the poly-
carbonate (PC membrane. Tresback et al. synthesized Au/
SnO2/Au and Au/NiO/Au segmented heterojunction NWs
by electrochemically depositing Au/Sn/Au and Au/Ni/Au
metal segments and then thermally oxidizing the Sn seg-
ment to SnO2 and the Ni segment to NiO by a two-step and
one-step heat treatment, respectively.[325] These metal–
oxide–metal heterojunction nanowires (	60 nm in diameter
and 2 mm in length) have potential applications in nanoelec-
tronics and chemical sensing. Sokolov et al. described the
synthesis of Ni/NiO/Co NWs by electrochemical deposition
of Ni, chemical anodization of Ni in a pH 8.4 solution of
Na3BO3 and H2B4O7, and finally electrochemical deposition
of Co from a nonaqueous plating bath to avoid dissolution
of the oxide.[326] They formed the 	80-nm-diameter and
6-mm-long segmented wires in polyester track-etch mem-
branes and performed magnetotransport studies. Li and
Wiley synthesized structured Au tips in alumina templates
from multicomponent NWs using combined chemical and
electrochemical methods.[327] Filling of the templates in-
volved glue coating, Ni electrochemical deposition, Ni
chemical oxidation, and Au electrochemical deposition. Dis-
solution of the Ni, glue, and template resulted in single-
component structured Au tips that were formed from the
Au/NiO heterostructured materials.

Lee et al. demonstrated the synthesis of multisegmented
nanotubes, as opposed to all of the examples described up
to this point of segmented or core/shell NRs, through the
combination of chemical and electrochemical methods.[328]

The chemical process involved the deposition of Ag nano-
particles onto the inner walls of the AAO membrane used
in the study by sequential immersion into aqueous solutions
of SnCl2 followed by AgNO3. This cycle, usually repeated
about six times, results in the deposition of metallic Ag
nanoparticles on the AAO walls by chemical reduction of
AgI with surface-bound SnII ions. With Ag particles chemi-
cally attached to the inner walls of the template, metals sub-
sequently deposited electrochemically into the pores prefer-
entially grow along the membrane walls to form nanotubes
as opposed to the usual formation of NRs. Deposition of
continuous tubes depended greatly on the deposition rate;
slow rates (<0.4 mAcm�2) led to solid NRs and fast rates
(>3.0 mAcm�2) led to highly porous, mechanically unstable
nanotubes. An intermediate rate of current density (2.2 to
2.5 mAcm�2) was optimal for smooth, continuous nano-
tubes.[328] This method led to the formation of Au/Ni/Au/Ni/
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Au segmented nanotubes with some Ag nanoparticle impur-
ities. Ag, Pt, Pd, Fe, Co, and Ni could also be incorporated
into the segments to prepare various barcoded nanotubes.
SEM images of the Au/Ni segmented nanotubes are dis-
played in Figure 17 with the segments labeled appropriate-
ly.[328]

4.2.2. Core/Shell Heterojunctions

Core/shell structures have also been synthesized in hard
templates by combining electrochemical and chemical pro-
cedures. This usually occurs by either 1) synthesizing NRs
or NWs in the pores of the membrane electrochemically
first and then chemically functionalizing the NR with a
shell, or 2) chemically functionalizing the inner walls of the
membrane to form a nanotube and then electrochemically
filling in the nanotube. We will describe examples of both
approaches below.

Using the first approach, Kolmakov et al. synthesized
Sn/SnO or Sn/SnO2 core/shell NWs by electrochemically de-
positing Sn in the pores of an AAO membrane, releasing
the wires by dissolution of the template, and then thermally
oxidizing the Sn to form the oxide shell.[329] The Sn core was
formed by ac electrodeposition from a solution of SnCl2 at
pH 1 and the formation of the oxide shell was controlled ki-
netically, revealing several different phases. The diameters
of the NWs ranged from 30 to 50 nm and the lengths were
	50 mm and, importantly, the oxidation procedure resulted
in preservation of the NW structure. These wires have po-
tential sensing and optoelectronic applications. Chatterjee
et al. synthesized Au/Au2S core/shell NRs of 	100 nm in di-
ameter and 1 mm in length by a combined electrochemical
and chemical process in the pores of a polycarbonate mem-
brane.[330] They first deposited Au electrochemically from a
tetrachloroauric acid solution, then dissolved the poly-
carbonate membrane in chloroform, and finally coated the
rods with Au2S by chemically treating them with thiourea
and a few drops of ammonia solution at 343 K. Wang et al.
electrochemically deposited Zn into polycarbonate or AAO
membranes from a ZnCl2 solution at different potentials
and temperatures.[331] The wires were 40 to 100 nm in diame-
ter and several micrometers in length. The structure could
be single-crystal, nanocrystalline, or polycrystalline com-
posed of Zn, ZnO, or Zn and ZnO composites, depending
on the preparation. Under one set of conditions (low tem-
perature and low reduction potential), pure Zn wires
formed but were oxidized after removal from the template

to form core/shell Zn/ZnO structures.[331] Under another set
of conditions (high temperature and high reduction poten-
tial), wires with alternating segments of Zn and ZnO
formed.

The next two examples are of segmented NWs that have
been chemically coated to form segmented and core/shell
wires. For example, Qin et al. synthesized 	360-nm-diame-
ter, 2–5-mm-long segmented Au/Ag and Au/Ni NWs electro-
chemically in alumina templates that were subsequently re-
moved from the template, dispersed onto a substrate, and
coated with Au/Ti or SiO2 by thermal evaporation or
plasma-enhanced CVD, respectively.[332] Sonication removed
the wires from the substrate, which had a structure of seg-
mented metal wires partially coated by a Au/Ti or SiO2

shell. The shell served as a backbone to stabilize the Au seg-
ments following a post-etching treatment of the Ag or Ni
segments to form nanometer gaps whose dimensions de-
pended upon the length of the sacrificial Ag and Ni seg-
ments.[332] They deposited a mixture of polyethylene oxide
and polypyrrole into one of the gaps using dip-pen nanoli-
thography and characterized the electronic properties of the
Au/polymer/Au heterojunction. Similarily, Sioss et al. com-
bined electrochemical and chemical processes to form seg-
mented nanowires containing Au, Ag, and Ni coated with a
SiO2 shell that was 60 to 100 nm in diameter and a few mi-
crometers in length.[333] They electrochemically deposited
Au, Ag, and Ni into porous alumina templates with the Ni
between the more noble Au and Ag segments. After releas-
ing the wires from the template, treatment in a solution of
tetraethylorthosilane and NH4OH led to a SiO2 shell that
coated the entire surface. The Ni segments were chemically
etched in H2SO4 to form various chains of Au, Ag, and al-
ternating Au–Ag particles, whose optical properties depend
on the metal, size of segments, and spacing.[333]

Mallouk and co-workers demonstrated examples of both
of the above-described approaches to form core/shell
NWs.[322] In the first approach, they synthesized metal NRs
in the pores of a membrane template and then functional-
ized the metal with a shell containing a film of semiconduc-
tor particles and polyelectrolyte. The film was prepared by
alternating layer-by-layer deposition of ZnO or TiO2 col-
loids with polystyrene sulfonate (PSS) to form a ZnO–PSS
or TiO2–PSS shell held together electrostatically. The overall
structure is a metal/ACHTUNGTRENNUNG(ZnO–PSS)nZnO or metal/ACHTUNGTRENNUNG(TiO2–
PSS)nTiO2 core/shell material, where n represents the
number of shell layers.[322] Mallouk�s group also formed
core/shell NWs using the second approach, where the walls
of the membrane were coated first followed by electrochem-
ical deposition.[322,334–336] In one example, they synthesized
tubes of TiO2–PSS or ZnO–PSS by layer-by-layer deposition
on the membrane walls. Next, they electrochemically depos-
ited Au or Ag to form Au(Ag)/TiO2–PSS or Au(Ag)/ZnO–
PSS core/shell 1D structures.[322] In another example, the
membrane walls were coated chemically with SiO2 by sur-
face sol–gel deposition involving repetitive adsorption and
hydrolysis of SiCl4.

[334,336] In this case, they electrochemically
deposited Au, Au-CdS-Au, or Au-CdSe-Au, leading to the
formation of Au/SiO2

[336] or (Au-CdS(Se)-Au)/SiO2
[334] core/

shell 1D structures. The wires usually had diameters of 40 to

Figure 17. SEM image of Au/Ni segmented nanotubes synthesized in
an AAO membrane. Reproduced with permission from Ref. [328].
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300 nm and lengths on the order of 10 mm. Figure 18 shows
a TEM image of a Au/SiO2 NW prepared by this
method.[336] The Mallouk group also fabricated on-wire p–n
heterojunction diodes using both methods on the same

nanostructure.[335] In this case, TiO2–W12O41 films were de-
posited on the inner walls of the AAO membrane by alter-
nating immersion in aqueous (NH4)10W12O41 and TiO2 solu-
tions. Subsequent electrochemical deposition of Au led to
the formation of Au/(TiO2–W12O41) core/shell wires by
method 2. These wires were then further functionalized
chemically (method 1) using layer-by-layer assembly of
polyaniline (PANI) and oxidized single-walled carbon nano-
tubes (SWCNTox) to form a final structure of Au/(TiO2–
W12O41)3/(PANI-SWCNTox)3PANI.[335] The various structures
studied by Mallouk and co-workers are important for the
fabrication of nanoscale transistors, diodes, and other elec-
tronic functions.

Cepak et al. synthesized conductor/insulator/conductor
and insulator/conductor/insulator composites in an alumina
membrane by method 2.[337] In this case, they sequentially
deposited Au and poly(2,6-dimethylphenol) (PPO) chemi-
cally on the inner walls of the membrane to form the two
outer shells and then electrochemically polymerized Ppy
down the middle to form the final Ppy/PPO/Au core/shell/
shell structure. A similar approach with different chemistry
led to the formation of an Au/polyacrylonitrile/C core/shell/
shell nanostructure. Ku et al. used a similar method to syn-
thesize Te/Au core/shell nanocables.[338] Au was deposited as
a tube along the walls of the membrane by electroless depo-
sition and Te was deposited electrochemically (slowly) to fill
in the core of the nanocable. Wu et al. combined a chemical
and electrochemical process to form very interesting meso-
structured arrays that have somewhat of a coaxial struc-
ture.[339] They first filled the pores of an alumina template
with mesostructured silica using a sol–gel dip-coating proce-
dure involving triblock polymers containing poly(ethylene
oxide) and poly(propylene oxide) to direct the interesting
multilayer-stacked donuts and single- or double-helical

structures observed. Subsequent electrochemical deposition
of Ag, Ni, or Cu2O into pores containing mesostructured
silica also led to 1D metals with these interesting structures.

4.3. Methods Involving Electrophoretic Deposition in Hard
Templates

Cao and co-workers developed a method for forming
Ni/V2O5·nH2O core/shell NRs by a two-step electrochemi-
cal/electrophoretic deposition method and studied their Li+

-intercalation properties.[340–342] In the first step, they formed
Ni NRs by electrochemical deposition into track-etch poly-
carbonate membranes with diameters of 200 nm and lengths
of 10 mm. Attachment to a titanium plate before dissolution
of the polycarbonate in methylene chloride led to free-
standing Ni NRs. Subsequent electrophoretic deposition of
V2O5·nH2O from a sol solution prepared from V2O5 powder
dissolved in 30% H2O2 led to freestanding Ni/V2O5·nH2O
core/shell NRs.

Limmer et al. synthesized SiO2/Au or TiO2/Au core/shell
NRs in polycarbonate templates by first forming SiO2 or
TiO2 NRs in the template by sol–gel electrophoresis, then
removing the membrane by heat treatment and attaching
Au particles to the NRs chemically by using aminopropytri-
methoxysilane (APTMS), and finally reducing HAuCl4 onto
the attached Au particles to form the Au shell.[343]

4.4. Non-Electrochemical Deposition Methods in Hard
Templates

There are a few examples of non-electrochemical depo-
sition methods in templates to form 1D heterojunctions.
The first example combines a chemical method with CVD.
Cepak et al. deposited Au chemically by electroless deposi-
tion on the walls of a polyester template, released the Au
tubules, and then coated them with TiS2 by CVD to form
Au/TiS2 core/shell tubules.[337] The next two examples are
vapor-phase growth methods; Liu et al. synthesized ZnO
nanowires with intramolecular end-to-end p–n junctions in
AAO membranes.[344] ZnO and graphite powders were used
as the source material and growth occurred in a tube fur-
nace at 4 Pa and 900 8C. In order to form the p–n junction, a
boron dopant was added to the source material during the
first part of the growth process and then removed for the
second step of the growth. Lu et al. used an all-CVD growth
process to form Si/CNT core/sheath 1D NWs in an alumina
template (Figure 19).[345] The template was placed in the
CVD reactor at 700 8C under a flow of H2 and Ar. They in-
troduced acetylene to the reaction chamber first for 1 h to
form the CNTs and then switched the flow to SiH4 for 1 h
to form the Si component. Open-ended CNTs form along
the walls of the membrane in the first step and Si NWs fill
in the hollow interior of the CNTs to form the core/sheath
structure shown in Figure 19.[345]

Son et al. used an all-chemical process to form Fe3O4/
silica core/shell heterostructures with potential applications
in bioseparations and drug delivery.[346] First, they chemical-

Figure 18. TEM image of a Au nanowire sheathed by a SiO2 nanotube.
Reproduced with permission from Ref. [336].
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ly formed silica nanotubes by
surface sol–gel deposition on
the walls of porous alumina,
using the methods developed
by Martin and Mallouk�s
groups. Then, they filled in
the silica nanotubes with
Fe3O4 nanoparticles by dip-
coating in a solution contain-
ing FeCl3 and FeCl2 and im-
mersing in a solution of
NH4OH.

5. Other Methods

5.1. Growth in Supercritical Fluids

Supercritical fluids (SF) have characteristics of both liq-
uids and gases. For example, SFs are able to solubilize many
reagents (like liquids), but they also have the characteristics
of gases, such as low viscosity, high diffusivity, and no sur-
face tension. These qualities allow for high penetration of
SFs into hollow structures with very small diameters or diffi-
cult-to-reach regions, such as CNTs. Accordingly, Wai and
co-workers filled MWCNTs with metals in a SF medium.[347]

The presence of MWCNTs in supercritical CO2 together
with the metal-chelate precursor MACHTUNGTRENNUNG(hfa)2·H2O (hfa=hexa-
fluoroacetylacetonate; M=Pd, Ni, Cu) resulted in rapid fill-
ing of the hollow cores of the nanotubes. The NWs sheathed
with the MWCNTs were 7–9 nm in diameter and as long as
200 nm. Fu et al. also used a SF environment for coating
Ga2O3 nanoribbons with a Eu2O3 sheath.[348] The Ga2O3

nanoribbons reacted with a europium ACHTUNGTRENNUNG(III) nitrate hexahy-
drate ethanol solution in supercritical CO2, resulting in a
Ga2O3 core with crystalline Eu2O3 multisheaths. The thick-

ness of the shell depended on the europium precursor con-
centration; for a 10 wt% soution the shell was 7.0–8.0 nm,
but when the concentration was halved the shell thickness
decreased to 4.0–5.0 nm.

5.2. Lithography

5.2.1. Electrochemical Dip-Pen Nanolithography (E-DPN)

Liu and co-workers fabricated GaN/Ga2O3 NW hetero-
junctions by E-DPN, which involves performing local elec-
trochemical reactions on a GaN NW underneath an atomic
force microscopy (AFM) tip.[349] The NWs were typically
	100 nm in diameter and several micrometers in length.
Figure 20 A illustrates the experimental setup where a
KOH-coated silicon AFM tip is placed over a surface-
bound n-type GaN NW. Under a humid atmosphere, a layer
of condensed water exists between the AFM tip and the sur-
face. Applying a voltage between the tip and surface creates
a localized electrochemical cell, leading to site-selective oxi-
dation of the GaN NW under the AFM tip to form seg-

ments of Ga2O3. Figure 20B shows an AFM image of the
fabricated GaN/Ga2O3 heterojunctions created by applying
a voltage of 5, 7, and 10 V to the surface. The applied volt-
age and the amount of current passed controls the amount
of GaN oxidized.

5.2.2. Electron-Beam Lithography

Dai and co-workers fabricated p–n–p junctions in an ini-
tially p-type SWCNT by selectively doping the middle part
of the nanotube.[54] To fabricate the heterojunction, they
coated the entire nanotube with a 340-nm-thick layer of
polymethylmethacrylate (PMMA) resist and opened a
window in the center part by e-beam lithography. Subse-
quent doping of the exposed part of the nanotube with po-
tassium formed an n-type section of the SWCNT between
two p-type PMMA-coated sections. This group similarly
used modulated chemical doping to fabricate intramolecular
p–n junctions within a SWCNT.[55,56] In this case, they
coated one half of the nanotube with a PMMA layer to
retain the p-type character and then exposed the other half

Figure 19. TEM images of a Si NW coated with a CNT (inset is a SAED
pattern of the Si NW). Reprinted with permission from Ref. [345] with
kind permission from Springer Science and Business Media.

Figure 20. A) AFM-based E-DPN experimental procedure. B) GaN/Ga2O3 NW heterojunction fabricated
using E-DPN. Reprinted with permission from Ref. [349]. Copyright 2004, American Chemical Society.
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to potassium for n-doping.
Avouris and co-workers used
a similar approach to fabri-
cate an intramolecular p–n
SWCNT 1D heterojunc-
tion.[57] Similar to Dai and co-
workers, they used e-beam
lithography to expose one
half of a PMMA-coated p-
type SWCNT followed by po-
tassium doping of the unpro-
tected area to the form the n-
type part of the nanotube.
Lieber�s group used e-beam
lithography to fabricate CdS
NWs with segments of
PMMA.[350] The NWs were
placed on a 200-nm-thick
PMMA layer on the Si sub-
strate, then coated again with
a 200-nm-thick PMMA layer,
and openings in the coating
were defined lithographically.

5.2.3. Photolithography

Wu et al. fabricated strip-
ed metal–semiconductor
nanowire heterostructures containing NiSi and Si seg-
ments.[351] They synthesized the Si NWs first by the VLS
method and then used photolithography to form the NiSi
segments. The method involved deposition of a photoresist
on the surface of the Si NWs and exposure of the as-pre-
pared substrate to UV light through a striped mask. Poly-
mer development, evaporation of Ni, and lift-off of the po-
lymer led to the segmented Si/NiSi heterojunctions. The het-
erojunctions were 22.8
3.4 nm in diameter and tens of mi-
crometers long, with 	1-mm-long segments.

5.3. Assembly of Heterojunctions on Surfaces

Most of the junctions discussed up to this point were
created directly by synthesis or after lithography. Lieber and
co-workers synthesized two different types of NWs and then
used post-synthesis assembly to form heterojunctions be-
tween the two different NWs.[352] Specifically, they synthe-
sized semiconducting NWs by vapor methods, suspended
the NWs in organic solvents, and subsequently transferred
the NWs to a surface by fluid-directed assembly. The two
different wires were assembled sequentially in a crossed
junction. The fluidic assembly involves the formation of
channels for microfluidic flow by placing an appropriately
patterned PDMS mold onto a flat surface. The procedure is
illustrated in Figure 21 A.[352] Typical microfluidic channels
were 50–500 mm wide and 6–20 mm long. A solution con-
taining a suspension of the first NW flows through the chan-
nel and deposits with its alignment in the direction of the
channel. The second NW deposits in the same manner, but

after rotating the flow direction by 	908. They formed vari-
ous crossed heterojunctions, including n-CdS/p-Si,[40] p-Si/n-
Si,[353,354] and n-GaN/p-Si NWs.[39,41,355,356] Figure 21B shows
an SEM image of a crossed Si/CdS heterojunction with elec-
trical contacts to the wires.[40] These junctions have interest-
ing electronic and electrooptical properties. Payne and co-
workers also fabricated crossed n-CdS/p-Si nanowires simi-
larily.[357] McEuen and co-workers synthesized SWCNTs by
laser ablation, dispersed the nanotubes in solution, and as-
sembled them on a substrate from solution.[60] After rinsing,
they observed random locations on the substrate where
metal/semiconductor SWCNTs were arranged in crossed
heterojunctions.

5.4. Solid–Solid Reactions

Zhang et al. reported the formation of heterojunctions
between single-walled carbon nanotubes (SWCNTs) and
carbide materials using a controlled solid–solid reaction:

C ðnanotubesÞ þ M ðsolidÞ ! MC ðsolidÞ

where M can be either Si or a transition metal.[358] First, the
nanotube is deposited on the solid substrate and the sample
is heated in ultrahigh vacuum or an inert atmosphere. Once
a sufficient temperature of 800 8C is reached, the formation
of carbide occurs initially at the C/M interface. Continuous
diffusion of M to the C/M interface supplies the material for
conversion of SWCNTs to the carbide at a later stage of the
reaction. Figure 21C illustrates SWCNTs linked to crystal-

Figure 21. A) Schematic representation of the microfluidic flow system used for assembling NWs. B) SEM
image of the Si/CdS NW crossed junction formed using microfluidic flow in a PDMS mold. C) Illustration
of the possible SiC/CNT junctions formed using a solid–solid reaction. D) TEM image of a SiC/CNT
heteroACHTUNGTRENNUNGjunction formed by a solid–solid reaction. A) originates from Ref. [352] and C,D) are from
Ref. [358]; reprinted with permission from AAAS. B) Reproduced with permission from Ref. [40].
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line SiC rods. Figure 21D clearly shows the interface be-
tween the SiC and the SWCNTs. The first example shows a
scheme of five nanotubes in a bundle connected to the car-
bide, along with a corresponding TEM image, and the
second example shows only one SWCNT of 1.3 nm diameter
forming the heterojunction with SiC. Controlling the inter-
face area is extremely important since the number of inter-
facial atoms at the junction can drastically change the be-
havior of the heterojunction. This fabrication method is
highly controlled and can be applied to single-walled as well
as multi-walled carbon nanotubes.

Ag nanowires were also coated with an amorphous silica
shell in another example of a solid–solid reaction.[359] A
single-step reaction between the mixture of the two solids
(AgNO3 and (Me3Si)4Si under low pressure) led to the for-
mation of Ag/Si core/shell NWs. The Ag NWs were about
10–20 nm in diameter and surrounded by a 1–3-nm-thick
shell.

Yong and co-workers used the solid–liquid–solid (SLS)
process to synthesize SiC/SiOx core/shell NWs.[360] NiO par-
ticles on a Si surface served as a catalyst where carbo-
ACHTUNGTRENNUNGthermal reduction of WO3 by C produced the CO/CO2 nec-
essary for NW growth. Under these conditions, Si supplied
from bulk Si forms a Si-Ni-O alloy with the NiO catalyst
particles, which results in the 1D growth of Si/SiOx or SiC/
SiOx core/shell NWs in the absence and presence of WO3/C,
respectively. They classified the growth as SLS instead of a
VLS mechanism since there were no vapor precursors.
Figure 22 shows a TEM image of the SiC/SiOx core/shell
heterojunction.[360] The SAED pattern shows that an amor-
phous SiOx shell surrounds a crystalline SiC core. The diam-
eter of the core was typically between 20–50 nm, the shell
was 40–60 nm thick, and lengths were in the micrometer
range.

5.5. Electrospinning

Xia and co-workers used an electrospinning technique
combined with a calcination process to fabricate V2O5 nano-
rods on TiO2 nanofibers.[361] Electrospinning of a precursor
mixture of TiACHTUNGTRENNUNG(OiPr)4, VOACHTUNGTRENNUNG(OiPr)3 with acetic acid, poly(vi-
nylpyrrolidone) (PVP), hexadecyltrimethylammonuim bro-
mide (HTAB), and 2-propanol produced smooth nanofibers
of V2O5/TiO2 or V2O5/TiO2/Ta2O5 when TaO ACHTUNGTRENNUNG(OiPr)3 was
added to the solution. Subsequent calcinations of the fibers

at 475 8C over various durations led to branched heterojunc-
tions with NR-shaped structures protruding from the surface
of the nanofibers. They identified these as V2O5 NRs, which
were single-crystalline with lengths ranging from 100–
150 nm after 1 h of calcination. Figure 23 shows a SEM
image of the heterojunctions of V2O5 NRs on electrospun
V2O5/TiO2/Ta2O3 nanofibers calcinated for 6 h. The size of
the NRs depended on the nanofiber composition and calci-
nation temperature. The NRs formed in 475 8C over a 1 h
reaction time were 15 nm by 25 nm in rectangular cross sec-
tion and about 100–150 nm in length.

6. Summary and Future Directions

In summary, we have described a wide range of methods
for producing different types of one-dimensional nanoscale
heterojunctions, including vapor, solution, template, litho-
graphic, solid–solid, electrospinning, and assembly methods.
The 1D heterojunctions are formed from combinations of
various materials (metals, semiconductors, carbon, and poly-
mers), where the properties depend on the composition,
size, and structure of the nanomaterial. The type of material
and type of junction is often dictated by the synthetic
method. As discussed, though, most methods can be used to
form a variety of segmented, core/shell, branched, or cross
junctions with a variety of materials.

The study of 1D nanoscale heterojunctions is rapidly
growing because of the numerous potential applications for
these multicomponent stuctures. It has already been demon-
strated that many of the 1D heterojunctions synthesized/fab-
ricated to date are useful for applications in nanoelectronics,
photonics, sensing, catalysis, and separations. For example,
sophisticated light-emitting diodes (LEDs),[93] and diode
logic devices[362] have been realized by crossing p- and n-
type nanowires or using lithography-assisted selection of dis-
tinct p- and n-type regions within a nanotube.[363] However,
compared to the progress in the synthesis of homogeneous

Figure 22. TEM image of a SiC/SiOx core/shell nanowire with the cor-
responding SAED patterns for the crystalline core and amorphous
shell. Reproduced from Ref. [360].

Figure 23. SEM image of V2O5 NRs grown on V2O5/TiO2/Ta2O5 electro-
spun nanofibers. Reprinted with permission from Ref. [361]. Copy-
right 2006, American Chemical Society.
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1D nanowire and nanotube systems, the synthesis of 1D het-
erojunctions with well-defined interfaces has lingered far
behind. Many applications require nanowires that possess
built-in interfaces. For example, radial interfaces can func-
tion as p–n junctions, while longitudinal interfaces are
useful as dielectric mirrors or for scattering phonons in ther-
moelectric nanowires. Another type of basic nanowire heter-
ostructure envisioned in the future is the bilayer nanowire,
in which two nanowires can be joined in a side-by-side con-
figuration.

Future developments will rely on improved synthetic
methods and novel fabrication processes to better control
the dimensions, composition, structure, and interface of 1D
heterojunctions as well as the yield and uniformity. It will
also be crucial to develop better characterization methods
to fully understand the nature of the junction at the atomic
level. Equally important is the development of tools for
studying the fundamental properties of individual or collec-
tive ensembles of heterojunction materials in order to relate
these properties to their detailed structure and compare ex-
perimentally measured properties to theoretical models. It is
critical for researchers to devise simple and reproducible
strategies for assembling, orienting, and integrating 1D het-
erojunctions into functional devices. Reliable control of the
interfaces in nano-heterostructures are critical in the assem-
bly of electronic and optoelectronic devices. For example,
the performance of organic photovoltaics is severely limited
by poor exciton dissociation and charge transport due in
part to high rates of exciton recombination and low charge
mobilities in polymers. This challenge can be partially over-
come through the use of blended and layered heterojunc-
tions composed of polymer/SWNT heterostructures. Such
morphologies offer multiple-exciton dissociation sites and
separate charge pathways, thus limiting exciton recombina-
tion. Low-resistance ohmic contacts in nanostructures are
crucial for the optimum performance of optoelectronic de-
ACHTUNGTRENNUNGvices and can significantly impact the performance limita-
tions of a device. Heterojunctions consisting of metallic
single-walled carbon nanotubes have the potential to func-
tion as interconnects in hierarchical nanoscale networks
with reduced specific contact resistance. Research in these
areas will continue to grow in the coming years at a fast
rate as researchers pursue the important goal of utilizing
these fascinating building blocks for technological applica-
tions.
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Coherent treatment of the self-consistency and the environment-dependency in a semi-empirical
Hamiltonian: Applications to bulk silicon, silicon surfaces, and silicon clusters
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The key to the construction of reliable and transferable semiempirical Hamiltonians for quantum
mechanics-based simulations of materials is to capture the effect of screening by electrons for different con-
densed phases of materials. In the present work, this objective is achieved through the development of a
scheme for constructing a self-consistent �SC� and environment-dependent �ED� multicenter Hamiltonian in
the framework of linear combination of atomic orbitals �LCAO� that involves careful modeling and optimiza-
tion of parameters for electron-electron correlations and multicenter interactions. As an illustration of our
method, we have used this scheme to construct the SCED/LCAO Hamiltonian for silicon. The robustness of
this Hamiltonian is demonstrated by scrutinizing the properties of both bulk silicon and other complex struc-
tures of silicon with reduced symmetries. In particular, we have studied the following: �i� the binding energy
versus relative atomic volume of different phases of bulk silicon, �ii� the stable structure of an intermediate-size
Si71 cluster, �iii� the reconstruction of Si�100� surface, and �iv� the energy landscape for a silicon monomer
adsorbed on the reconstructed Si�111�-7�7 surface. The success of the SCED/LCAO Hamiltonian in the
above applications, where silicon exists in a variety of different coordinations, is a testament to the predictive
power of the scheme.

DOI: 10.1103/PhysRevB.74.155408 PACS number�s�: 73.22.�f, 68.35.Bs, 71.15.�m, 71.15.Ap

I. INTRODUCTION

Materials simulations based on total energy calculations
and molecular dynamics �MD� using either the density func-
tional theory �DFT� or tight-binding �TB� methods play cen-
tral roles in the prediction of structural and system properties
of complex materials. Both these methods have their respec-
tive advantages and disadvantages. For example, while DFT-
based molecular dynamics �MD� schemes for the determina-
tion of structural properties of materials are expected to have
predictive power, their applications are still limited to sys-
tems of about a few hundreds of atoms. On the other hand,
TB-MD schemes are fast and applicable to larger systems.
However, the transferability of conventional TB Hamilto-
nians is limited because they include only two-center inter-
actions and they have no framework to allow the self-
consistent determination of the charge redistribution. Hence
they do not have the predictive power and can only be used,
in the strictest sense, to provide explanation for system-
specific experimental results.

In recent years, various schemes have been proposed to
improve the transferability of TB Hamiltonians by including
the self-consistency and/or the environment dependency.1–11

Among these schemes some are more readily amenable to
MD simulation compared to others because of the ease with
which atomic forces can be evaluated. These methods fall
into two categories. While the emphasis of methods in one
category is placed on a phenomenological description of the
environment dependency,2,3 the framework of methods in the
other category takes into account the self-consistency as well
as the environment dependency.8,11

The approach of Esfarjani and Kawazoe in Ref. 8 and that
of Fraunheim et al. in Ref. 11 are very similar. For example,
the approach in Ref. 11 is based on the expansion of the
DFT-total energy in terms of the charge density fluctuations

about some reference density. To the second order in the
density fluctuations,12 the total energy is approximated as the
sum of a band structure term and a short-range repulsive
term corresponding to the conventional two-center TB
Hamiltonian, plus a term representing the Coulomb interac-
tion between charge fluctuations. Within this framework, the
charge fluctuations can be self-consistently determined by
solving an eigenvalue equation with the two-center Hamil-
tonian modified by a term that depends on the charge redis-
tribution. While the Hamiltonian so defined does contain the
features of self-consistency in the charge redistribution and
the environment dependency for systems with charge fluc-
tuations, the environment-dependent feature disappears when
systems under consideration do not involve charge fluctua-
tions, e.g., periodic extended systems containing one atomic
species per unit cell. But the environment dependency is a
key feature in a realistic modeling of the screening effect of
the electrons in an aggregate of atoms, including extended
periodic systems. This deficiency in properly mimicking the
screening of the electrons can be critical in the development
of a truly transferable Hamiltonian. Furthermore, in the ap-
proach of Ref. 11, the construction of the Hamiltonian and
the determination of the total energy are, on the one hand,
dependent on an optimal basis set of confined atomic orbitals
obtained by solving a modified Schrödinger equation for a
free atom in the framework of a self-consistent local density
approximation with the correction of the generalized gradient
approximation �SC-LDA/GGA�. In this way, the Hamil-
tonian and overlap matrix elements are determined as func-
tions of the distance between pairs of atoms and then tabu-
lated for extrapolation. On the other hand, the key terms in
the correction to the charge fluctuations in the Hamiltonian
and in the total energy expression are approximated using
exponentially decaying spherical charge densities. These two
approximations used in the scheme are therefore independent
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and unrelated. Hence, although the scheme proposed in Ref.
11 is parameter free, it may not be sufficiently flexible to
yield a Hamiltonian with a wide range of transferability �see
discussions in Sec. II�.

In the present work, we present a scheme for constructing
reliable and transferable LCAO-based semiempirical Hamil-
tonians for quantum-mechanics based simulations of materi-
als. In this scheme, the effect of screening by electrons is
captured through a careful modeling of environment-
dependent �ED� multicenter terms and electron-electron cor-
relations that includes a self-consistent �SC� determination of
charge redistributions. A semiempirical route is chosen for
the construction of the system Hamiltonian not only because
a semiempirical Hamiltonian allows the simulation for large
systems but, more importantly, its framework has the flex-
ibility to allow the database to provide the necessary ingre-
dients for fitting parameters to capture the effect of electron
screening. The scheme developed for the construction of
self-consistent and environment-dependent LCAO Hamilto-
nians is general and can be applied to both elemental �metal
or semiconductors� and compound systems. In the following,
as a test case, we employ our scheme to construct the SCED-
LCAO Hamiltonian for silicon. The transferability and the
reliability of this Hamiltonian is demonstrated by applying it
to different situations, including different phases of the bulk
silicon, an intermediate-size silicon cluster �Si71�, and the
energetics of Si adatoms adsorbed on the Si�111�-7�7.
These examples will test the robustness of the SCED-LCAO
Hamiltonian for silicon in 0-, 2-, and 3-dimensional �D�
structures with different coordinations and symmetries. In a
forthcoming paper �a sequel to the present one�, the SCED-
LCAO Hamiltonian will be used to study the relative stabil-
ity of 1D Si nanowire �NW� structures. Preliminary results
from this work have already been reported in Ref. 40, where
an excellent agreement between SCED-LCAO results and
DFT-based VASP calculations have been found for Si NWs
up to �4 nm diameters.

The present paper is organized as follows. In Sec. II, our
scheme for the construction of the SCED-LCAO Hamil-
tonian is delineated, with special emphasis placed on the
parametric functions used to model the electron-electron cor-
relation and multicenter interactions, where the parameters
are obtained by fitting them to the structural and electronic
properties of the bulk and clusters using an optimization pro-
cedure. In Sec. III, the robustness and the predictive power
of the SCED-LCAO Hamiltonian is demonstrated for the
following cases: �i� Structural properties of Si71 cluster, �ii�
reconstruction of Si�100� surface, and �iii� stable sites of ad-
sorption for silicon monomer on Si�111�-7�7 surface.
These case studies have been chosen to demonstrate the
transferability, the reliability, the efficiency, and the predic-
tive power of the SCED-LCAO Hamiltonian for complex
Si-based structures with no or reduced symmetry. Section IV
contains concluding remarks, computational efficiency, and
future outlook of the SCED-LCAO scheme. Finally, the Ap-
pendix presents a brief outline of the optimization procedure
used to determine the parameters of the SCED-LCAO
Hamiltonian.

II. METHODOLOGY

A. SCED-LCAO Hamiltonian

In the framework of a semiempirical LCAO-based ap-
proach, the Hamiltonian is defined in terms of parametrized

matrix elements Hi�,j��R� ij� in some finite set of basis func-
tions ��i��r��� not explicitly stated, where i� denotes the �

orbital at the site i, and R� ij =R� j −R� i gives the relative position
of the jth site with respect to the ith site. Within this context,
the eigenvector c�, defining the coefficient vector of the ex-
pansion of the eigenfunction �� in terms of ��i��r���, satisfies
a general eigenvalue equation

Hc� = E�Sc� �1�

with Si�,j��R� ij�, the overlap matrix elements, being param-
etrized functions of Rij within the framework of the basis
functions ��i��r���. Our strategy for developing a general
scheme to construct a reliable and transferable SCED-LCAO
Hamiltonian for materials with predictive power is given as
follows:

The Hamiltonian of an aggregate of many-atom may be
written as

H = − �
l

�2

2m
	l

2 + �
l,i

v�r�l − R� i� + �
l,l�

e2

4
�0rll�

+ �
i,j

ZiZje
2

4
�0Rij
,

�2�

where rll�= �r�l−r�l��, Rij = �R� i−R� j�, v�r�l−R� i� is the potential en-

ergy between an electron at r�l and the ion at R� i, Zi the num-

ber of valence electrons associated with the ion at site R� i, and
the summation over l and l� runs over all the valence elec-
trons. Within the one particle approximation in the frame-
work of linear combination of atomic orbitals, the on-site
�diagonal� element of the Hamiltonian can be written as

Hi�,i� = �i�
0 + ui�

intra + ui�
inter + vi�, �3�

where �i�
0 denotes the sum of the kinetic energy and the

energy of interaction with its own ionic core of an electron in
the orbital i�. The terms ui�

intra and ui�
inter are the energies of

interaction of the electron in orbital i� with other electrons
associated with the same site i and with other electrons in
orbital j� �j
 i�, respectively. The term vi� represents the
interaction energy between the electron in orbital � at site i
and the ions at the other sites. In our scheme, the terms in
Eq. �3� are represented by

�i�
0 = �i� − ZiUi, �4�

ui�
intra = NiUi, �5�

and

ui�
inter + vi� = �

k
i

�NkVN�Rik� − ZkVZ�Rik�� , �6�

where �i� may be construed as the energy of the orbital � for
the isolated atom at i, Zi the number of positive charges
carried by the ion at i �also the number of valence electrons
associated with the isolated atom at i�, Ni the number of
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valence electrons associated with the atom at i when the
atom is in the aggregate, Ui, a Hubbard-like term, the effec-
tive energy of electron-electron interaction for electrons as-
sociated with the atom at site i, NkVN�Rik� the effective en-
ergy of interaction between an electron associated with an
atom at site i and electrons associated with an atom at k, and
ZkVZ�Rik� the effective energy of interaction between an elec-
tron associated with an atom at i and an ion at site k. In our
approach, �i� may be chosen according to its estimated value
based on the orbital i�, or treated as a parameter of optimi-
zation. The quantity Ui will be treated as a parameter of
optimization while VN�Rik� and VZ�Rik� will be treated as
parametrized functions to be optimized. An examination of
Eqs. �3�–�6� clearly indicates that the presence of Ni, the
charge distribution at site i, in the Hamiltonian provides the
framework for a self-consistent determination of the charge
distribution.

Following the same reasoning, we can set up the off-
diagonal matrix element Hi�,j� �j
 i� as

Hi�,j� =
1

2�K�Rij����i� + ��j�� + ��Ni − Zi� + �Nj − Zj��Ui

+ ��
k
i

�NkVN�Rik� − ZkVZ�Rik��

+ �
k
j

�NkVN�Rjk� − ZkVZ�Rjk����Si�,j��Rij� . �7�

Thus, in addition to the conventional two-center hopping-
like first term, Eq. �7� also includes both intra- and inter-
electron-electron interaction terms as well as environment-
dependent multicenter �three-center explicitly and four-
center implicitly� interactions. From Eq. �7�, it can be seen
that the environment-dependent multicenter interactions are
critically dependent on VN�Rik� and VZ�Rik�, in particular
their difference �VN�Rik�=VN�Rik�−VZ�Rik�. Since VZ�Rik� is
defined as the energy of effective interaction per ionic charge
between an ion at site k and an electron associated with the
atom at site i, we may model VZ�Rik� by the following pa-
rametrized function

VZ�Rik� =
E0

Rik
�1 − �1 + BZRik�e−�ZRik� , �8�

where

E0 =
e2

4
�0
. �9�

As both VN�Rik� and VZ�Rik� must approach E0 /Rik for Rik

beyond a few nearest neighbor separations, �VN�Rik� is ex-
pected to be a short ranged function of Rik. We chose to
model this short-ranged function by

�VN = �AN + BNRik�
�1 + e−�NdN�

�1 + e−�N�dN−Rik��
�10�

on account of the flexibility of the expression given in Eq.
�10�. Since VN�Rik�→Ui as Rik→0, Eqs. �8� and �10� then
leads to

AN = Ui − ��Z − BZ�E0. �11�

In its broadest sense, the first term in Eq. �7� corresponds
to the Wolfsberg-Helmholtz relation in the extended Hückel
theory.13 We modeled the scaling function K as a function of
Rij to ensure a reliable description of the dependence of the
two-center term on Rij in the off-diagonal Hamiltonian ma-
trix element. We found that a representation of K�Rij� by

K�Rij� = e�KRij �12�

is quite flexible. The overlap matrix elements Si�,j��Rij� are
expressed in terms of Sij,�, with � denoting, for example,
molecular orbitals ss�, sp�, pp�, and pp
 in a sp3 configu-
ration. Since they are short-ranged functions of Rij, we chose
to represent them by

Sij,� = �A� + B�Rij�
�1 + e−��d��

�1 + e−���d�−Rij��
. �13�

Based on the orthogonality of the s and p orbitals at the same
site, we have

Ass� = App� = App
 = 1 and Asp� = 0. �14�

Equations �3�–�14� completely define the recipe for con-
structing semiempirical SCED-LCAO Hamiltonians for ma-
terials in terms of parameters and parametrized functions.
These parameters, including those characterizing the param-
etrized functions, are to be optimized with respect to a judi-
ciously chosen database for a particular material.

The total energy of the system consistent with the Hamil-
tonian described by Eqs. �3�–�14� is given by

Etot = EBS − Edbc + Eion−ion, �15�

where EBS is the band-structure energy and is obtained by
solving the general eigenvalue equation �Eq. �1��, Edbc is the
correction to the double counting of the electron-electron
interactions between the valence electrons in the band-
structure energy calculation, and Eion-ion is the repulsive in-
teraction between ions. Based on Eqs. �3�–�14�, Eq. �15� can
be rewritten as

Etot = EBS +
1

2�
i

�Zi
2 − Ni

2�Ui −
1

2 �
i,k�i
k�

NiNkVN�Rik�

+
1

2 �
i,k�i
k�

ZiZkVC �16�

with

VC =
e2

4
�0Rik
=

E0

Rik
. �17�

It is illuminating to demonstrate how our approach relates
to the approach in Ref. 11. We may partition the SCED-
LCAO Hamiltonian Hi�,j� into the two-center term Hi�,j�

0

and the environment-dependent term such that

Hi�,i� = Hi�,i�
0 + �Ni − Zi�Ui + �

k
i

�NkVN�Rik� − ZkVZ�Rik��

�18�

and
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Hi�,j� = Hi�,j�
0 +

1

2���Ni − Zi� + �Nj − Zj��Ui

+ ��
k
i

�NkVN�Rik� − ZkVZ�Rik��

+ �
k
j

�NkVN�Rjk� − ZkVZ�Rjk����Si�,j��Rij� ,

�19�

where

Hi�,i�
0 = �i� �20�

and

Hi�,j�
0 =

1

2
K�Rij����i� + ��j��Si�,j��Rij� . �21�

Since

EBS = �
i�,j�

�
�

occ

ci�
� cj�
� Hj�,i� �22�

the substitution of Eqs. �18�–�21� to Eq. �22� leads to

EBS = EBS
0 + �

i

�Ni − Zi�Ui
�
�,�

�ci�
� �2 + �

�,j�,�
ci�
� cj�
� Sj�,i��

+ �
k
i

�
i

�NkVN�Rik� − ZkVZ�Rik��

�
�
�,�

�ci�
� �2 + �

�,j�,�
ci�
� cj�
� Sj�,i�� , �23�

where

EBS
0 = �

i�,j�
�
�

occ

ci�
� cj�
� Hi�,j�

0 �24�

is the band structure energy corresponding to the two-center
term. Recognizing that

Ni = �
�,�

�ci�
� �2 + �

�,j�,��j
i�
ci�
� cj�
� Sj�,i�

we obtain

EBS = EBS
0 + �

i

�Ni − Zi�NiUi

+ �
i,k�k
i�

�NkVN�Rik� − ZkVZ�Rik��Ni. �25�

The substitution of Eq. �25� into Eq. �16� yields

Etot = EBS
0 +

1

2�
i

�Ni − Zi�2Ui +
1

2 �
i,k�k
i�

NiNkVN�Rik�

− �
i,k�k
i�

NiZkVZ�Rik� +
1

2 �
i,k�k
i�

ZiZkVc�Rik� . �26�

Since

VZ = VN − �VN, �27�

VC = VZ + �VC = VN − �VN + �VC, �28�

with

�VC = VC�1 + BZRik�e−�ZRik, �29�

the substitution of Eqs. �27� and �28� into Eq. �26� yields

Etot = EBS
0 +

1

2�
i

�Ni
2Ui +

1

2 �
i,k�k
i�

�Ni�NkVN�Rik�

+ �
i,k�k
i�

NiZk�VN +
1

2 �
i,k�k
i�

ZiZk��VC − �VN� .

�30�

Equation �30� indicates that the total energy in our ap-
proach can be expressed as the sum of the two-center band
structure energy �first term�, Coulomb-like energy associated
with the charge fluctuations �second and third terms�, and the
short-ranged terms �fourth and fifth terms�. It reduces to an
expression similar to that of Ref. 11 only if we impose the
condition VN=VZ or �VN=0, with Erep= 1

2�i,k�k
i�ZiZk�VC.
Furthermore, Eq. �30� also shows that, even for systems with
no charge redistribution, the total energy expression is differ-
ent from that of Ref. 11 because of the presence of the term
�VN on account of VN
VZ �ESR=short-range energy
= 1

2�i,k�k
i�ZiZk��VC+�VN��. In addition, for such systems,
the SCED-LCAO Hamiltonian �see Eqs. �6� and �7�� still
contains environment-dependent terms while the Hamil-
tonian of Ref. 11 no longer has any. The presence of the
environment-dependent terms in the Hamiltonian for systems
with no on-site charge redistribution affects the distribution
of the electrons among the orbitals even though the total
charge associated with a given site is not changed. Therefore,
the effect of the environment dependency will be reflected in
the band structure energy through the solution to the general
eigenvalue equation �Eq. �1�� as well as the total energy. This
is probably the reason why the results for high-coordinated
crystalline phases based on the approach of Ref. 11 do not
agree well with the DFT results �see the discussion in Sec.
II B�.

According to the strategy given above, the framework of
the proposed semiempirical SCED-LCAO Hamiltonian will
allow the self-consistent determination of the electron distri-
bution at site i. The inclusion of environment-dependent
multicenter interactions �three-center explicitly and four-
center interactions implicitly� will provide the proposed
Hamiltonian with the flexibility of treating the screening ef-
fect associated with electrons which is important for the
structure stability of narrow band solids such as d-band tran-
sition metals, while at the same time, handling the effect of
charge redistribution for systems with reduced symmetry on
equal footing. Furthermore, as described above, the Hamil-
tonian is set up in such a way that the physics underlying
each term in the Hamiltonian is transparent. Therefore, it will
be convenient to trace the underlying physics for properties
of a system under consideration when such a Hamiltonian is
used to investigate a many-atom aggregate and predict its
properties. The salient feature of our strategy is that, with the
incorporation of all the relevant terms discussed previously,
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there is no intrinsic bias towards ionic, covalent, or metallic
bonding for the proposed Hamiltonian. Thus our strategy
represents an approach that provides the appropriate concep-
tual framework to allow the chemical trend in a given atomic
aggregate to determine the structural as well as electronic
properties of condensed matter systems. In our strategy, there
will be only about 20 fitting parameters in the construction of
the proposed Hamiltonian for single component systems with
a sp3 basis. Our approach requires far less parameters com-
pared to phenomenological approaches3,4 �with �50 to 100
parameters� where environment-dependent effects are em-
phasized. In addition, the roles played by these parameters
are well defined in terms of their physical significance. With
far fewer parameters needed for the description of the pro-
posed Hamiltonian, the optimization scheme for the determi-
nation of these parameters will be more robust. In our strat-
egy, these parameters will be fitted to properties of stable
configurations obtained from experiments and/or reliable
first principles calculations, as well as metastable configura-
tions determined by first principles calculations. Our ap-
proach differs from the DFT-based TB approach of Ref. 11 in
the following important aspects. �1� A uniform treatment of
the environment-dependent multicenter interactions for sys-
tems with or without the charge redistribution, resulting in a
transferable Hamiltonian for a wide range of phases for ma-
terials beyond the scope of the approach in Ref. 11 as well as
all other existing approaches. It should be noted that our
treating environment-dependent interactions for systems with
or without the charge redistribution on an equal footing high-
lights the important feature, the difference between VN�Rik�
and VZ�Rik�, that plays the crucial role in modeling the ef-
fects of electron screening in an atomic aggregate and that is
completely ignored in the approach of Ref. 11. �2� A
database-driven semiempirical approach. Our approach de-
pends critically on the database. If one can judiciously com-
pile a systematic and reliable database, our scheme has the
flexibility to allow the database to properly model the screen-
ing effect of the electrons in an atomic aggregate.

We have also implemented a MD scheme based on the
SCED-LCAO Hamiltonian. In the MD simulations, the
forces acting on the atoms in the atomic aggregate must be
calculated at each MD step. The calculation of the band
structure contribution to atomic forces can be carried out by
the Hellmann-Feynman theory.14 With the presence of terms
involving Ni and Nk in the SCED-LCAO Hamiltonian �see

Eqs. �5�–�7��, terms such as 	kNi where 	k refers to the

gradient with respect to R� k will appear in the electronic con-
tribution to the atomic forces. However, these terms are can-
celed exactly by terms arising from the gradients of the sec-
ond and the third terms in the total energy expression �Eq.
�16��. Thus terms involving 	kNi will not contribute to the
calculation of atomic forces. This fact greatly simplifies the
calculation of atomic forces needed in the MD simulations.
In other words, if one disregards the extra time due to the
self-consistency requirement, the calculation of atomic
forces based on the SCED-LCAO Hamiltonian is not any-

TABLE I. Parameters of the SCED-LCAO Hamiltonian for
silicon.

Symbols Values Symbols Values Symbols Values

U 8.05 eV �N 2.74 Å−1 �sp� 2.18 Å−1

�s� −13.43 eV dN 1.91 Å �pp� 2.35 Å−1

�p� −7.91 eV Bss� 0.88 Å−1 �pp
 3.74 Å−1

�K 0.25 Å−1 Bsp� −0.75 Å−1 dss� 1.32 Å

BZ 1.54 Å−1 Bpp� −0.79 Å−1 dsp� 1.35 Å

AN −1.26 eV Bpp
 −0.31 Å−1 dpp� 2.03 Å

BN 0.16 eV Å−1 �ss� 3.04 Å−1 dpp
 2.28 Å

TABLE II. Comparisons of bond lengths �Å� and binding ener-
gies �eV� for different geometries of Si clusters obtained using the
SCED-LCAO method and ab initio calculations �Ref. 17�.

Cluster Symmetry Present work ab initio values

Si2 Dih 2.226 Å 2.288 Å

−2.435 eV −2.499

Si3 C2v 2.284 Å 2.357 Å

2.168 Å 2.158 Å

−3.413 eV −3.575 eV

Si3 Dih 2.141 Å 2.167 Å

−3.427 eV −3.404 eV

Si4 D2h 2.275 Å 2.311 Å

−4.101 eV −4.242 eV

Si4 Td 2.332 Å 2.474 Å

−3.773 eV −3.659 eV

Si4 Di.h 2.116 Å 2.156 Å

2.164 Å 2.176 Å

−3.289 eV −3.364 eV

Si5 D3h 2.207 Å 2.306 Å

3.141 Å 3.064 Å

−3.352 eV −3.340 eV

Si5 C4v 2.209 Å 2.275 Å

2.358 Å 2.513 Å

−4.327 eV −4.266 eV

Si5 Dih 2.082 Å 2.133 Å

2.128 Å 2.144 Å

−3.545 eV −3.534 eV

Si5 Td 2.127 Å 2.215 Å

3.475 Å 3.617 Å

−3.334 eV −3.383 eV

Si6 D4h 2.248 Å 2.363 Å

2.639 Å 2.734 Å

−4.698 eV −4.664 eV

Si6 D3d 2.261 Å 2.285 Å

2.948 Å 3.208 Å

−3.896 eV −3.972 eV

Si6 Dih 2.057 Å 2.098 Å

2.072 Å 2.134 Å

2.149 Å 2.158 Å

−3.446 eV −3.446 eV
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more difficult compared with conventional TB approaches.
Finally, when there is charge redistribution, the Ewald’s

method15 can be used to calculate the long-range Coulomb
interactions for extended systems. For finite systems, direct
summation of the Coulomb terms can be used.

B. Optimized parameters and results for bulk silicon

The parameters characterizing our SCED-LCAO Hamil-
tonian are determined by an efficient global optimization
procedure against an appropriately chosen database, by
adapting a local least-squares algorithm, the Marquardt-
Levenberg algorithm,16 to the global problem. A brief de-
scription of this procedure is described in Appendix A. For
single-component systems with sp3 basis, there are about 20
parameters defining the SCED-LCAO Hamiltonian. The pa-
rameters characterizing the SCED-LCAO Hamiltonian for
silicon, obtained using the optimization procedure outlined
in Appendix A, are given in Table I. The properties used to
determine this set of parameters include: �i� the binding en-
ergies and bond lengths for Sin clusters with n=2 to 6
�shown in Table II�,17 �ii� the binding energy vs atomic vol-
ume curves for the diamond, the simple cubic �sc�, the body
centered cubic �bcc�, and the face centered cubic �fcc�
phases,18 respectively �shown in Fig. 1�, and �iii� the band
structure energies at high symmetry points for the diamond
phase18–21 �shown in Fig. 2 and Table III�.

The results showing the binding energy vs relative atomic
volume curves for the diamond, the simple cubic �sc�, the

body centered cubic �bcc�, and the face centered cubic �fcc�
phases of silicon, obtained by using the SCED-LCAO
Hamiltonian constructed for Si with our scheme, are pre-
sented in Fig. 1. Also shown in Fig. 1 are the corresponding
curves obtained using three existing traditional �two-center
and non-selfconsistent� nonorthogonal tight binding �NOTB�
Hamiltonians,22–24 and two more recently developed non-
selfconsistent but environment dependent Hamiltonians.7,9

All the curves �solid� are compared with the results obtained
by DFT-LDA calculations18 �dotted�. It can be seen that
while the results obtained by all the existing Hamiltonians
fail for the high-pressure phases, those obtained using
Hamiltonians with environment-dependent terms give much
better agreement for those phases. This is an indication of the
importance of the inclusion of the environment dependent
effects in the Hamiltonian, even for single-element extended
crystalline phases. However, the most striking message con-
veyed by Fig. 1 is how well our result compares with the
DFT-LDA results for all the extended crystalline phases, both
at low as well as high pressures. It indicates that our scheme

FIG. 1. The binding energy vs relative atomic volume curves for
the diamond �cdia�, the simple cubic �sc�, the body centered cubic
�bcc�, and the face centered cubic �fcc� phases of silicon, obtained
using the present SCED-LCAO scheme �top-left panel�. The corre-
sponding curves obtained using three existing traditional �two-
center and non-selfconsistent� nonorthogonal tight binding �NOTB�
Hamiltonians �top-central �Ref. 23�, top-right �Ref. 24�, and
bottom-left �Ref. 22� panels� and two more recently developed non-
selfconsistent but environment-dependent Hamiltonians bottom-
central �Ref. 9� and bottom-right �Ref. 7� panels� are also shown in
the figure. All the curves �solid� are compared with the result ob-
tained by a DFT-LDA calculation �Ref. 18� �dotted�.

FIG. 2. �Color online� The band structure of bulk Si calculated
for the diamond phase using the SCED-LCAO approach and the
corresponding DFT band structure �stars� taken from Ref. 18 are
shown.

TABLE III. Band structure energies �in eV� at high symmetry
points of bulk Si obtained from the present work �optimized lattice
constant is 5.4464 Å� are compared with the DFT calculation and
experimental results.

Band index
Present
work

DFT
calculation Experiment

�1v −11.77 −11.93a −12.4±0.6;b −12.5±0.6c

X4v −3.30 −2.88a −2.5±0.3;c −2.9d

L2�v −10.10 −9.52a −9.3±0.4c

L1v −6.62 −7.00a −6.4±0.4;b −6.8±0.2c

L3v −1.89 −1.20a −1.2±0.2d

aReference 18.
bReference 19.
cReference 20.
dReference 21.
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has the capacity and the flexibility of capturing the environ-
ment-dependent screening effect under various local configu-
rations.

To further demonstrate the reliability of the SCED-LCAO
Hamiltonian for predicting system properties, we have cal-
culated the band structure of bulk Si in the diamond phase in
all directions. The result and its comparison with the avail-
able DFT-based calculation18 are shown in Fig. 2. It can be
seen that the agreement between these two sets of results is
excellent in terms of both the trend and the magnitude for the
valence band, although the agreement is not as good for the
conduction band. We have also calculated the elastic con-
stants of the diamond phase. Since the calculation of elastic
constants involves the second derivatives of the energy at its
minimum corresponding to the equilibrium configuration, the
result is extremely sensitive to the accuracy of the semi-
empirical Hamiltonian used in the calculation. Hence the cal-
culation of elastic constants provides a stringent test for the
reliability of the SCED-LCAO Hamiltonian. In Table IV, the
results of our calculations of bulk modulus and elastic con-
stants are shown, together with the corresponding results ob-
tained by other semiempirical Hamiltonians, DFT-based
methods, and experimental measurements. It can be seen that
our results agree very well with the experimental measure-
ments and DFT results. This agreement is far better than
those that were achieved by other existing semiempirical cal-
culations. In fact, our agreement with the experimental mea-
surements is as good as that achieved by DFT-based calcu-
lations. This comparison shows definitively the reliability of
the SCED-LCAO Hamiltonian constructed for Si. We have
also checked the self-consistency in the charge redistribution

by using the SCED-LCAO Hamiltonian to study the struc-
tural properties of Sin clusters with n ranging from 2 to 6.
The results on the binding energy and bond lengths for the
stable and metastable structures of these clusters all agree
excellently with the first principles results17 �see Table II�.

III. APPLICATIONS

In this section, the robustness of the SCED-LCAO Hamil-
tonian is elucidated through several examples. We demon-
strate that the parameters of SCED-LCAO Hamiltonian ob-
tained by fitting them to the bulk silicon and small silicon
clusters �atoms up to 6� are capable of predicting the struc-
tural properties of intermediate size silicon clusters and com-
plex silicon surfaces. Specific examples studied include: �A�
structural properties of Si71 cluster, �B� reconstruction of the
Si�001� surface, and �C� the energy landscape of a Si mono-
mer adsorbed on the reconstructed Si�111�-�7�7� surface.

A. Structural properties of Si71 cluster

We have used the MD scheme based on the SCED-LCAO
Hamiltonian to determine the stable structure of Si71, an
intermediate-size cluster. We generated the initial configura-
tion of Si71 cluster from the truncated tetrahedral network.
We first heated and equilibrated this initial configuration at
500 K for about 2.4 ps. We then annealed it to 300 K for
about 0.7 ps, and finally cooled it down to 0 K for about
2 ps.

The atoms on the truncated “surface” of the initial tetra-
hedral configuration of the Si71 cluster have many dangling

TABLE IV. The equilibrium lattice constant, the cohesive energy per atom, the bulk modulus, and the
elastic constants of silicon in the diamond phase as obtained using the SCED-LCAO method �second col-
umn� are compared with the corresponding results as obtained by other semiempirical approaches �third
column�, DFT-based methods �fourth column�, and experiments �fifth column�.

Properties SCED-LCAO Other TB DFT Expt.

Lattice constant �Å� 5.443 5.426;e 5.399;f 5.427;g 5.417h 5.451;a 5.399f 5.429b

Cohesive energy
�eV/atom�

4.904 4.71;f 5.19;g 4.97h 4.67;a 4.70f 4.63c

Bulk modulus �GPa� 96.6 108.3;e 104.8;f 153.5;g 115.1h 98;a 96.4;e 98f 99d

C11 �GPa� 166.3 179;e 145;f 218;g 185h 152e 166d

C12 �GPa� 61.7 73;e 84.5;f 121;g 80.1h 60e 64d

C44 �GPa� 93.7 95e 101e 80d

aReference 18.
bThe experimental zero-pressure lattice constants and atomic volumes at 0 K are obtained from J. Donohue,
The Structure of Elements �Wiley, New York, 1974�, corrected for thermal expansion and atmospheric-
pressure compression.
cL. Brewer, Lawrence Berkeley Laboratory Report No. LBL-3720 �unpublished� �for the cohesive energy at
0 K�; C. E. Moore, Atomic Energy Levels �National Bureau of Standards, Washington, D.C., 1949 �Circular
No. 467, Vol. 1��.
dH. J. McSkimin, J. Appl. Phys. 24, 988 �1953�; H. J. McSkimin and P. Andreatch, Jr., ibid. 34, 651 �1963�;
ibid. 35, 2161 �1964�. The elastic moduli were measured at 77 K.
eReference 7.
fReference 24.
gReference 23.
hReference 22.
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bonds. Therefore the initial configuration is very unstable.
Two factors that play key roles in determining a stable con-
figuration of a Si cluster are: �1� saturation of the dangling
bonds of the surface atoms; �2� the tendency to maintain the
coordination number for Si atoms closer to four. The inter-
play of these factors will lead to a distorted surface for a
stable Si cluster. This can be seen from the inset of Fig. 3
where the stabilized Si71 cluster obtained by our simulation
shows a compact network in a more oblate structure. The
strong surface distortion is a reflection of local bonding con-
figurations with the number of bonds associated with atoms
in the cluster, in particular the surface atoms, close to four.

This type of structure has also been found to be more stable
for other Si clusters of intermediate size by previous theoret-
ical studies.25–28

We have also calculated the pair distribution function g�r�
for the equilibrated Si71 cluster �see the inset of Fig. 3�. From
Fig. 3, it can be seen that g�r� exhibits a very sharp first peak
followed by a broader second peak, a typical feature of dis-
torted cluster structure. Also shown in Fig. 3 is the pair dis-
tribution function for the stable Si71 cluster obtained under
the same equilibration procedure but using the DFT-based
fire-ball MD scheme.29 It can be seen that the agreement
between the result from the SCED-LCAO MD scheme and
that from the fire-ball MD scheme is excellent.

It is well known that the charge redistribution plays the
critical role in establishing chemical bonding in relaxation.
This is particularly true for surface atoms in a cluster of
intermediate size. The result of our test case therefore has
demonstrated the robustness of the self-consistent scheme in
the determination of the charge redistribution in the SCED-
LCAO Hamiltonian.

B. Reconstruction of the Si(001) surface

We have carried out a MD simulation of the reconstruc-
tion of Si�001� surface from scratch, using the SCED-LCAO
Hamiltonian. We started with the ideal Si�001� with P1�1
symmetry as the initial configuration. We chose a 4�4 slab
with a thickness of eight layers as the MD cell. In the simu-
lation, the atoms in the top four layers were allowed to fully
relax while the atoms in the bottom four layers were kept at
their bulk equilibrium positions. We turned on the simula-
tions by first moving the surface atoms in the alternate col-
umn towards the fixed surface atoms by 0.1 Å �see the left
inset of Fig. 4�.

We found that the surface reconstruction of the Si�001�
surface using SCED-LCAO takes about 0.5 ps �see Fig. 4�.
The surface atoms begin to dimerize in �0.05 ps after per-
forming the SCED-LCAO MD relaxation. These dimers be-
come buckled �tilted� after about another 0.075 ps. Finally
the surface reconstruction stabilizes to the stable configura-
tion with the C4�2 symmetry �see the right inset of Fig. 4�
in another �0.375 ps. To the best of our knowledge, this is
the first time that the C4�2 reconstruction of the Si�001�
surface is obtained directly from the dynamical relaxation

TABLE V. Characteristics of the buckled dimer row on the
Si�001� C4�2 reconstructed surface: �E/dimer is the binding en-
ergy per dimer �in eV�, b denotes the dimer bond length �in Å�, �z
the height of the bulked dimer �in Å�, and � the angle of the dimer
with respect to the surface �in degree�.

Properties Present work DFT-LDA Experiment

�E/dimer 1.18 1.39a

b 2.47 2.29a 2.45±0.1b

�z 0.69 0.69a

� 16.19 17.5a

aReference 30.
bReference 31.

FIG. 3. �Color online� The pair-distribution function g�r� for the
relaxed Si71 cluster �inset� calculated from the SCED-LCAO
method �solid� is compared with the DFT-LDA calculation �Ref.
29� �dotted�.

FIG. 4. �Color online� Total energy calculations as a function of
MD steps �1 step=2.5 fs� in the SCED-LCAO MD simulation re-
veal the C4�2 reconstruction �right inset� as the most stable struc-
ture for the Si �100� surface with ideal P1�1 symmetry �left inset�
as the initial configuration.
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simulation of its ideal P1�1 surface configuration. It dem-
onstrates the predictive power of the SCED-LCAO Hamil-
tonian. We also found that the C4�2 configuration can not
be obtained when the simulation is performed without the
self-consistent requirement of the charge, indicating that
charge redistribution is a key ingredient during the surface
reconstruction.

In Table V, the properties characterizing the buckled C4
�2 reconstruction of the Si�001� surface obtained by the
SCED-LCAO Hamiltonian-based MD simulation are com-
pared with the corresponding properties obtained by DFT
calculation30–32 and/or experimental measurements.33 It can
be seen that the agreement is very good.

C. Mapping the energy landscape of a Si monomer adsorbed
on the reconstructed Si„111…-„7Ã7… surface

Finally, we have applied the SCED-LCAO Hamiltonian to
map out the energy landscape for a Si monomer adsorbed on
the reconstructed Si�111� surface.34 This represents a most
stringent test for the reliability and efficiency of the applica-

tion of the SCED-LCAO Hamiltonian because of the com-
plicated reconstruction of the Si�111� surface. In our study,
we used the SCED-LCAO-MD scheme to unravel the struc-
tural and the dynamical behavior of an adsorbed Si atom on
the Si�111�-�7�7� dimer-adatom-stacking-fault �DAS�-
reconstructed surface.35 To have a complete understanding of
the behavior pattern of the Si adsorbate on the Si�111�-7
�7 surface, we first confirmed, using SCED-LCAO-MD,
that the SCED-LCAO Hamiltonian for Si can indeed lead to
the reconstructed 7�7 DAS structure, including both the
faulted and the unfaulted halves. In this case, by necessity,
we have used a large supercell composed of 10 layers plus
the adatom layer �494 atoms in total�, where the top eight
layers were relaxed and the bottom two layers were held at
their bulk equilibrium positions.

We determined the preferential adsorption sites for an ad-
sorbed Si atom by mapping out the total energy as a function
of its positions on the surface. In Figs. 5�a� and 5�b� the
adsorption energy along two pathways in the faulted half of
the unit cell is shown, respectively. These two pathways are
composed of irreducible sites in the faulted half. The site
symbols are described as follows: T1 denotes an adsorption
site on top of the rest atom with one dangling bond, T2 a site
on top of layer-1 atom which is different from the rest atom,
T4 a fourfold site on top of an undimerized atom of layer-2,
H3 a hexagonal threefold site, B2 a twofold site between T4
and H3 or T2 and T4, D2 a site on top of a dimer atom, P a
site within the pentagonal ring and whose image site in the
unfaulted half lies above a layer-4 atom, O a site within an
octagonal ring and whose image site in the unfaulted half lies
above a layer-4 atom, CH a site within the corner hole region
and whose image site in the unfaulted half lies above a
layer-4 atom, CEA a site on top of a central adatom, COA a
site on top of a corner adatom, and COH the central position
of the corner hole, respectively. In addition, the auxiliary
notation CE denotes a site located in the central region of the
half unit cell, CEA a site located near the central adatom,
COA a site located near the corner adatom, and DR a site
located near the dimer row, respectively. As shown in Table
VI, the calculated adsorption energies for sites along the two
pathways in the faulted half exhibit many stable adsorption
sites �T4-CE, T2-CE, B2-CEA1, B2-CEA2, B2-COA, and
H3-COA along the path 1 and T2-CEA, T4-DR, T2-COA1,
T2-COA2, O, and CH along the path 2�. It is interesting to
note that the stable adsorbate site is not on top of the rest
atom �T1� or on top of the dimers �D2�. The factor determin-
ing the stable adsorbate sites depends on the situation when,
in addition to saturating any dangling bond of the surface
atoms, the Si adsorbate atom can form more bonds with the
substrate atoms so that its coordination number is closer to
four. The adsorbed Si atom at site T1, although it saturates
one dangling bond of the rest atom, does not satisfy the
optimally coordinated criterion for silicon. Our calculation
also reveals several low-energy barriers in both pathways, in
particular, energy barriers of 0.3 eV between the sites
T2-CE and B2-CEA1, B2-CEA1 and B2-CEA2, or B2-
CEA2 and B2-COA, or two equivalent B2-COAs in pathway
1 and between the sites T2-COA1 and T2-COA2, or between
two equivalent T2-CEA sites in the pathway 2. These results
are consistent with the result of theoretical calculations using
the DFT-based VASP package.36

FIG. 5. Shown are sites �denoted as stars� in the irreducible
region �bounded by the dashed triangle� along which the adsorption
energies of a monomer on Si�111� 7�7 reconstructed surface are
calculated. The sites along the first pathway �a� and the second
pathway �b� lie in the faulted half. The footnote shows the corre-
spondence between site numbers and symbols.
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Based on the energy landscape, the low barrier energies,
and the fact that the sites are located close to each other, one
can expect the adsorbed Si atom to be trapped in one of the
three types of basins of attraction in the faulted half de-
scribed as follows �see Fig. 6�.

�1� Triangular-type basin: The energy landscape calcula-
tion reveals three triangular-type basins of attraction sur-
rounding the T1 sites on top of the rest atom, formed by sites
of B2, H3, and T4 type as shown in Fig. 6. In each of the
basins of attraction, the adsorption energy near the corner
adatoms �i.e., the B2-COA and H3-COA sites� is lower than
that near the central adatoms �i.e., the B2-CEA and H3-
CEA sites�. This anisotropy in energy in the triangular type
of basin is consistent with the atom tracking image of an
adsorbed Si atom at low temperatures �see Fig. 4�a� of Ref.
37�, where it is reported that the adsorbed atom spends most
of the time in the region defined by the positions R1, R2, R3
which are near the rest atoms and the corner adatoms COA1,
COA2, and COA3.

�2� Hexagonal ring-type basin: As shown in Fig. 6, a hex-
agonal ring-type basin of attraction is located at the center of
the half unit cell and is composed of the T2-CE and T4-CE
sites surrounding the H3-CE site with the T4-CE site having
the lowest energy. This type of the basin of attraction pro-
vides the explanation for the atom-tracking image of an ad-
sorbed Si atom at room temperature,37 where it is reported
that the adsorbed atom spends most of the time inside the
central region defined by the three center adatoms �CEA1,
CEA2, and CEA3�, but occasionally moves near the rest
atom positions �R1, R2, or R3� and corner adatom �COA1 or
COA2� positions, as shown in Fig. 2�a� of Ref. 37.

�3� Shoulder-type basin: The energy landscape calculated
along pathway-2 reveals shoulder-type basin of attraction in
the vicinity of the dimer row formed by the O, T2-CEA,
T4-DR, T2-COA1, T2-COA2, and CH sites, as shown in
Fig. 6. The T2-COA sites near the corner holes are lower in
energy. This may explain the formation of the Si tetramers
located on the top of the corner dimer at low temperature and
on the top of central dimer at room temperature.37,38

The combination of the three types of basins of attraction
results in an attractive potential well that traps the adsorbed
Si atoms to form magic clusters. In particular, the region
bounded by T2-CE, T2-CE, T1, T2-CEA, T2-CEA, and T1
�as shown in Fig. 6� matches very well the schematic draw-
ing of the six protrusions depicting the magic cluster on the
faulted half of Si�111�-7�7 surface as noted by Hwang et
al.39 Furthermore, the low energy barriers allow the cluster to
move within the half unit cell.

We have also compared adsorption energies of corre-
sponding sites in the faulted half and the unfaulted half of the
unit cell. We found that the adsorption energy of most of the
sites in the faulted half is lower compared with the corre-
sponding site in the unfaulted half �see Table VI�. Specifi-
cally, the sites with the two lowest energy, B2-COA and

FIG. 6. �Color online� Three basins of attractions �triangular-
type, hexagonal ring-type, and shoulder-type, respectively� for a
silicon monomer on the Si�111�-7�7 reconstructed surface are
shown, with the triangle, the square, and the diamond indicating the
energies in increasing order. The sites denoted by T1, T2-CE, and
T2-CEA, which are bounded by the three basins of attraction, con-
firms the existence of the experimentally observed region of six
protrusions associated with the magic clusters �Ref. 39�.

TABLE VI. Calculated adsorption energies for a Si monomer
adsorbed in the irreducible region of Si�111�-�7�7� reconstructed
surface.

Site number
along path 1

Eadsorption �eV�
�faulted�

Eadsorption �eV�
�unfaulted�

Symbol of the
site type

1 −3.12048 −3.29868 T1

2 −4.15503 −4.00158 T4-CE

3 −3.55113 −3.35263 H3-CE

4 −3.91248 −3.90753 T2-CE

5 −3.64064 −3.47482 B2-CE

6 −3.97138 −4.06098 B2-CEA1

7 −3.70458 −3.49668 H3-CEA

8 −3.95703 −3.97188 B2-CEA2

9 −3.77883 −3.88883 T4-DR

10 −4.22929 −4.11543 B2-COA

11 −3.94705 −3.37095 H3-COA

Site number
along path 2

Eadsorption �eV�
�faulted�

Eadsorption �eV�
�unfaulted�

Symbol of the
site type

1 −3.04120 D2-CEA

2 −3.52638 −3.37293 P-CEA

3 −2.67844 −2.68537 CEA

4 −3.76398 −3.78279 T2-CEA

5 −3.77883 −3.77883 T4-DR

6 −4.08573 −4.03078 T2-COA1

7 −2.97190 −3.01653 COA

8 −3.88773 −3.81348 T2-COA2

9 −3.85308 −3.44718 CH

10 −2.93238 COH

11 −3.33332 D2-COA1

12 −3.53133 −3.75408 P-COA

13 −3.20463 D2-COA2

14 −3.83320 −3.14028 O
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T4-CE, have lower energy in the faulted half than in the
unfaulted half. This appears to be one of the reasons why the
Si magic cluster prefers to form on the faulted half of the
unit cell of Si�111�-�7�7� surface as observed by Hwang et
al.39

IV. CONCLUDING REMARKS AND FUTURE OUTLOOK

The application of the SCED-LCAO Hamiltonian for sili-
con to the three test cases discussed above represents a con-
certed effort to test the versatility, the reliability, and the
efficiency of using the SCED-LCAO Hamiltonian to study
properties of complex systems with no or reduced symmetry.
The first case concerns a finite system with no symmetry.
The second and third cases deal with extended systems with
reduced symmetry. The properties of all these three low-
dimensional systems are, therefore, critically dependent on
charge redistribution and environment-dependent multicenter
interactions. The result of our test studies has clearly dem-
onstrated that �i� the SCED-LCAO Hamiltonian for silicon is
transferable and hence it has the predictive power; �ii� the
self-consistent scheme for the determination of the charge
redistribution is robust; �iii� the MD code based on the
SCED-LCAO Hamiltonian is efficient.

A comparison of computational speed and memory usage
of the SCED-LCAO with the DFT-based Vienna ab initio
simulation package �VASP� reveal that the SCED-LCAO is
about 30 times faster than the VASP calculation and it re-
quires about five times less memory for the relaxation of a
Si71 cluster �see Table VII�. In addition, by implementing the
order-N scheme into the framework of the SCED-LCAO
Hamiltonian for total energy and force calculations, we
found that we can perform full geometry optimization of
systems of sizes about 20 000 atoms.40 Thus reliable large-
scale quantum-mechanics based MD simulations are attain-
able using the O�N�/SCED-LCAO scheme. The size limita-

tion in our scheme arises mainly from the bottleneck
associated with the Ewald summations.

In a forthcoming publication, the SCED-LCAO Hamil-
tonian will be used to study the relative stability of 1D Si
nanowires �NWs� of different orientations with diameters
ranging from a few to 15 nm. The study of larger diameter
SiNWs requires the implementation of the O�N� algorithm
into the SCED-LCAO approach and a parallelized version of
the SCED-LCAO/MD code.

The development of a recipe to construct semiempirical
Hamiltonians for elemental materials in the present work is
grounded in the ingredients of the many-body Hamiltonians
describing the many-atom aggregates.41 The determination of
the parameters characterizing the SCED-LCAO Hamilto-
nians is database driven. In this sense, the SCED-LCAO
Hamiltonian is only as good as the database used to optimize
the fitting parameters. Our case studies on silicon-based
structures indicate that, with the compilation of a judiciously
chosen database, the resulting SCED-LCAO Hamiltonian is
versatile, reliable, efficient, and possesses predictive power.
Thus, we are confident that reliable and transferable SCED-
LCAO Hamiltonians with predictive power can be developed
for real materials using our scheme. Furthermore, our
scheme is efficient so that simulations of complex systems
with large degrees of freedom can be conveniently carried
out.

Construction of SCED-LCAO Hamiltonians for other col-
umn IV elements �e.g., carbon and germanium�, simple met-
als �e.g., aluminum�, and transition metals �e.g., iron and
nickel� are currently in progress with very encouraging re-
sults. For example, the stable structure of bucky diamond
�C147� �Ref. 42� was predicted using our preliminary SCED-
LCAO Hamiltonian for C while it cannot be correctly pre-
dicted by other semiempirical approaches. The extension of
the present scheme to its spin-polarized version and to het-
erogeneous systems is also in progress.
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APPENDIX: AN OUTLINE OF THE OPTIMIZATION
SCHEME

The first step in the optimization procedure is to define a
residual or objective function R which depends on the pa-
rameters si of the SCED-LCAO Hamiltonian, and for which
the minimum value of R is interpreted as the best value. We
use a least-squares sum of the differences between the cal-
culated properties Pcalc and the reference values Pref

R�si� = 1

NP
�

k

Pweight

k Pcalc
k − Pref

k

Pscale
k �2

. �A1�

This expression also includes the characteristic scale Pscale
of each property, a weight factor Pweight which represents the

TABLE VII. Computational speeds and memory usages in the
relaxation of a Si71 cluster are compared for the SCED-LCAO and
VASP �� point, Ecut=150 eV, 25�25�25 super cell� methods.
The number of self-consistent loops for the initial MD step �1�, an
intermediate step �30�, and for full relaxation are also shown. This
calculation was done on a single 1.6-GHz AMD Athlon MP
processor.

Method
MD
steps

Number of
self-consistent
loops per MD Wall time Memory

VASP 1 25 �3 h 9 m �300 MB

30 average 17 �18 h

191-fully
relaxed

average 9 �189 h 22 m 33 s

SCED-
LCAO

1 15 �34 m �63.4 MB

30 average 17 �34 m

600-fully
relaxed

average 4 �6 h 55 m
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relative importance of each property, and the total number of
properties NP. The use of the scale, weight, and number of
properties allows for the interpretation of the residual as the
average relative deviation of the calculated values from the
reference values.

The optimization problem is to find the global minimum,
which is the set si which has the absolute smallest value of R.
Optimization algorithms, however, are fundamentally related
to the number and distribution of local minima. In the easiest
case, there would be only one local minimum, and only
about 103 evaluations of R would be needed to find the glo-
bal minimum. In the worst case, the local minima would be
distributed randomly, and only a brute force search could
find the global minimum. In this worst case scenario, the
number of function evaluations needed would be Gs

Ns, where
Gs is the number of points for each parameter, and Ns is the
number of parameters. A reasonable value of Gs is �200,
and with �20 semiempirical parameters it is evident that the
optimization problem would be intractable. This means that
the selection of the optimization algorithm, and also the se-
lection of the initial or starting values of the semiempirical
parameters, is particularly important.

For the initial inputs in parameter-fitting, we use results
adapted from the available literature. For example, first-
principles calculations of the overlap matrices such as Sss�
are available for Si.22 For the least squares problem with NP
on the order of 102, there are of the order of 102 terms in the
summation. If this summation is performed explicitly, a large
amount of information about the individual behavior of these
terms is lost. For example, if the summation is performed
explicitly, the only information available about the deriva-
tives is the gradient �R

�si
with Ns elements, but if the summa-

tion is not performed explicitly then the entire Jacobian �Pk

�si

with NsNp elements is available. So even though the problem
is to find the minimum value of R, efficient least-squares
algorithms do not perform the summation explicitly, but
rather store and analyze each of the 102 terms in the summa-
tion. This is the approach used by the Marquardt-Levenberg
algorithm,16 which is a widely used and highly efficient al-
gorithm for finding the local minimum of a least-squares
problem. When compared with any algorithm which ana-
lyzes only the value of R, least-squares algorithms are typi-
cally one or two orders of magnitude more efficient at find-
ing the local minimum, with the efficiency increasing for
larger values of NP.

Now, the least-squares problem and the Marquardt-
Levenberg algorithm are well understood.16 Also, the global
optimization problem for a scalar function is well under-
stood.16 However, we have here a global least-squares prob-
lem. There are two general approaches to the global least-
squares problem. The first is to treat the least-squares prob-
lem as a scalar optimization problem, analyzing only the
value of R and not the values of the individual least-squares
terms. The reasoning here is that the benefit of using pre-
existing and well-understood algorithms, such as a simulated
annealing algorithms, will outweigh the cost of not analyzing
the individual terms in the summation. The second approach
is to adapt a local least-squares algorithm to the global prob-

lem. Here one can exploit the superior efficiency of the least-
squares algorithm.

Our experience indicates that the second approach of
treating the problem as a least-squares problem is consider-
ably more efficient. This is probably related to the fact that
we are now using up to 200 properties for the least-squares
summation, which is considerably more than have been pre-
viously used. We have developed an efficient global optimi-
zation algorithm by adapting a local least-squares algorithm,
the Marquardt-Levenberg algorithm,16 to the global problem.
It involves feeding successive sets of parameters �si� to the
Marquardt-Levenberg algorithm, which finds the local mini-
mum for each set of parameters. Each successive set is cho-
sen with a random distribution from the best set found from
all the previous local optimizations. The random distribution
is dependent on a scalar “distance” s defined by

s = 1

Ns
�

i

 snext

i − sbest
i

sscale
i �2

, �A2�

where sscale is the characteristic scale of each parameter. A
value s is assigned using a random exponential distribution.
The next set of parameters snext to be fed to the Marquardt-
Levenberg algorithm can then be constructed from the best
parameters sbest and the random distance s.

The explicit algorithm for snext
i is given by

snext
i = sbest

i +
− sglobal ln�r0,1�

�
k

r−1,+1
k r−1,+1

k

Ns

r−1,+1
i sscale

i , �A3�

where ra,b a random number with a uniform distribution over
the interval �a ,b�, and sglobal a unitless number which repre-
sents the expected range over which the local minima are
distributed. A typical value of sglobal is 0.5, which means that
the new parameters will differ from the old parameters by
about 50%. Loosely speaking, the random exponential distri-
bution means that the new set of parameters is more likely to
be close to the best set of parameters.

Perhaps the most important feature of this random dis-
tance algorithm is that successive sets are chosen with regard
to the values of the parameters s and without regard to the
residual value R. This is in contrast with techniques which
interpret the residual R as a type of energy barrier. The
highly nonlinear behavior of the residual even in regions
where the parameters are reasonable suggests that simulated-
annealing-type techniques are not appropriate for these types
of optimization problems because the residual barriers are
too large. If one does wish to adapt this algorithm to prob-
lems where a simulated-annealing-type interpretation is more
appropriate, sbest can be allowed to “hop” to a local minimum
which is not necessarily the best local minimum, with a hop-
ping probability that depends on the difference between two
appropriate R values. Indeed, we have used this simulated-
annealing-type adaptation at times, and although it certainly
adds flair to the algorithm, it does not seem to be useful for
our particular problem.
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Energetics, relative stabilities, and size-dependent properties of nanosized
carbon clusters of different families: Fullerenes, bucky-diamond,
icosahedral, and bulk-truncated structures
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Structures and relative stabilities of carbon clusters belonging to different families have been
investigated for diameters d 5 nm based on an efficient semiempirical molecular dynamics �MD�
scheme as well as a density functional theory based simulation. Carbon clusters studied include
fullerenes and fullerene-derived structures �e.g., cages and onions�, icosahedral structures,
bucky-diamond structures, and clusters cut from the bulk diamond with spherical and facetted
truncations. The reason for using a semiempirical MD is partly due to the large number of different
cases �or carbon allotropes� investigated and partly due to the size of the clusters investigated in this
work. The particular flavor of the semiempirical MD scheme is based on a self-consistent and
environment-dependent Hamiltonian developed in the framework of linear combination of atomic
orbitals. We find that �i� among the families of carbon clusters investigated, fullerene structures have
the lowest energy with the relative energy ordering being Efullerene�Eonion�Eicosahedral

�Ebucky-diamond�Ebulk-truncated, �ii� a crossover between bucky-diamond and icosahedral structures is
likely at d�8 nm, �iii� the highest occupied molecular orbital-lowest unoccupied molecular orbital
gap as a function of the diameter for the case of fullerenes shows an oscillatory behavior with the
gap ranging from 2 eV to 6 meV, and the gap approaching that of gapless graphite for d
�3.5 nm, and �iv� there can be three types of phase transformations depending on the manner of
heating and cooling in our simulated annealing studies: �a� a bucky-diamond structure
→an onionlike structure, �b� an onionlike→a cage structure, and �c� a bucky-diamond
→a cage structure. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3124827�

I. INTRODUCTION

Since the discovery of C60,
1 larger icosahedral fullerene

structures,2–7 structures with tetrahedral bonding and icosa-
hedral symmetry �“diamond analogs of fullerenes”�,8 nested
fullerenes �“onions”�9,10 with neighboring shells bound by
van der Waals forces, and bucky-diamond structures11 with
tetrahedral bonding in the interior and sp2-bonding on the
exterior have been either synthesized, modeled, or discov-
ered through computer simulation studies. The structural va-
riety and richness exhibited by carbon clusters may be attrib-
uted to different types of bonding, corresponding to sp, sp2,
and sp3 hybridizations between carbon atoms in an aggre-
gate. On the other hand, other tetravalent elements such as
silicon or germanium prefer to form exclusively sp3 bonding,
and hence the equilibrium structure of an aggregate of atoms
in such elements is expected to have a tetrahedral network in
the interior region and a reconstruction on the exterior re-
gion, which for a large cluster �i.e., a quantum dot or a nano-
particle� would resemble a bulk-truncated diamond structure
with a reconstructed surface. But, a recent work by Zhao et
al.12 based on the density functional theory �DFT� revealed
icosahedral structures to have lower energies compared to
the bulk-truncated diamond structures in the case of silicon

clusters for diameters �d� less than 5 nm. However, for d
�5 nm, the bulk-truncated quantum dots were found to
have lower energies.

Based on previous studies on carbon-based8,11 and
silicon-based nanostructures,12,13 it is apparent that the struc-
ture and properties of low-dimensional systems are dictated
by a combination of factors: size, surface characteristics
�passivated versus unpassivated�, bonding, and quantum con-
finement effects. In fact, the interplay among these factors is
expected to be even more interesting in the case of carbon
because of its diverse bonding characteristics. Specifically,
these factors should play key roles in determining the rela-
tive stabilities of different families of carbon clusters,
namely, the recently discovered bucky-diamond structures,
icosahedral carbon structures �similar to those found in sili-
con�, bulk-truncated structures, fullerenes, onions, and cage
structures.

Barnard et al.14 studied the relative stabilities of carbon
nanoclusters belonging to different families using a model
based on the atomic heat of formation. They have demon-
strated that depending on the cluster size, bucky-diamond
structures may coexist with fullerenes ��1.4 nm�d�
�1.7 nm�, carbon onions ��1.4 nm�d��1.7 nm�, or
nanodiamond ��2.0 nm�d��2.2 nm�.

A wide variety of theoretical methods ranging from ab
initio methods,5–7,11 tight-binding schemes,4,15 to classicala�Electronic mail: m0yu0001@gwise.louisville.edu.
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potentials8 has been employed to investigate the structure
and electronic properties of carbon clusters of different sizes.
An investigation of larger carbon clusters �N�500� usually
requires the use of linear scaling algorithms and the use of
semiempirical quantum mechanical simulations. Despite the
large number of theoretical studies devoted to the structural
determination of carbon clusters, a consensus on the relative
stability of different families of carbon clusters is lacking
because these results were obtained from different methods
with varying degrees of approximations. Therefore, it is de-
sirable to perform simulations using the same computational
approach �of an ab initio caliber� so that a quantitative com-
parison of energetics of different structures is possible.

The goal of the present work is to carry out a systematic
study of the energetics of various known families of carbon
clusters �CN� up to relatively large sizes �d 5 nm� using
the same highly efficient and reliable quantum mechanical
simulation based on a recently developed self-consistent
�SC� and environment-dependent �ED� Hamiltonian16 imple-
mented in the framework of linear combination of atomic
orbitals �LCAOs�. The diameter regime covered in the
present paper goes beyond the regimes studied in Refs. 4, 5,
7, and 11. The carbon cluster families considered include
fullerenes, icosahedral structures, cage structures �other than
fullerenes�, and different types of truncations of the bulk
diamond �spherical and facetted truncations�. In the case of
bulk-truncated diamond clusters, the largest system investi-
gated contains �11 603 atoms, where we employ the linear
scaling algorithm developed in Ref. 17. To validate the re-
sults obtained by the self-consistent and environment-
dependent �SCED�-LCAO molecular dynamics �MD�, we
have also provided comparisons of our results with the DFT
based simulations using the Vienna ab initio simulation
package �VASP� �Ref. 18� for smaller diameter clusters,
which was also performed in the present work. In this work,
we will also verify the scenario reported in Ref. 14 for the
coexistence of bucky-diamond structures with carbon onions
and fullerenelike structures as well as the stability of icosa-
hedral structures for carbon particles.

Although the general framework of the SCED-LCAO
Hamiltonian is described in detail elsewhere,16 we outline
the essential features of this Hamiltonian in Sec. II so that
the optimized SCED-LCAO parameters for carbon, as devel-
oped in this work, can be understood. The results corre-
sponding to the energetics of different families of carbon
clusters for different diameters and the phase transformation
of bucky-diamond structures to onion and cage structures are
elucidated in Sec. III.

II. SCED-LCAO HAMILTONIAN AND OPTIMIZED
CARBON PARAMETERS

The basic premise of the SCED-LCAO method is to go
beyond the traditional two-center tight-binding
Hamiltonians19 by including ED electron-ion and electron-
electron interactions and the SC treatment of charge redistri-
butions. The total energy using the SCED-LCAO Hamil-
tonian is given by the following expression:

Etot = EBS +
1

2�
i

�Zi
2 − Ni

2�Ui −
1

2 �
i,k�i
k�

NiNkVN�Rik�

+
1

2 �
i,k�i
k�

ZiZkVC. �1�

The first term in Eq. �1� represents the band structure energy
�EBS�, the second and third terms represent corrections to the
double counting of electron-electron interactions, and the last
term is the repulsive interaction between ion cores. The band
structure energy is obtained by solving the generalized eigen-
value equation Hc�=E�Sc�, where H� and S represent the
Hamiltonian and overlap matrices and E��s and C��s are the
eigenvalues and eigencoefficients. In the second term of Eq.
�1�, Zi is the number of valence electrons associated with an
isolated atom at site i, Ni is the number of electrons associ-
ated with the atom at site i when it is in the aggregate, and Ui

is a parameter akin to the on-site Hubbard energy. The term
VN�Rik� represents the electron-electron interaction energy
per electron charge between the electron associated with the
ion at site k and the electron associated with the ion at site i.
In fact, VN�Rik� can be expressed in terms of VZ�Rik�, the
electron-ion interaction energy per ionic charge, and a short-
range function �VN�Rik� as VN�Rik�=VZ�Rik�+�VN�Rik�. This
is possible because both VN�Rik� and VZ�Rik� approach
e2 /4
�0Rik as Rik→�. Finally, VC in the fourth term of Eq.
�1� is the Coulomb interaction potential per ionic charge with
VC=E0 /Rik �E0=e2 /4
�0�.

The SCED-LCAO Hamiltonian matrix elements can be
constructed using the expression

Hi�,j�
SCED-LCAO =

1

2�K�Rij���i�� + � j�� � + ��Ni − Zi�Ui + �Nj

− Zj�Uj� + ��
k
i

�NkVN�Rik� − ZkVZ�Rik��

+ �
k
j

�NkVN�Rjk� − ZkVZ�Rjk����Si�,j��Rij� .

�2a�

The first term in Eq. �2a� is the extended Hückel term; �i�� is
related to the energy of an electron associated with an ion at
site i in the orbital �; K�Rij� represents a scaling function
defined as K�Rij�=e�KRij. The functional forms chosen for
VZ�Rik� and �VN�Rik� are

VZ�Rik� = E0�1 − �1 + BZRik�e−�ZRik�/Rik, �2b�

�VN�Rik� = �AN + BNRik��1 + e−�NdN�/�1 + e−�N�dN−Rik�� .

�2c�

Finally, the overlap matrix element in Eq. �2a� is defined
through the following expression:

Sij,� = �A� + B�Rij��1 + e−��d��/�1 + e−���d�−Rij�� . �3�

In Eq. �3� � denotes the molecular orbitals corresponding to a
given basis set �e.g., � corresponds to ss�, sp�, pp�, and
pp
 in a sp3 basis set�. A great deal of attention has been
given in the choosing functional forms for K�Rij�, VZ�Rik�,
�VN�Rik�, and Sij,�.
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Practical applications based on the SCED-LCAO Hamil-
tonian requires, as a first step, the determination of param-
eters ��S�, �P� , �K, U, BZ, �Z, AN, BN, �N, dN, A�, B�, ��, and
d�� appearing in the Hamiltonian for the system under inves-
tigation. This is achieved by combining the Marquardt–
Levenberg algorithm20 for determining the local minimum of
a least squares sum for the objective function with a global
optimization scheme.16 The objective function depends on
the parameters of the model and is evaluated using the defi-
nition of the least squares sum of the difference between the
calculated properties �SCED-LCAO� and the reference prop-
erties �ab initio results�. The reference properties, as calcu-
lated from ab initio calculations, constitute the database of
properties of our system. In the case of carbon, our database
is comprised of bond lengths and binding energies of carbon
clusters for N 6 �calculated using the Gaussian package
MPW1PW91/cc-ppVTZ� �Ref. 21� and bulk cohesive ener-
gies for a variety of phases22 and the band structure for the
diamond phase �calculated using the DFT-based VASP
package18 in the local density approximation �LDA��. Corre-
sponding to each one of the physical and chemical properties
in the database, the same properties are also evaluated using
the SCED-LCAO approach, and the parameters of the
SCED-LCAO Hamiltonian are varied until the desired low
residue is obtained for the objective function in our fitting
algorithm. The optimized carbon parameters thus obtained
for the SCED-LCAO method are summarized in Table I. In
order to check the quality of the optimized parameter set for
carbon, we have compared the ab initio results �for binding
energies and bond lengths� obtained for small carbon clusters
�N 6� of different symmetries with those obtained from the
SCED-LCAO method �see Table II�. We have also deliber-
ately included a few metastable clusters in the database so
that our parameter set can represent all sorts of complex
environments. The agreement between the SCED-LCAO and
the ab initio results for bond lengths and binding energies is
remarkable �see Table II�. Figure 1 compares the bulk phase
diagrams for diamond, graphite, simple cubic �sc�, body-
centered cubic �bcc�, and face-centered cubic �fcc� as ob-
tained by the DFT/LDA calculation18 and the SCED-LCAO
method using the optimized parameter set given in Table. I
The quantity plotted in Fig. 1 is the relative energy versus the
relative atomic volume �V /V0�, where the relative energy is
defined as the total energy per atom of a bulk phase �graph-

ite, sc, bcc, fcc, etc.� minus the total energy per atom of the
diamond phase at its equilibrium volume �V0�. The bulk rela-
tive energy results agree excellently with DFT calculations.22

To further test the viability of the parameter set for pre-
dictive simulations, we investigated the equilibrium structure
of an intermediate size C147 cluster �see Fig. 3�. The initial
structure of this cluster was constructed from the spherical
truncation of the bulk diamond structure. Upon relaxation of
this structure, the bucky-diamond structure �i.e., a diamond-
like core of 35 atoms connected to a fullerene shell of 112
atoms� emerged automatically as the relaxed stable structure,
which was also found in a DFT-based simulation.11 It should

TABLE I. Optimized SCED-LCAO parameters for carbon.

�s �eV� �17.360 �ss� �Å−1� 2.153
�p �eV� �8.329 dss� �Å� 0.629
�s� �eV� �35.712 Bsp� �Å−1� �0.777
�p� �eV� �22.153 �sp� �Å−1� 2.013
�K �Å−1� �0.0329 dsp� �Å� 0.782
U �eV� 14.896 Bpp� �Å−1� �1.895
BZ �Å−1� 1.475 �pp� �Å−1� 1.881
AN �eV� �2.539 dpp� �Å� 0.377
BN �Å−1� �1.798 Bpp
 �Å−1� 0.236
�N �Å−1� 3.115 �pp
 �Å−1� 2.255
dN �Å� 0.800 dpp
 �Å� 0.547
Bss� �Å−1� 0.228 Rcut �Å� 4.0

TABLE II. Bond lengths �Å� and binding energies �eV� for carbon clusters
�N 6� in different configurations as obtained by the SCED-LCAO method
�present work� and ab initio calculations �Ref. 21�.

CN Symmetry Present work Ab initio values

C2 Dih 1.293 Å 1.244 Å
�5.228 eV �4.527 eV

C3 Dih 1.329 Å 1.287 Å
�6.588 eV �6.586 eV

C3 C2v 1.326 Å 1.256 Å
1.515 Å 1.459 Å
�5.988 eV �6.225 eV

C4 D2h 1.488 Å 1.439 Å
�6.698 eV �6.746 eV

C4 Dih 1.324 Å 1.288 Å
1.361 Å 1.306 Å
�6.520 eV �6.620 eV

C4 D2d 1.382 Å 1.316 Å
1.554 Å 1.555 Å
�5.631 eV �5.566 eV

C4 Td 1.577 Å 1.621 Å
�5.510 eV �4.830 eV

C5 Dih 1.325 Å 1.277 Å
1.341 Å 1.282 Å
�7.124 eV �7.319 eV

C5 D3h 1.487 Å 1.488 Å
2.113 Å 2.013 Å
�6.917 eV �6.578 eV

C5 C4v 1.495 Å 1.443 Å
1.607 Å 1.668 Å
�6.547 eV �6.242 eV

C5 Td 1.409 Å 1.417 Å
2.301 Å 2.314 Å
�5.521 eV �5.100 eV

C6 D3h 1.909 Å 1.823 Å
2.090 Å 1.864 Å
�6.995 eV �7.443 eV

C6 D6h 1.349 Å 1.298 Å
�6.985 eV �7.297 eV

C6 Dih 1.332 Å 1.270 Å
1.329 Å 1.285 Å
1.355 Å 1.294 Å
�7.054 eV �7.291 eV

C6 D4h 1.519 Å 1.536 Å
1.824 Å 1.790 Å
�6.909 eV �6.467 eV

C6 D5v 1.406 Å 1.354 Å
1.689 Å 1.698 Å
�6.158 eV �6.254 eV
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be mentioned that when we performed the same calculation
using a two-center tight-binding Hamiltonian,19 we were not
able to get the bucky-diamond structure starting from the
same initial C147 configuration.23 The test performed on the
C147 cluster, an intermediate sized carbon cluster, further
confirms the transferability of the carbon parameters to an
even more complex chemical environment, and it suggests
that the SCED-LCAO Hamiltonian may be used for predic-
tive material simulations of other low-dimensional carbon
structures.

III. RESULTS AND DISCUSSIONS

A. Energetics and relative stabilities of different
families of carbon clusters

In this section we investigate first the energetics of dif-
ferent families �or allotropes� of carbon clusters for diam-
eters d 5 nm based on the total energy calculation of re-
laxed structures using the parameters given in Table I.
Relaxations are performed using the SCED-LCAO MD in
which the atomic forces, evaluated as Hellman–Feynman
forces, are obtained from the energy expression given in Eq.
�1�. Specific initial structures considered include �i� bulk-
terminated diamond structures �with spherical and facetted
truncations�, �ii� fullerenes �containing only pentagons and
hexagons�, �iii� cage structures or fullerenelike structures
�containing other polygons in addition to hexagons and pen-
tagons�, �iv� icosahedral structures,12 �v� onion structures,10

etc. In the case of facetted bulk truncation, the initial con-
figurations were constructed with no more than one dangling
bond on surface atoms. Furthermore, for each family of car-
bon clusters, we considered initial configurations corre-
sponding to different diameters with the size of the clusters
up to about 5 nm. For bulk truncated diamond structures with
spherical truncation, we have carried out the simulations up
to �11 600 atoms. For cluster sizes larger than 1500 atoms,
we used the order-N scheme17 to determine the equilibrium

structures. In our simulation, all of the initial configurations
were relaxed until the force on each atom of a given system
was less than �0.01 eV /Å.

The total energy per atom �E� of various types of carbon
clusters as a function of the total number of atoms N is
shown in Figure 2 for N up to �1100 atoms. First, we ex-
amine the total energy per atom for the clusters with spheri-
cal bulk truncation denoted by full circles in Fig. 2. It can be
seen that in addition to the general trend of decreasing en-
ergy with respect to the total number of atoms, one can also
identify some explicit local minima for the spherically trun-
cated clusters. It turns out that some of these local minima
correspond to bucky-diamond clusters �C147, C275, and C705�
�Ref. 11�. This is really quite remarkable since it indicates
that the relaxation scheme based on the SCED-LCAO
Hamiltonian can lead directly from the initial configurations
of spherical bulk truncation of tetrahedral networks to
bucky-diamond structures at precisely N=147, 275, and 705,
demonstrating the robustness of the SCED-LCAO Hamil-
tonian. To shed light on the existence of the local minima in
Fig. 2, we have carried out a detailed structural analysis of
the relaxed structures of clusters obtained from the spherical
truncation of the bulk diamond. In particular, we have char-
acterized the structure by the number of dangling bonds
�ndangling

i � associated with each cluster in this family and the
type of polygonal rings �three-member rings, four-member
rings, etc.� on the surface of the cluster. We have used the
four-atom coordination corresponding to the complete sp3

bonding nature of a tetravalent atom as our definition for “no
dangling bond” �i.e., ndangling

0 �. Therefore, the term such as
“no more than one dangling bond” refers to atoms in the
carbon clusters having either three �one dangling bond:

FIG. 1. A comparison of the results as obtained from the SCED-LCAO
�solid curves� and DFT-LDA �Ref. 22� �dotted curves� calculations for the
relative energy �E−E0� vs the relative atomic volume shown for different
bulk phases of carbon �e.g., diamond, graphite, sc, bcc, and fcc structures�,
where E refers to the total energy per atom of any bulk phase and E0 refers
to that of the bulk diamond at its equilibrium volume �V0�.

FIG. 2. �Color online� The total energy per atom E as a function of the
number of atoms N in the cluster is shown for a variety of different carbon
families starting from different initial structures: �i� spherical �filled circles�
and facetted �open circles� truncations of the bulk diamond, �ii� icosahedral
structures �filled squares�, �iii� fullerenes �upright triangles�, and �iv� cage
structures excluding fullerenes �inverted triangles�. The arrows indicate the
local minima in the E vs N curve corresponding to the bucky-diamond
structures �C147, C275, and C705�. The inset includes the results for larger
bulk-truncated diamond clusters �N�1000� and it can be seen that even at
N=11 603, the energy/atom of the bulk-truncated cluster is 0.3 eV higher
than that of the graphite �E=−60.19 eV�, while this quantity for fullerenes
has converged to that of the graphite at N�1300 atoms.
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ndangling
1 � or four nearest neighbors �no dangling bond:

ndangling
0 �. It is also known that the surface reconstruction of

an ideal tetrahedral network leading to three-member or four-
member rings represents some local distortions in the net-
work of a cluster structure. The results of our analysis based
on these criteria are summarized in Table III. It can be seen
that while the local minima occur at N=29, 71, 147, 275,
381, 465, 633, and 705 �see Fig. 2�, only those at N=147,
275, and 705 share two unique common properties: �i� these
clusters do not have three-member and four-member rings on
their surfaces and �ii� the atoms in these clusters have no
more than one dangling bond.

Since carbon atoms can form either sp2 bonds �with
three nearest neighbors� or sp3 bonds �with four nearest
neighbors�, a carbon cluster with its atoms having no more
than one dangling bond is therefore a more stable cluster
compared to a neighboring carbon cluster �i.e., Nj+1=Nj�1�
with their component atoms having more than one dangling
bond and/or having three-member/four-member rings, where
Nj represents the size of the jth bucky-diamond cluster �i.e.,
Nj =147, 275, and 705�. Hence, for the curve of the total
energy per atom of spherically bulk truncated carbon clus-
ters, the clusters with Nj =147, 275, or 705 are the local
minima with respect to their neighbors. Furthermore, in the
relaxed configuration of spherically truncated clusters with

no more than one dangling bond, those atoms having four
nearest neighbors �with sp3 bonding� will remain in the dia-
mond structure while those atoms with three nearest neigh-
bors �with sp2 bonding� will form fullerenelike shell, leading
to the bucky-diamond structure.

In Fig. 2, the total energies per atom of clusters of fac-
etted bulk truncations and that of icosahedral clusters are
also shown and denoted by open circles and solid squares,
respectively. We found that the energy curve of the icosahe-
dral structure exhibits a general smooth decreasing pattern,
having lower energy per atom compared to the clusters with
bulk truncated structures. To shed light on why carbon clus-
ter with the icosahedral structure is more stable than bucky-
diamond structure, we analyzed these structures further. In
particular, we have provided a rationale based on the struc-
tural analysis of the bucky diamond C147. This structure has
35 atoms in its interior and 112 atoms on the exterior. The
interior atoms form a tetrahedral network with sp3-type
bonding, while the exterior atoms form fullerenelike shells
with sp2-type bonding �see Figs. 3 and 4�. The fullerenelike
outer shell is formed by four �111� surface facets connected
by pentagons. The distance between the atoms in the inner
core and the atoms in the outer shell lie in the range of 2.2
Å–2.6 Å. On the other hand, for an icosahedral carbon clus-
ter, e.g., C100 �with its diameter comparable to bucky dia-

TABLE III. Analysis of dangling bonds and the nature of the coordination for relaxed carbon structures �CN�
with spherical truncations of the bulk diamond, where N denotes the total number of atoms in the cluster and
ndangling

i denotes the number of atoms with i dangling bonds. The word “yes” in columns 5 and 6 means that
there are three-member rings or four-member rings in the corresponding cluster CN.

CN ndangling
1 ndangling

2 ndangling
3 Three-member rings Four-member rings

C17 12 Yes
C29 23 Yes Yes
C35 16 6 Yes Yes
C47 24 6 Yes
C71 30 5 Yes Yes
C87 34 13 Yes Yes
C99 33 15 Yes Yes
C123 56 12
C147 108
C159 100 Yes
C167 64 12 4
C191 55 10 1 Yes Yes
C239 55 9 Yes Yes
C275 144
C281 132 6 Yes
C293 120 6 Yes
C329 76 12 Yes Yes
C357 100 24 Yes Yes
C381 151 18 Yes Yes
C417 124 24 Yes Yes
C441 140 24 Yes
C465 164 12 Yes
C489 128 12 Yes Yes
C525 132 40 Yes
C597 156 24
C633 208 22 Yes
C657 196 12
C705 276
C729 264 Yes
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mond C147�, the atomic separation between surface atoms
and interior atoms adjacent to the surface is �1.6 Å. The
weak bonding between the inner core and the outer shell in a
bucky-diamond structure renders this structure less stable

compared to the icosahedral structure, despite the lowering
of energy caused by the formation of a fullerenelike shell in
a bucky-diamond structure.

The total energies per atom of cage structures �inverted
triangles� and fullerenes �upright triangles� are also shown in
Fig. 2. It can be seen that clusters of cage structures and
fullerenes are more stable than the families of bulk truncated
clusters and icosahedral clusters with fullerenes having the
lowest energy. To further confirm that fullerene structures
have the lowest energy among all families �or allotropes� of
carbon clusters, we have extended our calculations for clus-
ters with spherical bulk truncation up to the size of �11 600
atoms. The results are shown in the inset of Fig. 2 �filled
circles with N�1000�. It can be seen from the inset of Fig. 2
that the energy/atom of the fullerene structure has reached
that of the graphite ��−60.19 eV� for N�1300, while the
energy/atom of the bulk-truncated diamond cluster is
�0.3 eV /atom higher than that of graphite even at N
�11 600, and the energy/atom of other carbon families falls
within these two limits, confirming that fullerene structures
have the lowest energy among all families of carbon clusters.
Clearly, this result is different from the case of silicon12 in
which the icosahedral structures were found to have lower
energies compared to clusters with bulk-terminated diamond
structures for d 5 nm. The fact that fullerene structures
have the lowest energy compared to other carbon families
can be simply attributed to the sp2-bonded nature of carbon
atoms in the shell. In a previous study, Zhang et al.4 found
that C60, C70, and C84 are energetically more stable due to
their high fragmentation stability and chemical reactivity.

To complement the findings in Fig. 2 and to further de-
lineate the results, we have studied the diameter dependence
of the relative energy ��=E−Eg�, which is defined as the
total energy per atom of the cluster �E� minus the total en-
ergy per atom of the graphite �Eg� for four of the families of
carbon clusters: bucky-diamond structures, icosahedral struc-
tures, onions, and fullerenes. The diameters for bulk trun-
cated and icosahedral clusters are calculated through the for-
mula 4
�d /2�3 /3=Nad

3 /8 and those for fullerenes, cages,
and onions are calculated through the formula 4
�d /2�2

=Nag
2 sin�
 /3� /2, where ad and ag refer to the lattice con-

stants of the bulk diamond and the graphite, respectively.
Based on these equations for the diameters, it is evident that
for the same size �d� but different types of carbon clusters,
the total number of atoms N is larger in bulk-truncated or
icosahedral clusters than in cagelike clusters. This is one of
the reasons for plotting the relative energies as a function of
the diameter. Additionally, by fitting � versus d to a func-
tional form, characterizing the diameter dependence of the
relative energies of different families, we should be able to
predict the crossover diameters for the relative stabilities of
different carbon families.

In Fig. 3, the relative energy ��� versus d curve exhibits
a monotonic decrease as d increases for all families of car-
bon clusters, and this behavior can be fitted to the formula
�=�0+� /d� with the coefficients �0, �, and � having differ-
ent values for different structures. In particular, �0

=0.20 eV /atom, �=5.8 eV Å /atom, �=1 for the bucky-
diamond structure; �0=0.23 eV /atom, �=3.4 eV Å /atom,

FIG. 3. �Color online� The results obtained for the diameter dependence of
the relative energy �the total energy per atom of the cluster minus the total
energy per atom of the graphite� using both the SCED-LCAO method �filled
symbols� and the DFT-based ab initio simulation �open symbols� are shown
for bucky diamonds �filled circles/open circles�, icosahedral structures �filled
squares/open squares�, and fullerenes �filled triangles/open triangles�.
Knowing the number of atoms �N� in the cluster, the correspondence be-
tween the diameter �d� of the cluster and the number of atoms in the cluster
can be readily calculated �see the main text�. In the figure the results are
shown for diameters corresponding to N=100, 280, 600, and 1100 in the
case of icosahedral structures; N=147, 275, and 705 for bucky diamonds;
and N=60, 80, 112, 150, 180, 240, 320, 500, 540, 720, 980, and 1280 for
fullerenes. In the case of onion structures, the results are shown using the
SCED-LCAO method only, and they have been calculated for four diam-
eters corresponding to the structures C20@C150, C60@C180, C60@C240, and
C80@C320.

FIG. 4. �Color online� Phase transformations of a C147 cluster: �a� a bucky-
diamond structure to an onion structure �heated to 2500 K and slowly cooled
to 0 K�; �b� an onion structure to a cage structure �heated to 3200 K and
slowly cooled to 0 K�; and �c� a bucky-diamond structure to a cage structure
�heated to 3500 K and slowly cooled to 0 K�. The total energy per atom for
each phase is indicated in the parentheses.
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�=1 for the icosahedral structure; and �0=0, �
=4.0 eV Å1.4 /atom, �=1.4 for fullerenes. Other features ex-
hibited in Fig. 3 are the following. �i� � versus d curves for
both bucky-diamond and icosahedral structures have their
relative energies higher than that of the bulk diamond struc-
ture even as d→�. �ii� On the other hand, the relative energy
of the fullerenes approaches zero for d�4 nm. The results
for � versus d curves for the bucky-diamond and the icosa-
hedral families suggest a possible crossover between these
two structures for d�4 nm. Using the diameter-dependence
formula for the relative energy corresponding to bucky-
diamond and icosahedral families, we estimate the crossover
between these two structures to occur at d�8 nm. We rec-
ognize that the estimated crossover diameter may not be very
accurate because of the very few data points used in the
fitting, but a crossover between the two structures beyond 4
nm must exist simply because the relative energy per atom of
the bucky-diamond structures at large enough diameters is
expected to approach that of the bulk diamond while the
icosahedral structure is expected to be unstable with respect
to the diamond phase as d→� �icosahedral symmetry being
incompatible with the full bulk symmetry�. In fact, a similar
crossover behavior between icosahedral clusters and bulk
truncated clusters has already been reported for silicon.12 On
the other hand, there is no indication of a crossover between
the relative energy versus diameter curve of the fullerene
family and that for the rest of the carbon family clusters.

Based on our diameter-dependent energetic studies �Fig.
3�, onions have lower energies compared to bucky-diamond
structures and there is no crossover between the curves for
relative energy versus diameter corresponding to the bucky-
diamond and onion structures for d 4 nm. Our results,
therefore, do not support the coexistence of onion and
bucky-diamond structures, as reported in Ref. 14, for diam-
eters in the regime �1.7 nm�d��2.0 nm. Similarly, our
calculations do not support the coexistence of bucky dia-
mond and fullerenes as predicted in Ref. 14.

In Fig. 3, we have also included the results of our cal-
culation for the relative energy as obtained by the DFT-based
ab initio method18 for three of the carbon families: the
bucky-diamond, icosahedral, and fullerene structures at se-
lected diameters �d 1.5 nm�. It can be seen that trends ex-
hibited by the SCED-LCAO and DFT-based methods are
consistent for the diameter-dependent relative energy, which
lend further support to the conclusions drawn in this work
for larger clusters based on the SCED-LCAO method.

B. Phase transformations

It has recently been reported in experiments that nano-
diamond particles can transform into carbon onions by
annealing.10,24 Therefore, we have investigated in this work
the effect of heating and slow cooling of a bucky-diamond
C147 cluster. For this purpose, we perform a simulated an-
nealing of the cluster based on the SCED-LCAO MD. This
study revealed that depending on the manner of heating, one
can obtain either onionlike or cage structures. For example,
when the bucky-diamond C147 cluster is heated up to 2500 K
and then slowly cooled to 0 K, one finds that the bonds

connecting the diamond core to the fullerenelike surface are
first broken, leading to an extension of the outer shell. Next,
the inner diamond core becomes unstable and fragmented,
and this eventually leads to the merging of these fragments
into the exterior to form a double-shelled onionlike structure
�top left of Fig. 4�. The outer shell of this structure contains
119 atoms and the inner one contains 28 atoms. The results
of our simulation are similar to the experimental observa-
tions reported in Refs. 10 and 25. We have conducted two
other simulations. �i� One is heating the onionlike C147 clus-
ter to 3200 K and subsequently cooling it to 0 K. In this
simulation, bonds in the inner shell are broken and all the
atoms in the interior move to the exterior, merging with the
outer shell and thus forming a cagelike structure �middle
right of Fig. 4�. �ii� The other is gradually heating the bucky-
diamond structure to 3500 K and then slowly cooling it to 0
K. In this case, the inner core is completely decomposed and
all of the atoms in the interior have enough energy to move
to the surface forming a cage structure �bottom of Fig. 4�. We
find that by slightly adjusting the thermostat, one can obtain
different types of fullerenelike structures. We find that the
total energy per atom decreases as one proceeds from the
bucky-diamond phase to the onion phase and then to the
cagelike phase, which is consistent with the energetics of
carbon clusters shown in Fig. 3. Our studies for the transi-
tions from a bucky-diamond/onionlike structure to a cagelike
structure suggest a possible way to synthesize giant
fullerenes.

Experimentally, phase transformations from onionlike
structures to diamondlike structures have also been observed
when carbon onions are heated to �700 °C and irradiated
with electrons.25 Computer simulation studies corresponding
to this reverse phase transformations may be feasible. As a
first step toward this goal, we have studied the energetics of
carbon onions corresponding to C20@C150, C60@C180,
C60@C240, and C80@C320 with their diameters close to
bucky-diamond clusters of either C147 or C275. The results of
this preliminary study are reported elsewhere.26

C. Highest occupied molecular orbital-lowest
unoccupied molecular orbital gap of fullerenes

In this section we present our results for the size depen-
dence of the highest occupied molecular orbital �HOMO�-
lowest unoccupied molecular orbital �LUMO� gaps of the
relaxed fullerene structures with diameters d 3.5 nm. We
find that the behavior of the HOMO-LUMO gaps as a func-
tion of the diameter of fullerenes is oscillatory with the gap
ranging from 2 eV to 6 meV for the diameter range, as
shown in Fig. 5. The magnitude of the energy gap oscillation
appears to decrease as the size of the fullerene increases.
This behavior is consistent with the expected property that
the energy gap of a large fullerene must approach that of a
graphene sheet. Furthermore, the pattern for the energy gap
behavior found in the SCED-LCAO method is very similar
to that obtained by our DFT-based electronic structure calcu-
lation using VASP.18
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IV. SUMMARY

In summary, we have conducted a comprehensive study
of the energetics and relative stabilities of nanosized carbon
clusters �d 5 nm� that include bucky diamonds, icosahe-
dral clusters, fullerenes, and fullerenelike structures �carbon
cages and carbon onions� based on the SCED-LCAO MD.
We have also studied the diameter dependence of relative
energies of carbon clusters and the size dependence of the
HOMO-LUMO gaps of fullerenes. The highlights of our
findings are the following. �i� Among the known families of
carbon clusters investigated, the fullerene family �with sp2

bonding between its atoms� has the lowest energy for d
 5 nm. �ii� The relative energy ordering of the carbon
structures studied is Efullerene�Eonion�Eicosahedral

�Ebucky-diamond�Ebulk-truncated for d 5 nm. �iii� Our estima-
tion suggests that there may be a crossover at d�8 nm in
the relative energy values between bucky-diamond and
icosahedral structures, making bucky-diamond structures
more stable compared to icosahedral structures for d
�8 nm. �iv� Based on simulated annealing studies and de-
pending on the heating and cooling scheme, we have identi-
fied three types of structural transformations for C147: �a� the
bucky-diamond structure to a double-shelled onion structure,
�b� the double-shelled onion to a cage structure at elevated
temperatures, and �c� a direct transformation from the bucky-
diamond structure to a cage structure at even more elevated
temperatures. The results provide a viable pathway for the
synthesis of giant cage structures. It is conceivable that such
giant fullerenelike structures may be used as molecular trans-
porters for drug targeting. �v� The HOMO-LUMO gap as a
function of the diameter of the fullerenes shows an oscilla-
tory behavior that may be attributed to the symmetry of
fullerenes with the gap oscillating between �2 eV and 6
meV. The magnitude of the gap oscillations decreases as the
size of the cluster increases in order to attain the zero gap of
graphite at large diameters. In conclusion, we find that the

interplay between the bonding nature, the size, and the sym-
metry of the cluster dictates the relative stability and struc-
tural and other properties of carbon clusters.
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TOWARDS A COHERENT TREATMENT
OF THE SELF-CONSISTENCY AND THE
ENVIRONMENT-DEPENDENCY IN A
SEMI-EMPIRICAL HAMILTONIAN
FOR MATERIALS SIMULATION

S.Y. Wu, C.S. Jayanthi, C. Leahy, and M. Yu
Department of Physics, University of Louisville, Louisville, KY 40292

The construction of semi-empirical Hamiltonians for materials that have
the predictive power is an urgent task in materials simulation. This task is
necessitated by the bottleneck encountered in using density functional the-
ory (DFT)-based molecular dynamics (MD) schemes for the determination of
structural properties of materials. Although DFT/MD schemes are expected
to have predictive power, they can only be applied to systems of about a few
hundreds of atoms at the moment. MD schemes based on tight-binding (TB)
Hamiltonians, on the other hand, are much faster and applicable to larger sys-
tems. However, the conventional TB Hamiltonians include only two-center
interactions and they do not have the framework to allow the self-consistent
determination of the charge redistribution. Therefore, in the strictest sense,
they can only be used to provide explanation for system-specific experimen-
tal results. Specifically, their transferability is limited and they do not have
predictive power. To overcome the size limitation of DFT/MD schemes on
the one hand and the lack of transferability of the conventional two-center TB
Hamiltonians on the other, there exists an urgent need for the development
of semi-empirical Hamiltonians for materials that are transferable and hence,
have predictive power.

The key ingredient to the development of semi-empirical Hamiltonians
for materials that have predictive power is a reliable and efficient scheme to
mimic the effect of screening by electrons when atoms are brought together
to form a stable aggregate. Such an ingredient requires the construction of
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the semi-empirical Hamiltonian based on a framework that allows a coherent
treatment of the self-consistent (SC) determination of charge redistribution
and environment-dependent (ED) multi-center interactions. Various schemes
can be found in the literature in recent years that are designed to improve the
transferability of TB Hamiltonians by including the self-consistency and/or
the environment-dependency. Among these are methods that can also be
conveniently implemented in MD schemes because the atomic forces can be
readily calculated. They include methods whose emphasis is placed on a phe-
nomenological description of the environment-dependency [1, 2] and two sim-
ilar methods whose frameworks take into account the self-consistency as well
as the environment-dependency [3, 4]. The latter two approaches can be con-
strued as the expansion of the DFT-total energy in terms of the charge den-
sity fluctuations about some reference density. To the second order in the
density fluctuations, the total energy is approximated as the sum of a band
structure term, a short-range repulsive term akin to that in the conventional
two-center TB Hamiltonian, and a term representing the Coulomb interac-
tion between charge fluctuations. The charge fluctuations in this approach
are self-consistently determined by solving an eigenvalue equation with the
two-center Hamiltonian modified by a term that depends on the charge redis-
tribution. In this framework, the Hamiltonian does contain the features of
self-consistency in the charge redistribution and the environment-dependency
for systems with charge fluctuations. The environment-dependent feature,
however, disappears when systems under consideration do not involve charge
fluctuations, e.g., periodic systems with one atomic species per primitive unit
cell. But the environment-dependent multi-center interactions are key features
in a realistic modeling of the screening effect of the electrons in an aggregate
of atoms, including extended periodic systems. This deficiency in properly
mimicking the screening of the electrons can be critical in the development
of a truly transferable Hamiltonian. Thus the development of semi-empirical
Hamiltonians for materials with predictive power requires the treatment of the
self-consistency as well as the environment-dependency on equal footing.

We have recently developed a scheme for the construction of semi-empirical
Hamiltonians for materials within the framework of linear combination of
atomic orbitals (LCAO) that allows a coherent treatment of the SC deter-
mination of the charge redistribution and the environment-dependent (ED)
multi-center interactions in a transparent manner [5]. In this scheme, we set
up the framework of the semi-empirical Hamiltonian in accordance with the
Hamiltonian of the many-atom aggregate. The salient feature of the result-
ing semi-empirical Hamiltonian, referred as the SCED/LCAO Hamiltonian,
is that it has the flexibility to allow the database to provide the necessary
ingredients for fitting parameters to capture the effect of electron screening.
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The Hamiltonian of a many-atom aggregate may be written as

H = − ∑
l

h̄2

2m
∇2

l + ∑
l,i

ν(�rl − �Ri ) + ∑
l,l′

e2

4πε0rll′
+ ∑

i, j

Zi Z j e2

4πε0 Rij
(1)

where ν(�rl − �Ri ) is the potential energy between an electron at �rl and the ion
at �Ri , rll′ =

∣∣�rl − �rl′
∣∣, Rij =

∣∣ �Ri − �R j

∣∣, and Zi corresponds to the number of
valence electrons associated with the ion at site �Ri . Within the one-particle
approximation in the framework of LCAO, the on-site (diagonal) element of
the Hamiltonian can be written as

Hiα,iα = ε0
iα + uintra

iα + uinter
iα + viα (2)

where ε0
iα denotes the sum of the kinetic energy and the energy of interaction

with its own ionic core of an electron in the orbital iα. The terms uintra
iα and

uinter
iα are the energies of interaction of the electron in orbital iα with other

electrons associated with the same site i and with other electrons in orbital jβ
( j =/ i), respectively. The term viα represents the interaction energy between
the electron in orbital α at site i and the ions at the other sites. In our scheme,
the terms in Eq. (2) are represented by

ε0
iα = εiα − ZiU (3)

uintra
iα = NiU (4)

and

uinter
iα + viα =

∑
k =/ i

[Nk VN (Rik) − Zk VZ(Rik)] (5)

where εiα may be construed as the energy of the orbital α for the isolated
atom at i , Zi the number of positive charges carried by the ion at i (also the
number of valence electrons associated with the isolated atom at i), Ni the
number of valence electrons associated with the atom at i when the atom is
in the aggregate, U , a Hubbard-like term, the effective energy of electron-
electron interaction for electrons associated with the atom at site i , VN (Rik)
the effective energy of electron-electron interaction for electrons associated
with different atoms (atoms i and k), and Zk VZ(Rik) the effective energy of
interaction between an electron associated with an atom at i and an ion at
site k.
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Following the same reasoning, we can set up the off-diagonal matrix
element Hiα, jβ ( j =/ i) as

Hiα, jβ =
1

2

{
K (Rij )(ε

′
iα + ε′

jβ) + [(Ni − Zi ) + (N j − Z j )]U

+
[ ∑

k=/ i

(Nk VN (Rik) − Zk VZ(Rik))

+ ∑
k =/ j

(Nk VN (R jk) − Zk VZ(R jk))

]}
Siα, jβ(Rij ) (6)

Thus, in addition to the conventional two-center hopping-like first term, Eq. (6)
also includes both intra- and inter-electron-electron interaction terms as well
as environment-dependent multi-center (three-center explicitly and four-center
implicitly) interactions.

In its broadest sense, the first term in Eq. (6) corresponds to the Wolfsberg–
Helmholtz relation in the extended Hückel theory. In our approach, K is treated
as a function of Rij rather than a constant parameter to ensure a reliable
description of the dependence of the two-center term on Rij in the off-diagonal
Hamiltonian matrix element. The overlap matrix elements Siα, jβ(Rij ) are
expressed in terms of Si j,τ , with τ denoting, for example, molecular orbitals
ssσ, spσ, ppσ, and ppπ in a sp3 configuration. They are expected to be short-
ranged function of Rij .

Equations (2) through (6) completely define the recipe for constructing
semi-empirical SCED-LCAO Hamiltonians for materials in terms of param-
eters and parameterized functions. An examination of Eqs. (2)–(6) clearly
indicates that the presence of Ni , the charge distribution at site i , in the
Hamiltonian provides the framework for a self-consistent determination of the
charge distribution. From Eqs. (5) and (6), it can be seen that the environment-
dependent multi-center interactions are critically dependent on VN (Rik) and
VZ(Rik), in particular their difference 	VN (Rik) = VN (Rik) − VZ(Rik). As
both VN (Rik) and VZ(Rik) must approach E0

/
Rik for Rik beyond a few near-

est neighbor separations, 	VN (Rik) is expected to be a short ranged function
of Rik . The parameters, including those characterizing the parameterized func-
tions, are to be optimized with respect to a judiciously chosen database for a
particular material. In our approach, εiα may be chosen according to its esti-
mated value based on the orbital iα, or treated as a parameter of optimization.
The quantity U will be treated as a parameter of optimization while VZ(Rik)
and VN (Rik) will be treated as parameterized functions to be optimized. The
parameterized function VZ(Rik) is modeled as the energy of the effective in-
teraction per ionic charge between an ion at site k and an electron associated
with the atom at site i . VN (Rik) is then modeled in terms of VZ(Rik) and the
short-range function 	VN .
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The recognition of the difference between VN (Rik) and VZ(Rik) in the
SCED/LCAO Hamiltonian assures that the environment-dependent feature
will not disappear even for systems with no charge redistribution. The pres-
ence of the environment-dependent terms in the SCED/LCAO Hamiltonian
for systems with no on-site charge redistribution affects the distribution of
the electrons among the orbitals even though the total charge associated with a
given site is not changed. Therefore, the effect of the environment-dependency
will be reflected in the band structure energy through the solution to the gen-
eral eigenvalue equation corresponding to the SCED/LCAO Hamiltonian as
well as the total energy. This feature, together with the self-consistency in
the determination of the charge redistribution, provides the flexibility for the
SCED/LCAO Hamiltonian to mimic the effect of electron screening.

According to the strategy given above, the framework of the proposed
semi-empirical SCED-LCAO Hamiltonian will allow the self-consistent deter-
mination of the electron distribution at site i . The inclusion of environment-
dependent multi-center interactions will provide the proposed Hamiltonian
with the flexibility of treating the screening effect associated with electrons
which is important for the structural stability of narrow band solids such as
d-band transition metals, while at the same time, handling the effect of charge
redistribution for systems with reduced symmetry on equal footing. Further-
more, as described above, the Hamiltonian is set up in such a way that the
physics underlying each term in the Hamiltonian is transparent. Therefore, it
will be convenient to trace the underlying physics for properties of a system
under consideration when such a Hamiltonian is used to investigate a many-
atom aggregate and predict its properties. The salient feature of our strategy
is that, with the incorporation of all the relevant terms discussed previously,
there is no intrinsic bias towards ionic, covalent, or metallic bonding for the
proposed Hamiltonian. The construction of the SCED/LCAO Hamiltonian
depends critically on the database. If one can judiciously compile a system-
atic and reliable database, the scheme has the flexibility to allow the database
to properly model the screening effect of the electrons in an atomic aggregate.
Thus the strategy represents an approach that provides the appropriate con-
ceptual framework to allow the chemical trend in a given atomic aggregate to
determine the structural as well as electronic properties of condensed matter
systems.

The total energy of the system consistent with the Hamiltonian described
by Eqs. (2)–(6) is given by

Etot = EBS − Ecorr + Eion−ion (7)

where EBS is the band-structure energy and is obtained by solving the general
eigenvalue equation corresponding to the SCED/LCAO Hamiltonian, Ecorr

is the correction to the double counting of the electron-electron interactions
between the valence electrons in the band-structure energy calculation, and
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Eion−ion is the repulsive interaction between ions. Based on Eqs. (2)–(6),
Eq. (7) can be rewritten as

Etot = EBS + 1

2

∑
i

(Z2
i − N2

i )U − 1

2

∑
i,k(i =/ k)

Ni Nk VN (Rik)

+ 1

2

∑
i,k(i =/ k)

Zi Zk VC (8)

with

VC =
e2

4πε0 Rik
=

E0

Rik
(9)

For the MD simulation, the forces acting on the atoms in the atomic aggre-
gate must be calculated at each MD step. The calculation of the band structure
contribution to atomic forces can be carried out by the Hellmann–Feynman
theory. With the presence of terms involving Ni and Nk in the SCED-LCAO
Hamiltonian (see Eqs. (5) and (6)), terms such as ∇k Ni where ∇k refers to
the gradient with respect to �Rk will appear in the electronic contribution to
the atomic forces. However, these terms are canceled exactly by terms arising
from the gradients of the second and the third terms in the total energy expres-
sion (Eq. (8)). Thus terms involving ∇k Ni will not contribute to the calculation
of atomic forces. This fact greatly simplifies the calculation of atomic forces
needed in the MD simulations. In other words, if one disregards the extra time
due to the self-consistency requirement, the calculation of atomic forces based
on the SCED–LCAO Hamiltonian is not anymore difficult compared with
conventional TB approaches.

We have tested the SCED/LCAO Hamiltonian by investigating a variety
of different structures of silicon (Si), including the bulk phase diagrams of Si,
the equilibrium structure of an intermediate-size Si71 cluster, the reconstruc-
tion of the Si(100) surface, and the energy landscape for a Si monomer adsorbed
on the reconstructed Si(111)-7×7 surface [5]. In all the cases studied, the
results have demonstrated the robustness of the SCED/LCAO Hamiltonian. For
example, results showing the binding energy vs relative atomic volume curves
for the diamond, the simple cubic (sc), the body centered cubic (bcc), and the
face centered cubic (fcc) phases of silicon, obtained by using the SCED–LCAO
Hamiltonian constructed for Si with our scheme, are presented in Fig. 1. Also
shown in Fig. 1 are the corresponding curves obtained using three existing tradi-
tional (two-center and non-self consistent) non-orthogonal tight binding
(NOTB) Hamiltonians [6–8], and two more recently developed non-self con-
sistent but environment-dependent Hamiltonians [1, 2]. All the curves (solid)
are compared with the results obtained by DFT–LDA calculations [9].
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Figure 1. The binding energy versus relative atomic volume curves for the diamond (cdia),
the simple cubic (sc), the body centerd cubic (bcc), and the face centered cubic (fcc) phases
of silicon. Top-left panel: SCED-LCAO Hamiltonian. Top-central panel: [7]; Top-right panel:
[8]; Bottom-left panel: [6]; Bottom-central panel: [1]; Bottom-right panel: [2]. All the curves
(solid) are compared with the result obtained by a DFT–LDA calculation [9].

It can be seen that while the results obtained by all the existing Hamiltoni-
ans fail for the high pressure phases, those obtained using Hamiltonians with
environment-dependent terms give much better agreement for those phases.
This is an indication of the importance of the inclusion of the environment-
dependent effects in the Hamiltonian, even for single-element extended crys-
talline phases where there is no charge redistribution. However, the most
striking message conveyed by Fig. 1 is how well our result compares with
the DFT–LDA results for all the extended crystalline phases, both at low as
well as high pressures. It indicates that the SCED/LCAO Hamiltonian has the
capacity and the flexibility of capturing the environment-dependent screening
effect under various local configurations.

The framework of the SCED/LCAO Hamiltonian outlined in Eqs. (2)–(6)
is very flexible. It can be conveniently extended to include the spin-polarized
effect and to construct SCED/LCAO Hamiltonians for heterogeneous sys-
tems in terms of parameters of SCED/LCAO Hamiltonians of their constituent
elemental systems. Work along these lines is in progress.
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Abstract

Novel extended tetrahedral forms of CO2 have been synthesized recently under high-pressure conditions. We perform ab initio density

functional theory calculations to investigate whether doping with Si can extend the stability range of such tetrahedral forms of CO2 to ambient

pressure. Calculations are performed with a simple cubic cell containing eight formula units in a β-cristobalite-like structure. Though we find that

all the SixC1−xO2 structures considered by us are thermodynamically unstable with respect to decomposition into the end members at ambient

pressures, the energy differences are small, suggesting that it might be possible for such phases to exist in metastable forms. At higher pressures,

the heat of formation is found to be negative. The bonding between C and O atoms is more covalent than that between Si and O atoms. We also

find indications that some C atoms may prefer three-fold coordination at low pressure.

c© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

CO2 is one of the most stable molecules in the universe and

is held together by a pair of strong double bonds (O=C=O). On

the other hand, its isoelectronic counterpart, SiO2, exists only

as an ionic solid, with many crystalline polymorphs (quartz,

cristobalite, coesite, etc. [1]) and an amorphous form (silica

0038-1098/$ - see front matter c© 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ssc.2007.09.011
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glass), all of them characterized by interlinked tetrahedral units

(SiO4), at least at low pressure. It has been shown recently [1–

3] that such a “chemical” difference between CO2 and SiO2

disappears at high pressures, where the CO2 units transform

from molecular to tetrahedral, giving rise to extended solids

presumably very similar to the low-pressure SiO2 polymorphs.

A glassy and a crystalline six-fold coordinated form of CO2

has also been obtained very recently [5,6]. Unfortunately,

applications of such extended forms of CO2 are limited by

the fact that none of them has been yet recovered at ambient

pressure, where CO2 transforms back to the molecular state. In

view of the extended stability range of the tetrahedral forms

of SiO2, in this paper we wish to address two questions:

(i) whether mixing SiO2 and CO2 tetrahedral structures

would stabilize an extended carbon-based oxide compound

at ambient conditions (ii) whether such structures might be

thermodynamically favored at high pressures (where SiO2 and

CO2 are both stable in tetrahedral forms) from where one could

hope to recover them at ambient conditions. In this work we

employ ab initio theoretical methods to study these issues,

by determining the relative stability of hypothetical SixC1−xO

alloys, with respect to the end members SiO2 and CO2.

2. Method

We have performed calculations within the framework of

density functional theory, making use of the local density

approximation (in the form parametrized by Perdew and

Zunger [7]). We have used a plane wave expansion of the

electronic wave functions, with a cut-off of 30 Ry, and a

pseudopotential description of the ion–electron interaction [8]

as implemented in the Quantum-ESPRESSO codes [9]. The

crystal structure of non-molecular CO2 is not known [4]. The

SiO2-like trydimite crystal structure gives the best fit to X-

ray patterns, but vibrational spectroscopy is instead consistent

with a cristobalite-like crystal structure [4]. According to first-

principles calculations [10], the structure of non-molecular

CO2 with lowest energy is isostructural to β-cristobalite (space

group I -42d). In order to be consistent with previous theoretical

studies, in this work we will assume that SiO2, CO2, and their

alloys take the I -42dβ-cristobalite structure. The β-cristobalite

primitive cell is body-centered tetragonal with c/a ratio very

close to
√

2, and contains two AO2 units (A = Si, C).

The structure can be approximated by a diamond sublattice

of A atoms, with O atoms placed close to the centres of

the A–A connecting lines, slightly displaced from the high

symmetry positions. Though our calculations were performed

making use of a conventional cubic cell containing eight AO2

units (see Fig. 1), we have found that the stress tensor after

atomic relaxation is nearly isotropic, suggesting that the error

introduced by working with a cubic unit cell is small. Brillouin

zone integrations were carried out using a single special point.

Convergence with respect to plane wave cut-off and reciprocal

space sampling was carefully established.

3. Results and discussion

First, we calculated the total energy as a function of lattice

constant for the end members SiO2 and CO2. Upon fitting to the

Fig. 1. Example of a conventional cubic unit cell for I -42d cristobalite.

The small dark spheres (red online) indicate O atoms, while the large grey

(green online) and small light (white online) spheres represent Si and C atoms

respectively. The positions of C/Si atoms are labeled A–H (see also Table 1);

the figure shows a representative structure (g) at a 50-50 Si–C concentration.

(For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Table 1

Convention used in labelling structures

Config. x A B C D E F G H

a 0.0 C C C C C C C C

b 0.125 Si C C C C C C C

c 0.25 Si Si C C C C C C

d 0.25 Si C C C Si C C C

e 0.375 Si Si Si C C C C C

f 0.375 Si Si C C Si C C C

g 0.5 Si Si Si Si C C C C

h 0.5 Si Si Si C Si C C C

i 0.5 Si Si C C Si C Si C

j 0.5 Si Si C C Si Si C C

k 0.625 Si Si Si Si Si C C C

l 0.625 Si Si Si C Si Si C C

m 0.75 Si Si Si Si Si Si C C

n 0.75 Si Si Si C Si Si Si C

o 0.875 Si Si Si Si Si Si Si C

p 1.0 Si Si Si Si Si Si Si Si

Lower case letters label inequivalent structural configurations, while upper case

letters label sites in the unit cell, following the convention depicted in Fig. 1. x
indicates the [Si]/([Si] + [C]) ratio.

Birch–Murnaghan equation of state [11], we obtained values for

the equilibrium volume per formula unit V0 and bulk modulus

B0 (V0 = 46.5 Å
3
, B0= 20.9 GPa for SiO2, and V0 = 22.4 Å3,

B0 = 155 GPa for CO2). These results are in good agreement

with previous theoretical studies, both for SiO2 (V0 = 46.2 Å3,

B0 = 22.6 GPa for SiO2, [12]; V0 = 45.6 Å3 [1,13]), and for

CO2 (V0 = 22.3 Å
3
, B0 = 149.1 GPa for CO2 [10]).

In order to investigate the effects of doping carbonia with

Si atoms, we obtained representative structures at a range

of compositions by considering all symmetry-inequivalent

substitutions of Si atoms by C atoms in the ideal eight-formula-

unit cell of space group Fdmd (Table 1 and Fig. 1). We

then distorted the structures according to space group I -42d ,
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Fig. 2. Heats of formation �H for alloys of the form SixC1−xO2, plotted as a

function of x . Data points are labeled ‘a’ through ‘p’, to indicate inequivalent

structures and compositions, following the convention set out in Table 1 and

Fig. 1.

and optimized all internal parameters. The resulting structures

possess no symmetry because of chemical disorder. In this

way, we have considered a total of 16 different configurations

at 9 different concentrations, as summarized in Table 1. In

order to obtain the equilibrium volume at each configuration,

calculations were performed at different lattice constants, and

the results were fitted using a Birch–Murnaghan equation of

state [11].

In Fig. 2, we have shown how the alloy excess energy �H ,

i.e. the energy of the alloy referred to the weighted sum of

the end members x ∗ SiO2 + (1 − x) ∗ CO2, varies with x,

at ambient pressure. We find that, under these conditions, the

excess energy of the alloy is never negative, indicating that the

alloy is in principle thermodynamically unstable with respect

to its end members. The excess energy, at ambient conditions,

reaches a value as low as 0.07 eV/formula unit for the ordered

alloy with 50% concentration (configuration “g” in Table 1).

As can be seen from Fig. 1, upon removing oxygen atoms, this

configuration becomes isostructural to the SiC cubic polytype,

just as β-cristobalite is the analogue of the cubic diamond

structure. Being the configuration that is most ordered, elastic

considerations tend to favor this structure, since all Si atoms

and all C atoms possess the same environment, and thus bond-

length mismatches can be completely accommodated.

Upon examination of all the equilibrium structures obtained

by us, we find that, in general, C–O and Si–O bond lengths do

not change significantly as a function of composition, and that

these preferred bond lengths are accommodated at the expense

of distorting cation–O–cation angles.

In Fig. 3, we have plotted the results obtained for the

equilibrium lattice constant, under ambient conditions, as a

function of x , the [Si]/([Si] + [C]) ratio. Vegard’s Law [14]

is an approximate empirical rule, which suggests that the

lattice constants should vary linearly with x , and we find

that this is approximately true (despite the large difference

in the lattice constants of the end members); however it

Fig. 3. The variation of lattice constant a0 with Si concentration x . The dashed

line shows the linear interpolation predicted by Vegard’s Law. The various

points at a given value of x correspond to a variety of inequivalent structures at

that concentration, as given in Table 1.

Fig. 4. Charge density for the structure “o”, which contains 7 Si atoms, one C

atom and 16 O atoms in the unit cell. The small black sphere depicts the C atom,

small dark spheres (red online) depict O atoms, and the large spheres (light blue

online) indicate Si atoms. The grey lobes (yellow online) show an isosurface of

the electronic charge density. The coordination is seen to remain tetrahedral

throughout, and the bond between C and O is seen to be more covalent than

that between Si and O. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

overestimates lattice constants slightly as one moves away

from the end members. (Note: If the volumes rather than the

lattice constants varied linearly with concentration, one would

expect an underestimation of lattice constants, rather than the

overestimation observed by us.)

The local stability of the equilibrium structures can be

inferred from the analysis of the local coordination of the

tetrahedral units in the equilibrium structures. Upon analyzing

the relaxed structures obtained by us, we find that almost

all the equilibrium structures have Si and C in tetrahedral

coordination with O. This indicates that tetrahedral units are

local minima, at least within the set of distortions compatible

with the periodicity of the simulated cells. In Fig. 4, we have
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plotted the valence electron charge density for the system “o”,

whose unit cell contains seven Si atoms, one C atom and

sixteen O atoms. From this figure, we can see that the system

is tetrahedrally coordinated throughout, and the bonding is

mainly ionic (note that the charge is localized on the O atoms).

However, the bonding between O atoms and the C atom appears

to be more covalent than that between O and Si atoms (the

yellowish lobes of charge density in the figure can be seen to

be extended towards the C atom).

However, we found that in a few configurations, at large,

negative strains, a small number of C–O bonds starts to break,

indicating a preference for the carbon atoms to be coordinated

with only three O atoms. This is consistent with the idea that

three-fold coordinated carbon may be a microscopic precursor

to the formation of tetrahedral CO2 units [15].

Returning to Fig. 2, we notice that the excess energies,

though positive, are systematically rather low and never exceed

0.2 eV/formula unit, which is in the range of values for III–V

semiconductor alloys [16], themselves metastable but widely

employed in electronics. One should however keep in mind that

in our case, one end member, extended CO2, is itself unstable

with respect to its gaseous form at ambient conditions. Since it

does, however, become stable at pressures above 20 GPa [17],

we next examine enthalpies of formation at high pressures,

restricting our analysis to the structure with configuration “g”,

since it seems the best candidate for a stable mixed compound.

Upon using the ab initio equations of state we found that

configuration “g” becomes thermodynamically more stable

than the end members at 6 GPa, and remains stable with respect

to the end members at 20 GPa, where both SiO2 and CO2 are

stable in their tetrahedral forms. This suggests that it should

be possible to form this phase, in thermodynamic equilibrium,

at high pressures. When combined with the observation that

large energy barriers are presumably required to induce phase

segregation at ambient conditions, this suggests that it may be

possible to recover this phase, in a metastable form, also at

ambient conditions.

In summary, we have found that though mixed SiO2–CO2

alloys do not appear to be thermodynamically stable at ambient

pressure, their excess energies are small, suggesting that it may

be possible to create them in metastable forms. We have also

observed some tendency for C atoms in extended solids to

prefer three-fold coordination to four-fold coordination.
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The realization of the potential of carbon nanotori as elements of nanoscale devices based on their
recently predicted unusual properties requires a thorough understanding of contacting these
nanostructures. We carried out a series of calculations of the electric conductance of carbon nanotori
contacted by single-wall carbon nanotubes to shed light on the effects of the geometry as well as the
chemistry of the contacts. The relaxed structures of the contacted nanotori were determined by an
order-N nonorthogonal tight-binding molecular dynamics scheme. The conductance was calculated
using the Landauer-Büttiker formula based on a 
-orbital Hamiltonian. We found that the
conductance of the contacted carbon nanotorus is very sensitive to the transparency (chemistry) of
the contacts. We also found that the equivalence (chemistry as well as geometry) of the contacts
plays an important role in the transport properties. For example, a difference in the right contact and
left contact will diminish the constructive quantum interference of the transmission as compared to
the situation when the two contacts are equivalent. This conclusion is general and is expected to be
applicable for any metallic contacts to the contacted carbon nanotori. © 2004 American Institute of
Physics. [DOI: 10.1063/1.1766415]

I. INTRODUCTION

Recent reports on the observation and the synthesis of
closed carbon nanotube (NT) rings1,2 have generated re-
newed interest in the study of the magnetic properties of
carbon nanotube-based nanostructures.3,4 For example, it was
predicted theoretically that nanotori formed from metal-l
NTs (Ref. 5) [e.g., the metallic zigzag single-wall carbon
nanotubes (SWCNT)] may exhibit giant paramagnetic mo-
ments at any radius while those formed from metal-2 NTs
(Ref. 5) (e.g., the armchair SWCNT) may exhibit this char-
acteristics only at (selected) magic radii.4 These discoveries
suggest the potential for using carbon nanotori (CNTRI) in
devices such as ultrasensitive magnetic sensors. However, to
facilitate a wider use of this unusual nanostructure, it is im-
perative to have a clear understanding of the effect of con-
necting a carbon nanotorus (CNTR) as a component in a
device to other components of the system. In this paper, we
report our study of contacting a CNTR with contacts of dif-
ferent degrees of transparency to shed light on the effects of
the geometry and the chemistry of the contact on the trans-
port properties of CNTR. We found the conductance of the
contacted CNTR to be dependent on both the degree of
transparency and the equivalence of the contacts.

II. THE SYSTEMS

In Ref. 4, it was shown that a metallic CNTR could be
formed from any metal-1 SWCNT. On the other hand, a
metal-2 SWCNT could form a metallic CNTR only if its
circumference, L= pT, where p is an integer and T the trans-
lation vector of the SWCNT, is such that p is a multiple of 3.
Otherwise, the resulting CNTR is a small-gap semiconduc-

tor. To develop a complete picture of the transport properties
of the contacted CNTR, we chose, as our working examples,
to study two CNTRI, one formed from the metal-1 SWCNT
(12,0) and the other from the metal-2 (6,6) SWCNT of simi-
lar diameter. An earlier investigation by us on the stability of
nanotori using a quantum mechanics based molecular dy-
namics (MD) scheme implemented with a nonorthogonal
tight-binding (NOTB) Hamiltonian had indicated that a (5,5)
nanotorus will undergo a change from an elastic deformation
to the development of kinks at a critical diameter of �4 nm
(or �50 unit cells).6 Therefore, we selected four cases,
namely, a (12,0)/3600 CNTR [a CNTR formed from a (12,0)
zigzag SWCNT containing 3600 carbon atoms or 75 unit
cells], a (12,0)/3648 CNTR containing 76 unit cells, a (6,6)/
3648 CNTR [a CNTR formed from a (6,6) armchair
SWCNT containing 3648 carbon atoms or 152 unit cells],
and a (6,6)/3672 CNTR containing 153 unit cells, for our
study because they are expected to be stable and without any
kinks. To understand how the degree of transparency of the
contacts affects the transport properties of a contacted
CNTR, we used the semi-infinite zigzag (6,0) SWCNT to
contact the CNTR. On the one hand, the (6,0) SWCNT was
chosen as the contacts for the following reasons: (1) the same
type of chemical bonding will prevail between atoms in the
contact [the (6,0) SWCNT] and those in the sample [the
(12,0) SWCNT-based or the (6,6) SWCNT-based CNTR],
thus allowing for the possibility of transparent contacts; (2)
because the Fermi energy for the (6,0) SWCNT is the same
as that of the (12,0) SWCNT while it is different from that of
the (6,6) SWCNT, the contact between the (6,0) SWCNT and
the (12,0) SWCNT-based CNTRI can be construed as an
almost transparent contact, while that between the (6,0)
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SWCNT and the (6,6) SWCNT-based CNTR a less transpar-
ent contact; and (3) a consistent determination of the relaxed
configuration for the CNTR contacted by a SWCNT can be
carried out in a more convenient manner. On the other hand,
the information extracted from the study of SWCNT-
contacted CNTRI can be used to understand the transport
properties of metal-contacted CNTRI for those metals that
can form metal carbide with the carbon atom.

III. STRUCTURA� RE�A�ATION AND THE
CA�CU�ATION O� �OCA� DENSITY O� STATES

We setup the initial configuration of the (6,0) SWCNT-
contacted CNTR by forming two T �unctions at the opposite
ends of the CNTR. In the case of (6,6) CNTRI, the T �unc-
tions can be formed by the introduction of, at each �unction,
four seven-edged polygons, two each at both sides of the
exterior �oint. For (12,0) CNTRI, the introduction of four
seven-edged polygons at each �unction will, in addition, cre-
ate two seven-edged polygons, one at the top and the other at
the bottom of the connection, that anchor the connection be-
tween the (12,0) CNTR and the (6,0) SWCNT lead. The
initial configuration created in this manner was then relaxed,
using an order-N NOTB-MD (O(N)-NOTB-MD) scheme7

because of the size of the system under consideration. Two
schematic representations of the relaxed right and left �unc-
tions of (6,0) SWCNT-contacted CNTRI, one for the (12,0)/
3600 CNTR and the other for the (6,6)/3648 CNTR, are
shown in Fig. 1.

We have formed the �unctions for the four CNTRI men-
tioned earlier by contacting them with the semi-infinite (6,0)-
SWCNT leads and relaxed the initial configurations of the
contacted CNTR (CNTR plus the connections between the
leads and the CNTR) to obtain the corresponding relaxed
structures for those contacted-CNTRI. Once the structure of
the (6,0) SWCNT-contacted CNTR (CCNTR) was deter-

mined, we constructed the Hamiltonian of the relaxed struc-
ture (the sample), ��, using the simple 
-orbital Hamiltonian
to facilitate the calculation of the transport properties of the
SWCNT-contacted CNTR since the 
-orbital Hamiltonian
has been shown to give a reliable representation of the elec-
tronic structure of SWCNTs.4,5 To gain an insight of the elec-
tronic structure of the relaxed CCNTR, it is important to
analyze the local density of states (LDOS) of relevant sec-
tions of the relaxed structure. The LDOS of a certain section
I of the relaxed structure, !I���, can be determined by8

!I��� = �
1

NI

Im
�→0

�
i�I

�ii���i�� , �1�

where the Green�s function ���� is defined by

���� = ����S ��SL�L�LS ��SR�R�RS��1, �2�

with

�L�R� = ����L�R���1, �3�

the summation over the atomic site index i running through
all the atoms in the particular section I of the relaxed struc-
ture, NI being the total number of atoms in the section under
consideration, � the energy, �SL�SR� the coupling between the
sample and the left (right) lead, and �L�R� the Hamiltonian of
the left (right) lead. In Figs. 2 and 3, we present the LDOS
for the region of the right �unction (RJ), the region of the left
�unction (LJ), the region in the middle portion of the torus
(MT), and the CCNTR (the torus plus the two �unctions) for
the four relaxed CCNTRI, respectively. In Fig. 2(a), the
LDOSs for the RJ and LJ of the (6,0) SWCNT, contacted
CNTR (6,6)/3648 [L(ead)(6,0)-T(orus)(6,6)/3648 CCNTR]
are shown, respectively. Also shown in Fig. 2(c) is the DOS
of the SWCNT (6,0). Since the (6,6)/3648 CNTR is com-
posed of 152 unit cells, the configuration for the RJ is
equivalent to that of the LJ. Therefore, their respective
LDOSs are identical as can be seen from Fig. 2(a). Because
of the finiteness of the L(6,0)-T(6,6)/3648 CCNTR, the
DOSs exhibit oscillations about their respective average. It
can be seen that the most prominent features in the LDOS of
RJ (LJ) are the second set of Van Hove peaks (at ���2.7
and ��2.7 eV) in the DOS of the (6,0) SWCNT (the lead).
Traces of the first three sets of van Hove peaks (at ��
�1.4 and 1.4 eV;�2.3 and 2.3 eV; �2.7 and 2.7 eV) in the
DOS of the (6,6) SWCNT [see Fig. 2(c)] can also be found
in the LDOS of the RJ (LJ). Another discernable feature in
the LDOS of the RJ (LJ) is in the vicinity of ��0.8 eV. We
have identified this feature as associated with the seven-
edged polygon defects at the connection between the (6,6)/
3648 CNTR and the (6,0) SWCNT. In Fig. 2(a), the LDOS
of a block in the middle portion of the (6,6)/3638 CNTR,
MT, is also shown. It can be seen that the main features of
the DOS of the (6,6) SWCNT [Fig. 2(c)] are reproduced in
the LDOS of the MT. One interesting footnote is that the
(6,6)/3648 CNTR is composed of 152 unit cells. Since the
(6,6) SWCNT is a metal-2 SWCNT and 152 is not a multiple
of 3, the corresponding (6,6)/3648 CNTR is therefore a
small-gap semiconductor. A check of the LDOS of MT in-
deed shows a small gap at the Fermi energy ��=0�. Figure

FIG. 1. The schematic representations of the �unction regions: (a) L(6,0)-
T(12,0)/3600 and (b) L(6,0)-T(6,6)/3648. The atoms and bonds in light
shade in the right and left regions represent the right �unction and left �unc-
tion, respectively, whose LDOS are plotted in Figs. 2 and 3.
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2(a) also shows the LDOS of the L(6,0)-T(6,6)/3648
CCNTR. It contains all the essential features of the SWCNT
(6,0) and the (6,6)/3648 CNTR, including the small gap at
the Fermi energy.

In Fig. 2(b), the same set of LDOSs as those given in
Fig. 2(a) but for the L(6,0)-T(6,6)/3672 CCNTR are shown.
It should be noted that the (6,6)/3672 CNTR is composed of
153 unit cells. Since 153 is a multiple of 3, therefore the
(6,6)/3672 CNTR is a metallic CNTR. Furthermore, because
it contains an odd number of unit cells, the configuration of
its RJ is different from that of its LJ at the opposite end.
These characteristics of the (6,6)/3672 CNTR are clearly
seen in Fig. 2(b). For example, an examination of Figs. 2(b)

reveals that the LDOS of the RJ and that of the LJ are dif-
ferent. Although they both still exhibit features similar to
those associated with the (6,0)-SWCNT contact and the
(6,6)/3672 CNTR (such as the prominent second set of Van
Hove peaks of the (6,0) SWCNT and the first three sets of
Van Hove peaks of the (6,6) SWCNT) just as seen in Fig.
2(c), the feature associated with the configuration of the
seven-edged polygon defects appears differently in the
LDOSs of the LJ and RJ of the L(6,0)-T(6,6)/3672 CCNTR.
While the defect feature still appears in the neighborhood of
E�0.8 eV in the LDOS of LJ of the L(6,0)-T(6,6)/3672
CCNTR, it is much less prominent compared to the corre-

FIG. 2. LDOS of the right junction, the left junction, the middle portion, and
the (6,0) SWCNT-contacted CNTR for the L(6,0)-T(6,6) carbon nanotorus
junctions with (a) 3648 atoms and (b) 3672 atoms in the torus, respectively.
LDOS of the middle portion, the left junction, and the right junction have
been displaced upwards by 0.1, 0.2, and 0.3 states/eV-atom, respectively:
(c) DOS of SWCNTs (6,6) and (6,0) as well as CNTRI (6,6)/3648 and
(6,6)/3672. DOSs of CNTR (6,6)/3648, SWCNTs (6,0) and (6,6) have been
displaced upwards by 0.1, 0.2, and 0.3 states/eV-atom, respectively.

FIG. 3. LDOS of the right junction, the left junction, the middle portion, and
the (6,0) SWCNT-contacted CNTR for the L(6,0)-T(12,0) carbon nanotorus
junctions with (a) 3600 atoms and (b) 3648 atoms in the torus, respectively.
LDOS of the middle portion, the left junction, and the right junction have
been displaced upwards by 0.1, 0.2, and 0.3 states/eV-atom, respectively.
(c) DOS of SWCNTs (12,0) and (6,0) as well as CNTRI (12,0)/3600 and
(12,0)/3648, respectively. DOS of CNTR (12,0)/3600, SWCNTs (6,0) and
(12,0) have been displaced upwards by 0.1, 0.2, and 0.3 states/eV-atom,
respectively.
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sponding feature of the L(6,0)-T(6,6)/3648 CCNTR. In the
LDOS of the RJ of the L(6,0)-T(6,6)/3672 CCNTR, this fea-
ture appears more diffused and shifted to the neighborhood
of 0.6 eV, as compared to the feature at 0.8 eV in the LJ or
RJ of the L(6,0)-T(6,6)/3648 CCNTR. The LDOS of the �T
of the L(6,0)-T(6,6)/3672 CCNTR shown in Fig. 2(b) re�ects
basically the essential features of the (6,6)/3672 CNTR. In
particular, the DOS at the Fermi energy �E�0� does not van-
ish, an indication that the (6,6)/3672 CNTR is a metallic
CNTR. Figure 2(b) also shows the LDOS of the L(6,0)-
T(6,6)/3672 CCNTR. It can be seen that this LDOS pos-
sesses the prominent features of the (6,6)/3672 CNTR as
well as those of the (6,0) SWCNT. Specifically the DOS at
the Fermi energy is not �ero, indicating that the contacts
have not changed the metallic behavior of the (6,6)/3672
CNTR.

�oth of the two (12,0) SWCNT-based CNTRI are metal-
lic CNTRI. In the case of the (12,0)/3600 CNTR, it is com-
posed of 75 unit cells. Therefore, the configuration of the RJ
of the (6,0)-(12,0)/3600 CCNTR is different from that of the
LJ. On the other hand, the (12,0)/3648 CNTR is composed of
76 unit cells. Hence the configuration of the RJ of the L(6,0)-
T(12,0)/3648 CCNTR is the same as that of its LJ. The simi-
lar as well as contrasting characteristics of these two CCN-
TRI are expected to reveal themselves in their corresponding
LDOSs. Indeed these characteristics can be seen in the fea-
tures in the LDOSs shown in Figs. 3(a) and 3(b). For ex-
ample, the LDOS of the RJ of the L(6,0)-T(12,0)/3600
CCNTR composed of 75 unit cells shown in Fig. 3(a), while
similar to the two identical LDOSs of the RJ and LJ [Fig.
3(b)] of the L(6,0)-T(12,0)/3648 CCNTR with 76 unit cells,
is different from that of its LJ [Fig. 3(a)]. The difference
shows up in the feature associated with the seven-edged de-
fect configuration. This feature occurs at E�0.8 eV in the
LDOS of the RJ [Fig. 3(a)] of the L(6,0)-T(12,0)/3600
CCNTR and seems to have merged with the feature associ-
ated with the (12,0) SWNT at E�1.0 eV in the LDOS of its
LJ [Fig. 3(a)]. �oth the �T of the L(6,0)-T(12,0)/3600
CCNTR [Fig. 3(a)] and that of the L(6,0)-T(12,0)/3648
CCNTR [Fig. 3(b)] exhibit all the essential features of the
DOS of the (12,0) SWCNT and they are similar to each
other. The DOS at Fermi energy is not �ero for both �Ts,
re�ecting the fact that both CNTRI [(12,0)/3600 and (12,0)/
3648] are metallic. Figures 3(a) and 3(b) also show the
LDOSs of the L(6,0)-T(12,0)/3600 CCNTR and L(6,0)-
T(12,0)/3648 CCNTR, respectively. As expected, they both
exhibit the features associated with the (6,0) SWCNT and the
(12,0) SWCNT and they are very similar. The DOS at the
Fermi energy is non�ero in both cases, indicating that the
contacts do not affect the metallic nature of the two CNTRI.

I�. �����RI�A� ���D���A���

With the electronic structure of the set of four CCNTRI
determined and analy�ed, we proceeded to calculate the con-
ductance of these CCNTRI. The conductance was calculated
using the Landauer-��ttiker formula�

� �
2�2

�
Tr��L�S

��R�S
�� , �4�

where the advanced (retarded) Green�s function of the
sample (the CCNTR), �S

����, is simply ��
�����E���� [��

�

����E����] of ��. (2), and �L�R�����SL�R��L�R�
� �L�R�S

��SL�R��L�R�
� �L�R�S�. In Figs. 4(a) and 4(b), the conductance

of the (6,0)-(6,6)/3648 CCNTR and that of the (6,0)-(6,6)/
3672 CCNTR are shown respectively. Also shown in those
figures are the conductance of (6,0) and (6,6) SWCNTs. The
conductance of the respective CCNTR shows oscillations as
a function of E because of the finite number of unit cells
contained in the CCNTR. The conductance of the (6,0)-(6,6)/
3648 CCNTR vanishes at the Fermi energy because the cor-
responding (6,6)/3648 CNTR is a small-gap semiconductor
while that of the L(6,0)-T(6,6)/3672 CCNTR is at its peak
value at the Fermi energy because the (6,6)/3672 CNTR is
metallic. The overall peak conductance of the L(6,0)-T(6,6)/
3672 CCNTR is seen to be exceeded by the overall peak
conductance of the L(6,0)-T(6,6)/3648 CCNTR, even though
the former corresponds to a metallic CNTR while the latter a
small-gap semiconducting CNTR. This observation can be
understood in terms of the contacts for the two cases. In the
former case, the RJ is different from the LJ while in the latter

FIG. 4. Conductance of the L(6,0)-T(6,6) contacted CNTRI with (a) 3648
atoms and (b) 3672 atoms in the torus, respectively. Also shown are the
conductance of the SWCNTs (6,0) and (6,6).
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case, the two junctions are e�uivalent. The difference in the
RJ and LJ will diminish the constructive �uantum interfer-
ence of the transmission as compared to the situation when
the two junctions are e�uivalent. Another interesting obser-
vation is that the overall conductance seems to be following
the conductance pattern of the (6,0) SWCNT rather than that
of the (6,6) SWCNT. This feature can be understood in terms
of the transport of the electrons from the lead into the sample
and then out of the sample through the other lead. The trans-
port is therefore controlled by the smaller number of chan-
nels of the leads and that of the sample. Since the (6,0)
SWCNT leads have smaller number of channels compared to
that of the sample, the conductance pattern of the CCNTR
will follow the conductance pattern of the (6,0) SWCNT
leads. Figures 5(a) and 5(b) display the conductance of the

L(6,0)-T(12,0)/3600 and L(6,0)-T(12,0)/3648 CNTRI, to-
gether with that of the corresponding (6,0) and (12,0)
SWCNTs. The conclusion drawn from the consideration of
the (6,6) SWCNT-based CCNTRI in general applies also for
the (12,0) SWCNT-based CCNTRI. It includes (1) the con-
ductance achieves its peak value at the Fermi energy for both
CCNTRI because both are metallic�(2) the overall peak con-
ductance of the L(6,0)-T(12,0)/3600 CCNTR is smaller than
that of the L(6,0)-T(12,0)/3648 CCNTR because the former
has none�uivalent contacts while the latter has e�uivalent
contacts�(3) the conductance pattern follows that of the
leads. However, a closer examination of the figures shown in
Figs. 4 and 5 reveal that the overall peak conductance of
L(6,0)-T(12,0)/ CCNTRI is much higher compared to that of
L(6,0)-T(6,6)/ CCNTRI. This can be understood because the
contact between the (6,0) SWCNT lead and the (12,0)
SWCNT-based CNTR is almost transparent (hence a peak
conductance of �4�2 /�) while that between the lead and the
(6,6) SWCNT-based CNTR is not nearly so on account of the
difference in their Fermi energy.

�. �������I��

Our study clearly demonstrates that the conductance of a
CCNTR depends on the transparency of the contact (chem-
istry) and whether the two leads are e�uivalent (chemistry as
well as geometry). This conclusion is general and is expected
to be applicable for any metallic contacts to the CCNTR.
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A comprehensive picture of electromechanical responses of carbon single-walled nanotubes
�SWNTs� is obtained using ab initio density-functional theory and self-consistent 
-orbital
Hamiltonian. We find a linear behavior of the energy gap of zigzag SWNTs as a function of the axial
strain with different slopes for compression versus extension. Observed small changes in
conductance even with a substantial energy gap due to the strain is attributed to the pinning of the
Fermi level near the top of the valence band. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2011781�

I. INTRODUCTION

Mechanical manipulation of carbon single-walled nano-
tubes �SWNTs� is expected to provide a means to function-
alize the properties of nanotubes �NTs�. For example, the
pioneering experiment of Tombler et al. showed a reversible
two-orders-of-magnitude reduction of conductance of a
freely suspended metallic SWNT when it is deflected by an
atomic force microscope �AFM� tip at a relatively small
angle.1 More recently, Minot et al., using an AFM tip that
can simultaneously strain and gate the NT, demonstrated that
while the change in conductance associated with the axial
strain �up to a strain of �2%� in a SWNT is relatively small,
gating it locally via the AFM tip can enhance the change up
to about one order of magnitude.2 Theoretically, Liu et al.
attributed the observed reversible two-order-of-magnitude
reduction in conductance due to the AFM deflection of a
metallic SWNT at a relatively small angle to a reversible sp2

to sp3 bonding transition of the carbon atoms adjacent to the
AFM tip, based on a careful simulation using a nonorthogo-
nal tight-binding/molecular-dynamics �NOTB/MD� scheme.3

On the other hand, Maiti et al. argued that the opening of an
energy gap in an axially stretched SWNT might result in a
two-order-of-magnitude reduction in conductance.4 This con-
clusion, however, is apparently contrary to the observation of
Minot et al.2 Experimental evidences2,5 and theoretical
expectations6–8 seem to give strong support of the gap open-
ing in the band structure of metallic SWNTs under an axial
stretching. Therefore, there must be additional factors at play
that lead to the observation of only small changes in conduc-
tance for strain up to �2% in spite of appreciable opening of

the energy gap. One likely candidate is the pinning of the
Fermi level in the vicinity of highest occupied molecular
orbital �HOMO� �or lowest unoccupied molecular orbital
�LUMO�� due to the finite length of the sample SWNT be-
tween the contacts.

In this paper, we present the result of our detailed study
of the effect of the change in the band structure due to an
axial strain on the transport properties of SWNTs to clarify
and settle issues raised by experimental observations. Using
the accurate full-potential projector augmented-wave �PAW�
method9 as implemented in the VASP package,10 we calcu-
lated the energy gap of axially stretched zigzag SWNTs of
various sizes to provide the most reliable determination of
the gap opening as a function of the strength of the axial
strain. We found that with increasing elongation, the energy
gap of semimetallic zigzag SWNTs initially decreases lin-
early, vanishes at a small strain, and thereafter starts to in-
crease linearly at a smaller slope �compared to the decreasing
slope� for strains with strength up to �3%. Our calculation
indicated that the energy gap of stretched zigzag SWNTs
could be as great as a few hundred meV. For example, for the
�27,0� SWNT under a 2% strain, the energy gap opens to
�250 meV. With the energy gap of this magnitude, the most
likely cause for the observed small changes in conductance
associated with axial strains of up to �2% could only be the
pinning of the Fermi level in the immediate vicinity of either
the valence band or the conduction band. Such pinning could
indeed occur on account of the finite length of the sample
SWNTs �from a few hundred nanometers to a few microns�.
To confirm this scenario, we determined the effect of the
finite size of the sample SWNT on the charge transfer be-
tween the sample and the metal leads, and hence the pinning
of the Fermi level, using a self-consistent scheme for thea�Electronic mail: shi-yu.wu@louisville.edu
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determination of the charge redistribution based on the

-orbital tight-binding �TB� theory. We found that when the
electrons flow from the finite sample SWNT to the leads, the
Fermi level is pinned to the vicinity of the top of the valence
band. For strains of �2%, we showed that this pinning of the
Fermi level is responsible for only small reductions in con-
ductance in axially stretched SWNTs as long as there is no
local perturbation such as gating2 or deformation via AFM
tip.1 Thus, we have demonstrated conclusively that it is the
interplay among the energy-gap opening associated with the
strain, the pinning of the Fermi level in the vicinity of either
the top of the valence band or the bottom of the conduction
band due to the finite length of the SWNT, and the local
perturbation that determines the electromechanical responses
of SWNTs.

II. THE METHOD

In order to establish how reliable the all-electron PAW
method is in predicting electronic properties of SWNTs, we
first used it to determine the opening of an energy gap in
metallic zigzag SWNTs due to the curvature effect. We de-
cided to calculate the energy gap of semimetallic zigzag
SWNTs for the following reasons. �1� The curvature effect is
most pronounced for metallic zigzag SWNTs.11 �2� The num-
ber of carbon atoms in a unit cell of zigzag SWNTs is
smaller compared with that in a unit cell of chiral SWNTs.11

�3� There are experimental measurements of the energy gap
in zigzag metallic SWNTs.12 In our study, we first construct
the initial configuration of a given zigzag SWNT by simply
wrapping its corresponding graphene strip with the chiral
angle �=0. The equilibrium configuration of the zigzag
SWNT is then obtained by relaxing the initial configuration
using the PAW method. Finally the electronic structure of the
relaxed zigzag SWNT is calculated to determine the opening
of the energy gap due to the curvature of the tube. In our
PAW calculations, we used density-functional theory �DFT�
with local-density approximation �LDA� and the exchange-
correlation potential of Ceperley-Alder as parameterized by
Perdew and Zunger.13 A supercell geometry was adopted so
that the nanotubes are aligned in a square array with the
closest distance between adjacent nanotubes being at least
8 Å. A uniform k-space grid of 1�1�20 and a large plane-
wave cutoff of 500 eV were used. It should be noted that the
lattice constants of graphite determined by the PAW DFT-
LDA calculations are in very good agreement with the ex-
perimental values �within 0.5%�.14 In Fig. 1, the calculated
energy gaps for the series of “semimetallic” zigzag SWNTs
�9,0�, �12,0�, �15,0�,…, �27,0�, and �36,0� are plotted vs. the
radius of the tube. Also plotted are the available experimen-
tal scanning tunneling microscope �STM� measurements of
the energy gap.12 It can be seen that the calculated energy
gaps of the unstrained semimetallic zigzag SWNTs are in
good agreement with the available experimental results. Fur-
thermore, the functional dependence of the energy gap on the
radius r can be seen to follow a 1/r2 pattern.

III. THE ENERGY GAP AND THE AXIAL STRAIN

Having established the validity and the reliability of the
PAW method in its prediction of the opening of an energy
gap due to the curvature for unstrained semimetallic zigzag
SWNTs, we proceeded to employ the same method to deter-
mine further change in the energy gap when these SWNTs
are axially strained. In our approach, the axial strain with a
strength given by �= �l− l0� / l0 is initially applied to a certain
zigzag SWNT, with l0 being the equilibrium length in the
axial direction for the unit cell of the unstrained SWNT and
l the corresponding length in the strained tube. The equilib-
rium configuration of the strained tube is then obtained by
relaxation using the PAW method. The energy gap of the
strained tube is finally determined by calculating the elec-
tronic structure of the equilibrium configuration of the
strained tube. Here an accurate DFT-based all-electron
theory is used to study the strain effect for semimetallic
SWNTs. Figure 2 shows the plot of the energy gap for a
subset of the strained semimetallic zigzag SWNTs ��9,0�,
�12,0�, �15,0�, and �27,0� NTs� considered in Fig. 1 as a
function of the strength of the axial strain. It can be seen that
for both the case of stretching and the case of compression,
the energy gap for the semimetallic zigzag SWNTs exhibits a
linear dependence on the strength of the strain. For stretch-
ing, the linear dependence prevails at least to a 3% strain
while the linear relation starts to break down beyond a 2%

FIG. 1. Calculated �open circles� and experimental �solid diamonds� �Ref.
12� energy gaps of unstrained zigzag semimetallic SWNTs vs their radii.

FIG. 2. Calculated energy-gap variation of zigzag �9,0�, �12,0�, �15,0�, and
�27,0� SWNTs as a function of axial strain.
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strain for compression. As discussed previously, an energy
gap opens for unstrained semimetallic SWNTs because of the
effect of the curvature. Under an axial stretching, we found
that the initial energy gap due to the curvature decreases
linearly at first with increasing strain, vanishes at a relatively
small strain, and from that point on increases linearly with
increasing strain. Viewed from the critical strain �crit where
the energy gap vanishes, the behavior pattern of the change
in the energy gap as a function of the strain can be separated
into two categories. For a strain ���crit, the slope of the
linear dependence is positive while it is negative for �
��crit. In this sense, the change in the energy gap under
compression is an extension of the initial response under
stretching where ���crit, namely, the energy gap of an un-
strained SWNT shows a linear increase with increasing com-
pression �more negative strain�. Furthermore, the slopes of
the linear dependence of the energy gap on the axial strain
for all the semimetallic zigzag SWNTs considered are all the
same, suggesting that the rate of change of the energy gap
with respect to the applied strain is independent of the radius
of the SWNTs. Figure 2 also shows that the absolute value of
the slope for ���crit is greater than that for ���crit. Our
calculation of the rate of change of the energy gap with re-
spect to the strain yields �140 meV/% for ���crit and
�120 meV/% for ���crit, compared with an absolute value
of �100 meV/% based on the Hückel TB model.2,8

IV. THE PINNING OF THE FERMI LEVEL

Figure 2 indicates that an axial strain can result in an
energy gap of a substantial magnitude. For example, under
stretching with a 2% strain, the energy gap of a �12,0� zigzag
SWNT opens up to �200 meV, compared with an energy
gap of only �30 meV due to the curvature for the unstrained
�12,0� SWNT. With a change in the energy gap of such mag-
nitude, one would expect an orders-of-magnitude change in
the conductance if the Fermi level of the contacted SWNT is
in the vicinity of the middle of the gap. Yet experimental
measurements mentioned previously detected only relatively
small changes for axially strained SWNTs with no local
perturbation.2 In that experiment, the SWNTs were contacted
by gold electrodes.2 There were experimental evidences of a
p-type behavior for SWNTs contacted by gold,2,5,15 indicat-
ing that the Fermi level is pinned to the vicinity of the top of
the valence band. While the pinning of the Fermi level near
the top of the valence band may be crucial in explaining the
observed small changes in conductance, the physics underly-
ing the pinning is not yet clearly understood. Furthermore,
the extent of the pinning and, in particular, how the pinning
will be affected by the axial strain needs to be fully under-
stood before a complete picture of the electromechanical re-
sponses of SWNTs emerges.

To shed light on the abovementioned issues, we carried
out a model study of the redistribution of the charge across
the interface between the sample SWNT and the metal leads.
Special emphasis was placed on the fact that the length of the
sample SWNT is finite. In our model study, we consider a
�12,0� SWNT with a length of 10 nm. This sample SWNT is
contacted at both ends by metallic leads. The size of the

system under consideration precludes the use of DFT-based
methods to calculate the charge transfer between the sample
and the leads. Instead, we employ a model Hamiltonian
based on the single 
-orbital theory that explicitly allows �i�
the calculation of the energy-gap opening due to the axial
strain and �ii� the self-consistent determination of the charge
transfer across the interface. The system Hamiltonian used in
our calculation is composed of the sample Hamiltonian �HS�,
the Hamiltonian for the leads �HL�, and the Hamiltonian for
the interaction between the sample and the lead �Hint�. The
sample Hamiltonian HS is constructed according to

Hii
S = �S + qiU + e2�

k
i

qk

rik
, �1�

Hij
S = �0
dij

0

dij
�2

, �2�

where �S is the orbital energy for the carbon atom, qi=Ni

−Zi with Nie being the charge on the ith atom and Zi=1, U a
Hubbard-like intra-atomic correlation energy term given by
U=18.46 eV,16 rik the distance between atoms at site i and
site k, �0=2.7 eV the nearest-neighbor off-diagonal Hamil-
tonian element for the unstrained SWNT in the single

-orbital theory, dij

0 the bond length between carbon atoms i
and j in the unstrained SWNT, and dij the corresponding
bond length in the strained SWNT. The summation over k in
Eq. �1� runs through atoms in the sample as well as in the
leads because of the long-range Coulomb interaction. The
off-diagonal elements of the sample Hamiltonian, Hij

S , are
restricted to only the nearest neighbors, as in the single

-orbital theory. The Hamiltonian for the leads is chosen to
be

Hii
L = �L + qiU + e2�

k
i

qk

rik
, �3�

Hij
L = ��, �4�

while the Hamiltonian Hij
int between the neighboring atoms in

the sample and those in the lead is chosen simply as �0.
The appearance of terms containing qi, rij, and dij in the

system Hamiltonian provides the scheme to self-consistently
determine the charge transfer for a SWNT under a given
axial strain. By satisfying the requirement of the self-
consistency in the charge redistribution, the Fermi level of
the contacted SWNT under the axial strain is also deter-
mined. Thus, the Hamiltonian described in Eqs. �1�–�4� also
allows the determination of the pinning of the Fermi level
corresponding to a given axial strain. In the calculation, the
off-diagonal Hamiltonian element �� of the lead is set equal
to �0 /20 to model the metallic nature of the lead. To model
the contact between the gold lead and the �12,0� SWNT, �L is
set equal to zero while �S equal to 400 meV to reflect the
difference in the work function between the NT and the gold
lead so that electrons will flow from the SWNT to the me-
tallic lead. To circumvent the difficulty in the self-consistent
process due to the fact that TB formalisms only give the
charge at a site, we consider the charge to be uniformly dis-
tributed over a unit cell of the SWNT and use the average
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charge over a unit cell to achieve the self-consistency in the
charge redistribution, a procedure similar to the one used by
Léonard and Tersoff.17,18

The result of the determination of the pinning of the
Fermi level at a temperature of 300 K for strains �=1%, 2%,
and 3% is summarized in Fig. 3. Specifically, we have plot-
ted the self-consistently determined energy �L�S�+ �qiU
+e2�k�qk /rik�� along the contacted SWNT where the SWNT
occupies the position from −5 to 5 nm. Also shown is the
band-structure energy in the body of the strained SWNT as it
is shifted by the amount of the self-consistent potential en-
ergy �EC�V�+�S+ �qiU+e2�k�qk /rik���, where EC�V� denotes
the bottom �top� of the conduction �valence� band. In the
plot, the Fermi level �EF� is set to zero. It can be seen that
the contacted �12,0� SWNT indeed exhibits a p-type behav-
ior with the Fermi level pinned beneath EV by 3 meV for a
strain of 1%, above EV by 14 meV for a strain of 2%, and by
28 meV for a strain of 3%. We have calculated the conduc-
tance of the p-type-behaving strained �12,0� SWNT using

G =
2e2

h
	

−�

�

T�E�
−
�f

�E
�dE

=
2e2

h �	
−�

EF

T�E�
−
�f

�E
�dE + 	

EC

�

T�E�
−
�f

�E
�dE�

�
4e2

h
� 1

1 + e−�EF−EF�/kT +
1

1 + e�EC−EF�/kT� , �5�

where T�E� is the transmission coefficient as a function of E
and f�E� the Fermi distribution function. At room tempera-
ture, we found relatively small changes in conductance of the
strained with respect to the unstrained �12,0� SWNT, namely,
a factor of 0.6 for a 1%, 0.4 for a 2%, and 0.3 for a 3% strain.
This result is consistent with the experimental observation.

V. SUMMARY

In summary, our accurate PAW calculation has clearly
established the linear behavior of the energy gap of strained
semimetallic zigzag SWNTs as a function of the axial strain
up to �3% strain. We found that this linear behavior is in-
dependent of the diameter of the SWNTs. Furthermore, we
determined that for ���crit where �crit is the strain where
the energy gap of the SWNT vanishes, the slope of the linear
relation is �−140 meV/% while the slope is �120 meV/%
for ���crit. We have also determined that the observed rela-
tively small changes in the conductance associated with an
axial strain but no local perturbation are due to the pinning of
the Fermi level in the vicinity of EV for strained SWNTs
contacted by gold leads, even though the strain results in the
opening of a substantial energy gap. This pinning is shown to
be the consequence of the finite length of the sample
SWNTs. Thus, our study has succinctly delineated how the
interplay among the strain, the nature of the metallic leads,
the pinning of the Fermi level due to the finiteness of the
sample SWNTs, and the local perturbation determines the
electromechanical responses of SWNTs.
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In this communication we describe the formation of heterojunc-
tions between metallic one-dimensional (1D) gold nanorods (Au
NRs) and single-wall carbon nanotubes (SWCNTs) assembled
directly on surfaces. The synthesis of multicomponent structures
with junctions of different 1D materials is important for many
electronic,1 optoelectronic,2 and sensing applications.3 Carbon-
semiconductor (SC),1a SC-metal,1b,c carbon-metal,1c,d carbon-
carbide,1e and SC-SC2 1D heterojunctions have been fabricated
and shown to exhibit Schottky diode behavior,1a Ohmic contact,1d,e

thermoelectric properties,2a photoluminescence,2c and electro-
luminescence.2c Striped nanorods composed of different metal-
metal junctions have served as biobarcode sensors.3 Previous
methods have led mostly to end-to-end junctions by electrochemical
deposition in porous templates,1b-d,3 a solid-solid reaction,1e or
vapor-phase growth onto catalysts.1a,2

Heterojunctions of 1D semi-crystalline metals and SWCNTs as
described in this paper have not been previously fabricated. Other
metal-carbon junctions involving Au nanoparticles and SWCNTs4

or 1D amorphous carbon and 1D polycrystalline metal1c,d have
appeared. Our work represents a new type of structure with many
benefits. First, the procedure is quick and simple and can be
performed with commercially available reagents on a benchtop
without the need for high-temperature reactors, templates, or
potentiostats. Second, the heterojunctions form by growing Au NRs
on the SWCNTs with high selectivity and without altering the
electronic structure of the CNTs. Third, they are formed directly
on surfaces; therefore, it is not necessary to suspend, separate, and
deposit the structures on a surface after synthesis. Patterning and
alignment should be possible with current strategies used for CNTs.
Fourth, there are several potential applications for these structures.
For example, Au NRs may serve as tiny, reproducible electrical
contacts for integrating SWCNTs in nanoelectronic or sensing
devices, metal nanostructures of various shapes supported on
SWCNTs may be useful in electrocatalysis or electrochemical
sensing applications, and as demonstrated in this paper, the Au
nanostructures enhance Raman scattering of SWCNTs.

Au NR/SWCNT heterojunctions were synthesized directly on
Si/SiOx substrates by the three steps shown in Scheme 1 (see
Supporting Information for full details). First, SWCNTs were
deposited onto (aminopropyl)triethoxysilane (APTES)-functional-
ized Si/SiOx by soaking the substrate in a dilute dimethylformamide
solution of SWCNTs for 20-25 min. The top atomic force
microscopy (AFM) image in Scheme 1 shows a few SWCNT
bundles (typically 5-10 nm in diameter containing 25-100 NTs)
adsorbed to Si/SiOx/APTES through surface NH2 groups. Second,
the substrate is placed into a 9 mg/mL solution of 1.6 nm average
diameter hexanethiolate Au monolayer-protected clusters (MPCs)5

for 10-15 min. The MPCs adsorb to SWCNTs presumably through
hydrophobic interactions, which should not alter the electronic

properties of the SWCNTs. Finally, the substrate was placed into
a “growth solution” for 1 h containing HAuCl4, cetyltrimethyl-
ammonium bromide (CTAB), and ascorbic acid. This leads to the
seed-mediated growth of the SWCNT-bound Au MPCs into Au
NRs and other shapes as described previously.6 The bottom SEM
image in Scheme 1 shows a crossed Au NR/SWCNT junction
formed using this procedure.

Figure 1 shows various SEM images of different regions of a
surface containing Au NR/SWCNT heterojunctions. Close inspec-
tion of several images shows that >90% of the Au nanostructures
emanate directly from SWCNTs, consistent with the model in
Scheme 1. There are usually only one to two Au nanostructures
per SWCNT due to the weak hydrophobic interactions involved.
The yield of NRs versus other shapes is ∼19%, which is slightly
higher than high aspect ratio (AR) Au NRs grown in solution6a

and on surfaces6b-d by seed-mediated growth. The diameter of NRs
is fairly uniform (25-30 nm), and the average length is 572 (
203 nm (AR ≈ 20). The seed-mediated growth process is not fully
understood, but it is believed that anisotropic growth into Au NRs
is promoted by preferential adsorption of CTAB onto certain crystal
faces of Au.

Different types of junctions form between the NRs and SWCNTs.
Scheme 1 showed an example where the Au MPC grew from the
CNT in two directions6d to form a crossed NR/NT junction. NT 1
and NR 1 in Frame A of Figure 1 represents a NR growing from
a NT in one direction, where it is connected to the CNT, but not
crossing it. The NR 2/NT 2 junction is another example of a cross
junction, but the NR is at the end of the bundle of NTs. Different
types of extended junctions are also common. Frame B shows an
example of one Au NR connecting three NT bundles (NT 3, NT 4,
and NT 5). Frame C shows an example of two Au NRs (NR 3 and
NR 4) connected to the same bundle of NTs (NT 6 and NT 7). It
is difficult to see, but NT 7 extends all the way to NR 4. The NRs
in this configuration could serve as contacts to the NTs for electronic
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and chemiresistive sensing applications. Frame D shows an example
of several NRs and NTs interconnected. Since it is difficult to
resolve very tiny bundles or individual SWCNTs with SEM, some
of the NTs appear disconnected, but are actually continuous. We
are currently studying the electronic properties of various junctions
by depositing metal contacts via electron-beam lithography.

Figure 2 demonstrates conclusively that Au grows selectively
on the SWCNTs. Plots 1 and 2 are the visible spectra of glass/
APTES/SWCNT samples that were placed in Au MPCs for 15 and
10 min, respectively, and then into growth solution for 1 h to form
Au NR/SWCNT heterojunctions. The large absorbance in the visible
region and the surface plasmon (SP) band at 527 nm are consistent
with the formation of Au nanostructures on the surface. The
substrate soaked for 15 min has a higher absorbance compared to
that for 10 min due to the larger coverage of Au MPCs. Plots 3
and 4 are the visible spectra of glass/APTES/SWCNTs (no Au
MPCs) placed in growth solution for 1 h and glass/APTES placed
in Au MPCs for 15 min and then into growth solution for 1 h,
respectively. Neither sample exhibits significant absorbance or
evidence of a SP band for Au, indicating that Au MPCs do not
adsorb appreciably to the glass/APTES surface and that neither
glass/APTES nor SWCNTs (without MPCs) catalyze the growth

of Au nanostructures. This key experiment confirms that Au NRs
grow directly from the Au MPCs bound to SWCNTs as depicted
in Scheme 1.

Raman spectroscopy is commonly used to characterize
SWCNTs,7a,b and Au NRs are known to enhance Raman scattering
signals.7c Figure 3A,B shows the high-frequency regime (containing
� and D bands) and low-frequency regime (containing radial
breathing modes), respectively, of the spectrum of SWCNTs before
(bottom spectrum) and after growth of Au NRs and other nano-
structures (top spectrum).7a,b The presence of Au enhanced the SERS
signal 50-fold. We believe that intimate contact made between the
Au and SWCNTs resulting from our procedure is important for
enhancement.

We have described a simple chemical method for synthesizing
surface-attached 1D Au NR/SWCNT heterojunctions. These new
structures are interesting fundamentally and have promising ap-
plications. Better synthetic control, patterning, and alignment of
juctions are still needed. Research on these issues and the electronic
and Raman enhancement properties are underway.
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Figure 1. SEM images of Au NR/SWCNT heterojunctions. (A) NRs
attached to the side wall and end of nanotubes from Au MPCs grown in
one (NR 1) or two (NR 2) directions. (B) Au NR attached to three different
SWCNT bundles (NT 3, NT 4, and NT 5). (C) Two Au NRs (NR 3 and
NR 4) attached to the same bundle of SWCNTs (NT 6 and NT 7). (D)
Connection between six NRs and at least eight different SWCNT bundles.
Scale bars are 250 nm.

Figure 2. Visible spectra of (1) glass/APTES/SWCNT/Au MPCs (15 min),
(2) glass/APTES/SWCNT/Au MPCs (10 min), (3) glass/APTES/SWCNTs
(2 days), and (4) glass/APTES/Au MPCs (15 min) placed in growth solution
for 1 h.

Figure 3. Raman spectra depicting (A) G and D bands in the high-
frequency regime and (B) radial breathing mode in the low-frequency regime
of SWCNTs for pristine (bottom spectra) and Au NR-SWCNT hetero-
junctions (top spectra). The spectra were collected at 632.8 nm excitation
using a Renishaw micro Raman system.

C O M M U N I C A T I O N S
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�. C. E��u�������

�e�artment o�Physics, �he Pennsy�Vania State �niVersity,
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�������� ������2�, 200��������� ������������������ ��������1�, 200�

A�ST�ACT
����� �i�r��r��e ��u�ie� �����g �r������i�e Si �����ire� re�e����r ��e �ir���i�e ��e e���u�i�� �������� ����i�e�e���i�� �ire �i��e�er.
T�e ����� ���� ��∼�20 ��-1 i� �u��Si i���u�� �� ������i����� �����e�ri������r���e� �� ���er �re�ue����i�� �e�re��i�g �ire �i��e�er
�h�i� g��� �gree�e���i�� � ��e��� e����gi���� ��e��ir���r����e� �� �i���er e���. A� ���u�����e ��r��e�er �r�i� ���e� �� ��e ��e�r� ����
�e�i�e� ��e �i��� ����e ��u��i�� ������ ����i�e� e���u���i��. � e �i�� ������i� ��r��e�er i� ����e��i�i�e �� �i��e�er ��er ��e r��ge �−2�
��.

Several Raman scattering studies of long wavelength phonons
in crystalline Si nanowires have appeared in the literature
over the past several years.1-7 The authors have fitted the
first-order experimental Raman band near 520 cm-1 to an
asymmetric line shape first proposed by Richter et al.8 In
this model, the confined phonon participating in the Raman
scattering event is expressed as a wave packet using bulk
phonon states. The range of bulk wavevector δ�needed to
form the packet is given by δ� ∼ 1/�, where � is the
filament diameter. In limit of infinite �, the symmetric
Lorentzian line shape representing the first order scattering
from the degenerate LO-TO �) 0 phonons of bulk Si is
recovered from the model expressions. None of the previous

experimental studies have looked systematically at the effect
of the wire diameter on the Raman line shape, i.e., the effects
of the most important physical parameter has not been
investigated. Here, we present the results of such a study
made on a series of four crystalline Si nanowire samples
whose most probable diameter �h spans the range from 4 e
�h e 25 nm. All other optical parameters, e.g., laser flux
wavelength and optics, are the same for each Raman
spectrum collected; the wire diameter is the only variable.
Silicon, as a well-understood elemental semiconductor, is
chosen to explore the basic phenomenon of phonon confine-
ment.

Usually there is insufficient signal to study the Raman
scattering from a single semiconducting nanowire, and
therefore ensembles of nanowires are measured. Since the
diameter of the nanowire produces the confinement param-
eter, it is important to be able to either rule out significant

�Corresponding author. E-mail: pce3� psu.edu.
�Department of Physics, PSU.
�University of Louisville.
�Department of Materials Science, PSU.
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inhomogeneous broadening of the Raman band from the
experimental diameter distribution or to include the distribu-
tion in the line shape analysis. To date, all of the previous
studies of the first-order Raman band in Si nanowires, except
one,7 have used an estimated mean nanowire diameter in
their data analysis. We also show here that for quantitative
anlaysis the distribution should be included. There also have
been other complicating factors slowing progress in under-
standing the Raman line asymmetry encountered in the first-
order band in Si nanowires and other nanosystems, e.g.,
possible complications from the effects of compressive strain9

and laser flux-induced changes in the line shape asymmetry.4-6

For example Piscanec et al.4,5 argued that the Raman band
asymmetry in Si nanowires has a contribution from inho-
mogeneous laser heating, whereas Gupta et al. presented
evidence for a photo/thermal-driven Fano resonance.6 Adu
et al., on the other hand, have found that the SiO�covering
the Si wire can produce a compressive strain on the
crystalline core, upshifting the band position but not changing
the band asymmetry.9

According to a phenomenological theory,8,10 phonon
confinement in a small nanosystem (e.g.,particle, nanowire)
leads to an asymmetric broadening of the Raman bands. The
theory for this confinement predicts a specific evolution with
decreasing diameter �. The effect becomes very important
when the diameter of the particle or wire is d ∼ 10ao, where
ao is the lattice constant. This report is the first, to our
knowledge, to look at the systematics of how the first-order
Raman band changes with decreasing diameter.

All experiments were carried out in the same way (exactly
the same collection optics) and at very low laser flux (< 10
μW/μm2). At a factor of 2 or so greater than this flux, we
observed the 520 cm-1 band line shape changing in small
diameter wires. More importantly, we also observed this
effect in much larger diameter wires, i.e., those with �h ∼
23 nm, where no phonon confinement is expected. This
indicates that both confinement and unrelated high flux
phenomena can occur together. We will present these high
flux results elsewhere.11

Here, we concentrate on Raman scattering data collected
in the region of low laser flux Φ e 10 μW/μm2 where the
shape of the 520 cm-1 band is independent of Φ. Previously,
we have also published results of a Raman study on ∼9 nm
diameter Si wires that showed growing asymmetry to lower
frequency in the ∼520 cm-1 band with increasing laser flux.
A broadened line shape was observed and well fit by a Fano
resonance.6 However, we have revisited that work and we
have repeated it for very small and very large diameter Si
wires. Our new experimental evidence also suggests that a
more likely mechanism for the increased asymmetry in the
high flux regime is inhomogeneous laser heating, in agree-
ment with Piscanec et al.4

The Si nanowires studied here were prepared by pulsed
Nd:YAG laser vaporization (PLV) of a Si target (99.999�,
Alfa Aesar) containing ∼10 at. � Fe(99.9+�, Aldrich). The
target was maintained at 1200 °C in a flow of 100 sccm of
argon gas. Details of our synthesis approach have been given
elsewhere.12 Our TEM analysis clearly indicates that the wire

growth process occurs via the vapor-liquid-solid (VLS)
mechanism12,13 in which an Fe/Si nanodroplet (liquid alloy)
or nanoparticles acting as �seeds�form in the laser-generated
plume, adsorb Si vapor, and become Si-saturated. The Si
filaments grow from the Fe/Si nanoparticle surface. Our PLV
approach tends to make wires with a broad diameter
distribution in the 8-40 nm diameter range. To produce
smaller diameter wires for this study, we developed a post-
synthesis approach involving oxidation in pure O2 at 900
°C as a first step and centrifugal separation as the second
step. The idea is to diffuse oxygen radially inward, shrinking
the Si crystalline core, and then to separate fractions
according to diameter via centrifugation. Details of this
approach to smaller diameter Si (and other semiconducting)
wires will appear elsewhere.9

The oxidized Si wires were first harvested from a cool
furnace and then suspended in ethanol using ultrasound. A
centrifugal separation technique was then used to divide the
original as-grown wires into four distinct diameter distribu-
tions. After short intervals of centrifugation, the centrifuge
was stopped, the precipitate was removed, and the superna-
tant containing smaller diameter wires in solution was saved
and centrifuged further; the largest diameter wires and
particles are driven from the suspension at the earliest times.
Each time, the supernatant fluid was put back into a clean
centrifuge tube and spun again. In this way, precipitates were
obtained at 5 min (5000 rpm), 10 min (5000 rpm), 40 min
(5000 rpm), 70 min (5000 rpm), and 100 min (13500 rpm)
of centrifugation. This last step produced the smallest
diameter wires, i.e., �h ) 4.5 nm. The first precipitate (after
5 min) was found to contain Si particles and therefore was
rejected.

High-resolution transmission electron microscopy (HR-
TEM) using a JEOL (JEM 2010F) microscope with a 200
kV accelerating voltage was used to observe the nanowires�
crystallinity, growth direction, oxide coating, morphology
and the Si core diameter distribution. The TEM and Raman
samples were prepared by dropping a small amount of the
ethanol-nanowire suspension onto either a carbon film-
coated Cu grid (TEM) or on indium foil (Raman). The
Raman experiments were found to be best conducted by
creating a thin, i.e., e 1, monolayer areal density of wires
that were in good contact with a thermally conducting
substrate (i.e., indium). Raman spectra were collected at room
temperature in the backscattering configuration using a JY
Horiba T64000 spectrometer equipped with cooled CCD
detection and an Olympus B�40 confocal microscope with
a 100× objective (spot size at the sample was ∼1μ).
Excitation was provided by an argon ion laser under ambient
conditions using 514.5 nm radiation at a flux of ∼8 μW/
μm2, as measured using a miniature hand-held radiometer
at the sample. Low excitation power is particularly important,
as will be discussed below. No polarizer was used in
collecting the backscattered light.

A low resolution TEM image of Si nanowires is shown
in Figure 1a. This particular typical image was taken on wires
harvested (in the precipitate) from the second centrifugation
cycle. This ensemble was found to have a most probable

�10 N��� L���., V��. 5, N�. 3, 200�
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diameter �h ) 23 nm. The image shows that the wires are
long (>2 μ), most have long straight sections. However, large
angle bends and kinks can be found in some of the wires.
After only one cycle of centrifugal separation, the sample
was found by TEM to consist primarily of Si wires. In Figure
1b-d, we display HRTEM images of Si nanowires from
subsequent centrifuge separations, ranging in diameter from
∼16 nm (b) to ∼4 nm (d). In general, the Si wires were
found to be highly crystalline with a thick 4-10 nm SiO�

coating. The HRTEM images are also included here to make
the point that we did not observe a dominant growth direction
upon inspection of many wires. As seen in Figure 1b-d,
examples can be found for wires growing along the (011),
(100), or (111) directions, in contrast to a previous report
on Si nanowires grown by CVD with gold nanoparticles,14

we did not observe any relationship between the wire
diameter and growth direction. The growth directions
indicated in Figure 1 were determined by correlating the
electron diffraction pattern, the Fourier transform of the
image, and the lattice fringe spacing.

In Figure 2 we display the diameter distribution (histo-
gram) of the crystalline Si cores in each of the four ensembles
studied here; they were obtained by HRTEM. Each distribu-

tion was fitted to a log-normal function �(�) (solid line)
using the method of least squares; �(�) is given by15

where �h and σ are, respectively, the most probable value
and width of the diameter distribution (the full width at half-
maximum (FWHM) is �2σ). The parameter values for �h ,σ
obtained from the fits are displayed in the figure along with
the computed errors. A log-normal diameter distribution is
often found in nanosystems and stems from the relative
importance of the surface and volume energies of the wire
(or particle).15,16

In Figure 3, we display the first-order 520 cm-1 Raman
bands we obtained at low laser power and at room temper-
ature for the four ensembles of nanowires whose diameter
distributions appear in Figure 2. The micro-Raman spectra,

������1�(a) Low magnification TEM showing the Si nanowires
ensemble for the sample with 10 min of centrifugation. (b, c, d)
High-resolution TEM images of the crystalline core for nanowires
with diameter of 16, 7, and 4 nm, respectively.

������2� Diameter distributions for the four different samples
with the most probable diameters shown in the figure. The
distributions were obtained by measuring the crystalline core from
HRTEM images of the Si nanowires. The solid lines represent the
least-squares fits using the log-normal function �(�) (eq 1).

�(�) ) 1
σ

exp - [(log � - log �h )2

2σ2 ] (1)

Nano Lett., Vol. 5, No. 3, 2005 411
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all collected under the sa�e optical conditions (see the
e�peri�ental details section) are stac�ed in the �igure
according to �ost probable dia�eter Dh , with the s�allest
dia�eter wire ense�ble spectru� on top. For co�parison
we show the result �or bul�Si (001) at the botto� o�the
�igure. �he data are represented by open circles and the solid
lines are the results �ro� a least s�uares line shape analysis
using the �ichter �odel discussed below. It is clear �ro�
Figure �that, with decreasing Dh , the �irst�order �a�an band
at ∼520 c�-1 de�elops a noticeable asy��etry to lower
�re�uency and the pea�position downshi�ts. On the other
hand, the line shape �or bul�Si (botto� band) is well �itted
by a sy��etric �unction. �he line shape is actually a Voigt
�unction, which is a con�olution o�a �aussian spectro�eter
�unction (F� �� ) 1.5 c�-1) and a Lorent�ian (�a�an)
line shape. �he sy��etric band we obser�e �or bul�Si at
520 c�-1 has a �easured F� �� ) 4.�c�-1 and a natural
F� �� 4 c�-1, in good agree�ent with the literature.8,1�

� e now analy�e the line shape o�the asy��etric �a�an
bands in Figure � with the �odel originally proposed by
�ichter et al.8 �or spherical particles and e�tended by
�a�pbell and Fauchet10 to cylindrical particles. �he starting
point o�their �odel is to appro�i�ate the �or� o�the
con�ined phonon wa�e �unction as a si�ple product o�a
locali�ation �unction W(r,D) and the related in�inite crystal
phonon wa�e �unction�the �ariables r and D are, respec�
ti�ely, the radial coordinate and the physical dia�eter o�the
nanoparticle or nanowire. �here�ore, the introduction o�
W(r,D) attenuates the wa�e �unction in the con�ined syste�
near the particle boundary. �he con�ined phonon wa�e
�unction φ(q0,r) can be written as a superposition o�in�inite
crystal phonon wa�e �unctions ψ(q,r), with each ψ(q,r)
weighted by the coe��icient C(q0,q). �he C(q0,q) are

calculated �ia a Fourier analysis o�the locali�ation �unction
W(r,D).8,10 �he �a�an line shape �or scattering �ro� the
con�ined phonon is then written as the su� o�the �a�an
scattering contributions �ro� ψ(q,r). In our case, we consider
the scattering �ro� the 520 c�-1 optical �ode at qo ) 0.
�he line shape �unction �or scattering �ro� this con�ined
phonon8,10 in nanowires (N� ) is gi�en by

�he �a�an �atri� ele�ent |Mq| �orscattering �ro� the
in�inite crystal phonon with �re�uency ω(q) is absent in the
integrand. �his a�ounts to the appro�i�ation that |Mq| is
independent o�q. |Mq|2 has there�ore been �actored out o�
the integrand and appears in �ront o�the integral in the
intensity �actor Ao. Γ represents the natural F� �� o�the
bul�Si phonon con�oluted with the spectro�eter �unction.
�o �it our data, we will use Γ ) 4.�c�-1, which is the �alue
we obtain under identical optical conditions �or the F� ��
o�the bul�Si ∼520 c�-1 phonon at roo� te�perature. �he
natural width o�this phonon is �nown to be ∼4 c�-1 at
roo� te�perature.8,1�

�here see�s to be a consensus in the literature that a
�aussian �or� �or the con�ine�ent en�elope �unction W(r,D)
best describes the �a�an obser�ations.2-5,�,8,10,18 �owe�er,
there see�s to be so�e discussion as to what the e�ponent
should be. �here�ore, to be �ost general, we write W as

where R is the constant we introduce to be deter�ined by
e�peri�ent. � wide range o��alues �or R ha�e appeared in
the literature.2-5,�,8,10,18 �he �alue o�R, o�course, directly
i�pacts the attenuation o�the phonon a�plitude at the real
boundary o�the nanosyste�, i.e., at r ) D/2. For e�a�ple,
�ichter et al., in their se�inal paper on �a�an scattering
�ro�s�all Si particles, proposed that R ) 1.4 pro�ided the
best description �or their spectra. �a�pbell and Fauchet, on
the other hand, �ound that a �uch larger �alue R ) 8.9
pro�ided the stronger locali�ation necessary to e�plain their
data on spherical Si and �a�s particles.

For the case o�an in�inite cylindrical wire, C(0,q⊥) can
be written in ter�s o�R, the nanowire dia�eter D, and the
wa�e�ector trans�erse to the wire a�is (q⊥)10

�o analy�e our �a�an data �or Si nanowires, we use an
isotropic �or� �or the optical phonon dispersion o�the bul�
Si, i.e., ωo(0,q⊥) ) �A + Bcos(q⊥a)�1/2 (A ) 1.�14× 105

c�-2 and B ) 1.0 × 105 c�-2). � and � were deter�ined
�ro� neutron scattering data �or the �O branch.19 In the ideal
case, where all wires would grow along the sa�e direction
(e.g., (111)), we would use the optical phonon dispersion
a�eraged in a plane perpendicular to the (111) a�is. �owe�er,
we ha�e obser�ed se�eral growth directions in our ense�bles
(e.g., (111), (100), (011)). �here�ore, an isotropic dispersion
is a reasonable appro�i�ation in our case.

Figure 3. �a�an spectra showing the e�olution o�the �irst�order
�a�an band in the �our ense�bles o�Si nanowires o�Figure 2.
�he spectru� corresponding to that o�bul�Si (001) is also shown.
Open circles represent the e�peri�ental data and solid lines
represent the least�s�uares �its using e� 5, in which both the
�ichter�s line shape and the dia�eter distribution F(D) are ta�en
into account.

IN� ) Ao∫o

q�a� |C(0,q⊥)|2

�ω - ωo(q⊥)�2 + (Γ/2)22πq⊥ dq⊥ (2)

W(r,D) ∼ e�p�-(Rr/D)2� (�)

|C(0,q⊥|2 ∼ e�p[- 1
2(q⊥ D

R )2] (4)

412 Nano Lett., Vol. 5, No. 3, 2005
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� care�ul analysis o�the line shape �ust also include the
dia�eter distribution o�the nanowire sa�ple.� �his is done
by including in the analysis the log�nor�al �unction F(D)
that �its the �easured dia�eter distribution in the analysis
(c�., Figure 2). �hat is,

and IN� (ω,D) is the line shape �unction �or scattering �ro�
a single nanowire o�dia�eter D (e�2). E�uation 5 there�ore
a�ounts to e�aluating a double integral to �it the �a�an
band�one integral is �or the dia�eter distribution, and the
other �or the phonon con�ine�ent trans�erse to the wire a�is
o�a speci�ic wire o�dia�eter D.

�he results o�a nonlinear least�s�uares �it to the e�peri�
�ental spectra �ia opti�al ad�ust�ent o�(Ao,R) in e�5 are
shown in Figure �as the solid line. �s can be seen in the
�igure, the agree�ent with e�peri�ent is �ery good. It is
i�portant to note that the least s�uares �alue �or R does not
�ary �uch �ro� ense�ble to ense�ble, whose �ean
dia�eters co�er a range o�Dh ) 4.5, 6.5, 9.5, and 2�.1 n�.
�lso, the syste�atics in the e�olution in the line shape data
with decreasing wire dia�eter and the uni�ersal �alue �or R
e�tracted �ro� the line shape analyses con�ince us that �in�s
or de�ects in nanowires (c.�., Figure 1a) are not the central
issue. �his yields the physical result that the scale o�the
con�ine�ent �unction (R) does not depend on nanowire
dia�eter e��. Fro� the �uality o�the �its, it is clear that
the phonon con�ine�ent �odel o��ichter et al.8 describes
�ery well the shape o�the ∼520 c�-1 �a�an bands �or our
Si nanowire ense�bles with dia�eters down to ∼4 n�. �his
is so�ewhat surprising because D ) 4 n� is e�ui�alent to
only ∼8 lattice constants (R(Si) ) 0.54�n�). One �ight
e�pect that good agree�ent with e�peri�ent �ight re�uire
that the real boundary o�the sa�ple be included in a ��irst
principles�lattice dyna�ics calculation, as has been recently
per�or�ed by �ahan and co�wor�ers.20

In �able 1, we co�pare our e�peri�ental �alue �or R
against those we can �ind in the literature (we co�puted the�
according to e��). �able 1 shows that a signi�icant range o�
R has been reported �or Si particles and nanowires, i.e., 1.4
< R < 10.4. In support o�our �alue (R ) 6.�),we note that

our �ourSi nanowire sa�ples, which e�hibit signi�icantly
di��erent dia�eter distributions, all produce the sa�e �alue
�or R ) 6.�( 0.2. � e suspect that the large range o�reported
e�peri�ental �alues �ight ste� �ro� a �ariety o�un�nown
conditions, as we alluded to earlier: co�pressi�e strain,
inho�ogeneous laser heating, disordered (less crystalline)
�aterial, �ailure to incorporate the dia�eter distribution or
the proper �alue �or the natural bul� phonon line width
(including the spectro�eter resolution). �owe�er, the nature
o�the phonon con�ine�ent �ight also be i�pacted by the
thic�ness and nature o�the o�ide coating on the wire (e�en
without co�pressi�e strain). �hat is, the phonon in the
crystalline core o�the nanowire (or nanoparticle) has to decay
into phonons in the o�ide shell. �here�ore, �uture e�peri�ents
on hydrogen�ter�inated Si nanowires should be carried out
to see how the hydrogen ter�ination a��ects the �alue o�the
con�ine�ent para�eter R.

Finally, we would li�e to �a�e so�e �uantitati�e re�ar�s
about the necessity o�including the nanowire dia�eter
distribution in the line shape analysis. I�the data were �it
with e�2 using a �ean dia�eter Dh and not integrating o�er
the range o�dia�eter �ound in the ense�ble, one would
obtain an arti�icially enhanced �alue �or R. For e�a�ple,
�itting the �our �a�an bands in Figure � as i� each
corresponded to a ���������r��sa�ple represented by the
�ean (or �ost probable) wire dia�eter, we �ind R ) �.�(D
) 4.5 n�), R ) �.8(D ) 6.5 n�), R ) 8.2 (D ) 9.5 n�)
and R ) 10.9 (D ) 2�.1 n�). O�course, the error in R �ade
by ignoring the dia�eter distribution is largest when the
dia�eter distribution is broad. �nother way o�appreciating
the need �or including the dia�eter distribution is to �i�R
) 6.�and co�pute the band shape with, and without, the
e�peri�ental dia�eter distribution. �his is shown in Figure
4 �or the Dh ) 4.5 n� sa�ple. �s can be seen there, we �ind
that including the dia�eter distribution increases the apparent
F� �� by �0�, a signi�icant increase.

����e �. �o�parison o�Di��erent R Values �or the
�on�ine�ent Para�eters in the Locali�ation Function
e�p�-(Rr/D)2��or � ires and Spherical Particles (c.�., e�(�))
Obtained �ro� the 520 c�-1 �a�an �and �nalysis

R
confinement

geometry material
estimated mean
diameter Dh (nm) ref

8.9 cylinder Si 10,15,21b 3
8.9 sphere, cylinder nc-Si,a Si 10b 10
4.4 cylinder Si 10,15b 2(a)
1.4 sphere nc-Sia 10b 8
8.9 cylinder Si < 20b 2(b)
4.4 sphere nc-Sia 2.8-7b 18
8.9 cylinder Si 15b 4,5
10.4 cylinder Si 10c 7
4.4 cylinder Si 60b 2(c)
6.3 cylinder Si 4-25c present work

a Nanocrystalline �aterial. �Line shape calculations use esti�ated �ean
dia�eter. �Dia�eter distribution is used in line shape calculations.

IN� D(ω,Dh ) )∫o

∞
F(D) IN� (ω,D) dD (5)

Figure �. �o�parison between the line shape o�the �irst�order
�a�an band calculated by e�5 ta�ing into account the dia�eter
distribution (solid line) and by e�2 without dia�eter distribution
(dashed line). Open circles represent the e�peri�ental data �or the
ense�ble with �ost probable dia�eter 4.5 n�.
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In conclusion, we ha�e �ound that the pheno�enological
phonon con�ine�ent �odel o��ichter et al. describes �ery
well our e�peri�ental �a�an line shape �or long, s�all�
dia�eter crystalline Si nanowires. I�the �easured dia�eter
distribution is ta�en e�plicitly into account, we �ind that an
ad�ustable para�eter R introduced to �i� the con�ine�ent
length has a �alue R ) 6.�( 0.2, independent o�the wire
dia�eter o�er the range 4-25 n�. �t the low dia�eter li�it
o�this study, i.e., Dh∼4 n�, which a�ounts to ∼8 lattice
constants, �irst principles lattice dyna�ics studies can be
carried out and bond polari�ability calculations �or the �a�an
scattering �ro� the optical phonons o�these wires could be
�ade.21 It would be interesting, indeed, to push the present
e�peri�ental studies to dia�eters in the range 2-4 n� and
to co�pare the e�peri�ental results with both the �irst�
principal calculations/bond polari�ability scattering and also
the �a�an line shape predicted by the pheno�enological
�ichter �odel.

�������e�g�e��. �his wor�was supported by a grant
�ro�the NFS�NI�� progra� (Nanotechnology and Inter�
disciplinary �esearch Initiati�e), grant D���0�041�8. �.�.�.
was supported by the NSF�UPenn���SE�, grant D��00�
�9909.

�e�ere��e�
(1) �ang, �. F.��ang, �. �.�� ang, N.��u, D. P.�Lee, �. S.��ello, I.�

Lee, S. �. A���. ����. ����. ����, �2(15), 18�5.�u, D. P.��ai, �.
�.�Ding, �.��ang, �. L.��ang, �. �.�� ang, J. J.��ou, �. �.�
�ian, � .��iong, �. �.��hou, �. �.�Feng, S. �. A���. ����. ����.
����, �2(26), �458.�ang, S. L.�Ding, � .��an, �.��u, J.�Li, �.�
Li, L. �.��ue, �. �.��u, D. P. A���. ����. ����. ����, ��, 4446.

(2) (a) Li, �.��u, D.��hang, S. L. ����. ��V. B ����, ��(�),1645. (b)
�o��ann, S.�Ducati, �.�Neill, �. J.�Piscanec, S.�Ferrari, �. �. �.
A���. ����. ���3, ��, 6005. (c) Liu, J.�Niu, J.��ang, D.��an, �.�
Sha, J. ������a � ����, 2�, 221.

(�) � ang, �. P.��hou, �. � .�Liu, �. L.�Pan, S. �.��hang, �. �.��u,
D. P.��hang, �. ����. ��V. B ����, ��(24), 1682�.

(4) Piscanec, S.�Ferrari, �. �.��antoro, �.��o��ann, S.��apien, J.
�.�Li�shi�t, �.�Lee, S. �.��obertson, J. Ma��r. ���. ���. C-B��.
���3, 2�(6-8), 9�1.

(5) Piscanec, S.��antoro, �.�Ferrari, �. �.��apien, J. �.�Li�shi�t, �.�
Lee, S. �.��o��ann, S.�and �obertson, J. ����. ��V. B ���3, ��,
241�12(�).

(6) �upta, �.��iong, �.��du, �. �.��i�, U. J.�E�lund, P. �. �a��
����. ���3, �(5), 62�.

(�) �hattacharyya, S.�Sa�ui, S. A���. ����. ����. ����, ��(9), 1564.
(8) �ichter, �.�� ang, �. P.�Ley, �. �������a��C�����. ����, ��,

625.
(9) �du, �. � .��i�, U. J.��utierre�, �. �.�E�lund, P. �., to be

published.
(10) �a�pbell, I. �.�Fauchet, P. �. �������a��C�����. ����, ��, ��9.
(11) �du, �. � .��utierre�, �. �.��i�, U. J.�E�lund, P. �., to be

published.
(12) �iong, �.��upta, �.�� ., �. �.�Dic�ey, E. �.�Lian, �. D.��ha�,

D.�Fischer, J. E.�E�lund, P. �. �. �a�����. �������. ���3, �(4),
��5.

(1�) �orales, �. �.��., L. �. �����������, 2��(5�48),208.
(14) � u, �.��ui, �.��uynh, L.��arrelet, �. J.��ell, D. �.�Lieber, �.

�. �a������. ����, �(�),4��.
(15) �aeda, �. ����. ��V. B ����, ��(�),1658.
(16) �i�argi�o�, E. I. �. Cr���. �r��������, ��, 20. �i�argi�o�, E. I. �.

Cr���. �r�������3, 2�, 21�.
(1�) �art, �. �.��ggarwal, �. L.�La�, �. ����. ��V. B ����, �(2), 6�8.

�al�ans�i, �.�� allis, �. F.��aro, E. ����. ��V. B ����, 2�(4),
1928.

(18) �ishra, P.�Jain, �. P. ����. ��V. B ����, �2, 14�90.
(19) Nilsson, �.�Nelin, �. ����. ��V. B ����, �, ����.
(20) �honhauser, �.��ahan, �. D. ����. ��V. B ����, ��, 0�521�.
(21) �ahan, �. D. � or�o�this nature has been sub�itted �or publication.

Pri�ate co��unication.
NL0486259

414 Nano Lett., Vol. 5, No. 3, 2005

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

LO
U

IS
V

IL
LE

 o
n 

Ju
ly

 2
, 2

00
9

Pu
bl

is
he

d 
on

 Ja
nu

ar
y 

28
, 2

00
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
nl

04
86

25
9

Reference No 104

496



���� ����� �������������������������� � ������������
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����������, ����������2�2

(Received 29 December 2003; accepted 21 August 2004)

We have developed a method to produce liquid metal contacts to carbon nanotubes that allows direct
measurement of the influence of the contact on the nanotube conductance. Gallium is deposited onto
standard gold nanotube contacts, where it gradually spreads to coat the contact region. The
two-terminal multiwall nanotube conductance increases by as much as 1.2e2 /h during the transition
from gold to gallium contacts, and approaches 2e2 /h at room temperature, with a current density of
2�108 A/cm2. Surprisingly, the conductance is independent of the contact area or contact
separation, providing evidence that transport is ballistic in multiwall nanotubes. © 2004 American
Institute of Physics. [DOI: 10.1063/1.1807946]

Due to their outstanding electrical and structural proper-
ties, carbon nanotubes have been considered for a variety of
nanometer scale electronic device applications.1 One prob-
lem hindering nanotube device development, however, is the
difficulty in making reproducible low resistance electrical
contacts to either single wall or multiwall carbon nanotubes.
Recent experiments suggest that a possible solution is to use
metals that are liquid near room temperature, such as Ga or
Hg for electrical contacts. Frank et al.2 observe that the room
temperature conductance of a multiwall nanotube (MWNT)
measured between a STM tip and a liquid metal contact is
2e2 /h (corresponding to a resistance of 12.85 k�), indepen-
dent of the nanotube length or structure. The quantization of
the conductance in the Frank experiments suggests that elec-
tron transport through MWNTs occurs with no scattering,
(i.e., ballistically). By contrast, experiments on multiwall
nanotubes having gold contacts in a standard planar geom-
etry give a range of conductance values.3,4 This variation in
contact resistance makes it difficult to distinguish the nano-
tube device properties from the contact resistance. It has
been proposed that due to its ability to wet the nanotube, the
liquid metal produces an unusually reproducible and trans-
missive contact, allowing for the true transport properties of
the nanotube to be revealed.5 This proposal has yet to be
tested in a planar configuration due to the difficulty in incor-
porating the vertical measurement geometry into a standard
device design.

In this letter, we present a developed method to produce
liquid metal contacts to carbon nanotubes in a planar geom-
etry. Using a molten mixture of gold and gallium we are able
to create highly transmissive contacts to multiwall nano-
tubes. By monitoring the nanotube conductance during con-
tact formation we can directly measure the change in contact
transmissivity during the transformation from a standard
gold contact to a liquid metal contact. The two-terminal con-
ductance increases by as much as 1.2e2 /h during the forma-
tion of a single liquid metal contact. We find, in agreement
with Frank et al.,2 that the conductance is independent of the
contact area or contact separation. Through bias annealing,

the contact resistance decreases further, resulting in a
MWNT conductance that approaches 2e2 /h at room tem-
perature, and a maximum current density of 2�108 A/cm2.

A schematic drawing of our device structure is shown in
Fig. 1(a). A standard contact metallization layer consisting of
20 nm Cr/70 nmAu is sputter deposited onto the surface of
an oxidized silicon wafer, and patterned using optical lithog-
raphy. Pairs of contact leads are defined having a separation
distance of 1 �m. The leads are in turn connected to large

a)Electronic mail: s.chakraborty@louisville.edu

FIG. 1. (a) Schematic drawing showing our device layout. The conductance
across the nanotube is monitored as gallium flows along the nanotube leads.
Scanning electron microscope images of a nanotube device (b) before and
(c) after gallium flows across the gold leads. The contact separation is ap-
proximately 1 �m. The contact resulting following gallium flow is an alloy
of gold and gallium throughout its entire thickness.

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 16 18 OCTOBER 2004

0003-6951/2004/85(16)/3564/3/$22.00 © 2004 American Institute of Physics3564
Downloaded 26 Oct 2004 to 136.165.40.88. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

Reference No 106

497



contact pads. A DMF solution containing multiwall nano-
tubes is then dispersed onto the sample surface. (We use
multiwall nanotubes produced by the arc-discharge method
that are 20�30 nm in diameter and 3�6 �m in length.) The
dispersed nanotubes distribute randomly to create conducting
pathways across the gaps separating the pairs of contact
leads. We can ad�ust the nanotube concentration in solution
so that on average one or two nanotubes bridge each pair of
leads. The chip is inspected using a scanning electron micro-
scope, and the leads that contact either side of a nanotube are
located. A drop of liquid gallium is then placed on the pads
that connect to these leads and the sample is loaded into a
variable temperature probe station and the sample chamber
brought under vacuum (chamber pressure approximately
10�6 Torr).

We observe that the gallium droplets placed on the con-
tact pads do not spread out across the entire surface of the
chip, as might be expected, but instead follow the path de-
fined by the patterned gold. Over time, the gallium flows to
completely cover the gold leads, but does not come in con-
tact with the silicon dioxide surface or fill the gap between
the leads. The rate at which the gallium spreads along the
length of a gold lead varies, depending on the lead width and
thickness, and the sample temperature. For a 10-�m-wide
and 60-�m-thick gold lead at 50 C the flow rate is measured
to be approximately 7.5 �m/h. Initial investigations suggest
that the gallium/gold mixture forms an alloy that drives the
gallium diffusion.6 A detailed study of this process is cur-
rently under way.7

This �natural alignment�of the gallium with the gold
allows us to directly determine the influence that the change
from a gold to a gallium contact has on the nanotube con-
ductance. Figure 1 shows an electron micrograph of a
MWNT device (b) before and (c) after the spreading of the
gallium takes place. After spreading, the gallium/gold mix-
ture completely covers the gold leads, but does not alter the
position of the nanotube significantly, or fill the gap in-
between the contacts. Figure 2(a) shows the zero bias differ-
ential conductance of a single nanotube as a function of time
after the gallium is dropped onto the contact pads. Before the
gallium reaches the nanotube, contact to the nanotube is
made through the gold, and the two terminal conductance is
approximately ��0.3e2 /h ���86 k��. As the gallium
comes in contact with the nanotube on one of the two leads,
the conductance increases abruptly to 0.9e2 /h. The gallium
then comes in contact with the nanotube on the other lead,
and the conductance increases to 1.2e2 /h. Figure 2(b) shows
the results of this experiment performed on a pair of leads
bridged by two nanotubes. Four �umps in conductance can be
seen, each corresponding to the point at which the gallium
modifies one of the four nanotube contacts. We have per-
formed similar experiments on 10 different samples contain-
ing a total of 24 nanotube contacts. The increase in conduc-
tance due to the gallium contact formation varies between
0.1e2 /h and 0.6e2 /h. An increase within �10� of 0.2e2 /h is
observed in 12 of the contacts. The main mechanism for the
decrease in contact resistance is thought to be the improve-
ment in contact wetting by the presence of the liquid metal.
This effect is particularly pronounced because the nanotube
has poor contact wetting when lying on top of the gold sur-
face. Since gallium and gold both have similar work func-
tions ("Ga�4.0 eV and "Au�4.3 eV) the contact barrier
should not be influenced appreciably by the influx of gal-

lium. At low bias, the conductance is stable after the forma-
tion of the gallium contact. The conductance can be in-
creased however, by placing a large bias ��5 V� across the
device, resulting in a maximum observed conductance of
1.9e2 /h and a maximum current density of 2�108 A/cm2.
This further increase in conductance is presumably due to
melting and annealing of the gallium contact by �oule heat-
ing, resulting in enhanced wetting between the contact and
the nanotube.

As shown in Fig. 1(a), each nanotube overlaps the gold
leads by a distance of 1�2 �m on either side of the gap. The
area of the nanotube covered by gallium thus increases as the
gallium flows along the gold leads. We would expect that the
resulting increase in contact area and decrease in contact
separation should produce a gradual increase in conductance.
This is not observed, however. As seen in Fig. 2, after the
initial �ump in conductance when the gallium reaches the
nanotube, the conductance stays constant, or even decreases
slightly as the contact area increases with time. In the mea-
surements of Frank et al.2 of the MWNT conductance using
a liquid metal contact, a conductance of 2e2 /h is observed,
independent of the distance the nanotube is dipped into a
liquid contact. Because the conductance does not change
with the nanotube length, Frank et al. conclude that electron
transport is ballistic through a MWNT at room temperature.
In our experiment, the two-terminal conductance is less than
2e2 /h and varies from device to device. However, the total
conductance is again observed to be independent of the
nanotube length, in support of the conclusion of Frank et al.
The sample-to-sample variation in conductance that we ob-
serve is most likely due to the variation in nanotube surface
conditions in the contact region.

Two terminal nanotube conductance measurements as a
function of bias and temperature are often used as a method
to map out the nanotube tunneling density of states.8,9 Such

FIG. 2. �ero bias differential conductance of multiwall carbon nanotube
measured at ��320 � as a function of gallium flow time. A �ump in con-
ductance is observed each time the gallium makes contact with one end of a
nanotube. (a) A single MWNT lies across a pair of gold leads, (b) two
MWNTs lie across a pair of gold leads.
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measurements make the unproven assumption that the con-
tacts to the nanotube are tunneling contacts and not Schottky
contacts,10 so that the energy dependence of the transmission
across the contact can be neglected. Our gallium contacting
techniques provide a method to directly test this assumption.
Figure 3(a) shows the bias dependence of the conductance of
a MWNT before and after gallium contact formation, mea-
sured at 77 �. The conductance of the gallium contacted
nanotube is almost five times greater than the gold contacted
nanotube. Despite this, the influence of the bias on the con-
ductance is very similar in both cases: a conductance mini-
mum observed near zero bias and a 4��5� increase in con-
ductance as the bias increases to 100 mV. Figure 3(b) shows
that the temperature dependence of the conductance is also
unchanged by the gallium contact. Both before and after gal-
lium contact formation, the conductance � increases with
increasing temperature �, and can be fit to the form �

�a��, where a and � are constants.9 For the fits shown in the
figure, the parameter a increases from 0.29 to 0.97 as the
contact changes from gold to gallium, but � remains constant
at 0.28. These results suggest that both gold and gallium
form tunneling contacts, rather than Schottky contacts, and
that the gallium acts to increase the contact barrier transmis-
sivity, but does not alter the contact barrier height. The bias
and the temperature dependence of the two-terminal conduc-
tance can thus be safely used to map out the nanotube tun-
neling density of states.

To summarize, we have demonstrated a straightforward
method to make low resistance nanotube contacts by incor-
porating liquid metal into a planar nanotube device structure.
The contacting technique provides a method to determine the
influence that contact formation, contact area, and contact
transmissivity have on the nanotube conductance. With fur-
ther enhancements, we expect this technique will allow the
reproducible fabrication of nanotube devices whose mea-
sured conductance is no longer limited by the contact resis-
tance.

The authors thank P. Gopinath and �. Walsh for fabrica-
tion assistance, and S. Y. Wu for useful discussions. Funding
provided by NASA (No. NCC 5-571), NSF (No. ECS�
0224114) and the ARO (DAAD19-01-1-0489).
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FIG. 3. (a) Differential conductance as a function of bias of a MWNT
measured before and after the formation of the gallium contacts at 77 �. (b)
�ero bias differential conductance as a function of temperature of a MWNT
measured before and after the formation of the gallium contacts. The results
are plotted on a log�log scale to bring out the power law dependence of the
conductance on temperature.
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                                        Abstract 

 
Gallium Nitride (GaN) nanowires are synthesized in two distinct directions the <10-10> 
a-direction and the <0001> c-direction using a direct nitridation scheme. Field effect 
transistors are then fabricated using the as-synthesized ‘a’ and ‘c’ direction nanowires. 
Gate dependent electrical transport measurements performed on the a-direction 
nanowires showed an increase in conductivity with the applied gate bias while no gate 
dependent conductivity is observed in the case of ‘c’ direction nanowires.  The electron 
mobility for the a-direction GaN nanowire FETs  is estimated to be 170 cm2/V-s .Photo 
luminescence (PL) and UV-Vis absorption spectroscopy measurements show that the 
band gap of nanowires grown in a-direction blue shifts by about 50-70 meV when 
compared to the wires grown in c- direction. 
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Introduction 
 
     Gallium nitride is a technologically important material and because of its interesting 
properties like wide band gap and high quantum efficiency, it is being considered as a 
prime candidate for optoelectronic and high speed / high temperature electronic 
applications (1-3). Gallium Nitride, due to its anisotropic and polar nature, could exhibit 
direction dependent properties (4, 5). Thus, it is highly important to understand about the 
direction dependent properties for high-power high-temperature electronics. Field effect 
transistors (FETs) (6), schottky diodes (7), p-n junctions (6, 8) and UV light sensors (9) 
have all been fabricated using GaN nanowires as building blocks. The mobility of these 
nanowires was estimated to be between 2.15 - 650 cm2/V-s (6, 10). The data were 
obtained using GaN nanowires produced using a number of processes. So, no conclusions 
could be made about the direction dependent nature of electrical properties of GaN 
nanowires.  In this work, we specifically aimed at producing direction specific nanowires 
of similar diameters and characterized them for their electrical and optical properties.  
 
      Typically, the synthesis of GaN nanowires is accomplished using either catalyst 
assisted (11) or oxygen assisted (12) techniques.  Control over the growth direction has 
been shown recently using catalyst assisted technique by epitaxy with single crystal 
templates (11).  Previously, we showed that direct nitridation could be used to grow GaN 
nanowires from molten Ga without using Au as a catalyst (13). Later, we also showed the 
control over the growth direction of the nanowires without the need for any single crystal 
template (14). In this paper, GaN nanowires are grown in two distinct directions<10-10> 
a-direction and <0001> c-direction in high densities and with diameters around 20 nm on 
amorphous quartz and a number of other substrates (14). Supersaturation of gallium 
droplets with nitrogen led to the nucleation and growth of GaN nanowires along the 
<0001> direction whereas, the chemical vapor transport of gallium in the presence of 
dissociated ammonia led to the growth of nanowires along the <10-10> direction. We 
then fabricated a- and c- direction GaN FETs and characterized them for direction 
dependent electrical and optical properties.  
                                                                   
                                                     Experimental Procedure 
 
Direction specific nanowire synthesis 
    
     The control in the growth direction of the nanowires was achieved by controlling the 
Ga flux during direct nitridation in disassociated ammonia. The nitridation of Ga droplets 
at high Ga flux led to GaN nanowire growth in the c-direction, while nitridation with a 
low Ga flux leads to growth in the a-direction. Scanning electron microscopy images of 
the synthesized nanowires are shown in Figure 1a. and 1b. c-direction GaN nanowire 
growth from Ga droplets is typically observed on spontaneous nucleation followed by 
basal growth.  In this case, the nanowires are expected to grow in the c-direction due to 
expected alignment of the basal (0001) planes of the GaN crystal nuclei with the molten 
Ga surface (15). The presence of hydrogen in the gas phase during the growth reduced 
the wettability of GaN with Ga, thereby restricting the lateral propagation of the nuclei 
and leading to the 1D growth. High resolution transmission electron microscopy analysis 
of the nanowires grown in the c-direction shows a regular occurrence of stacking errors 
along the length of the nanowire, but no amorphous sheath oxide is observed on the 
surfaces (inset of Fig. 1a). 
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    GaN nanowires grown in the a-direction have been obtained from experiments 
utilizing the controlled vapor transport of Ga in the presence of dissociated ammonia on 
quartz substrates (Fig. 1b). The synthesized nanowires did not show any Ga metal 
droplets at the tips. This may be because of the long shutdown periods involved with 
cooling the substrate stage and the tiny Ga droplets could have easily been evaporated. 
From the TEM analysis of the nanowires (inset of Fig. 1b), it can be observed that the a-
direction nanowires are free from stacking faults, dislocations and also contain no 
amorphous sheath. 
 

 

                                                                                                                                                                     
 

Fabrication 
 
     The GaN nanowires as synthesized in both a- and c-directions were used to fabricate 
single nanowire FETs. The fabrication procedure is as follows. A grid is defined on the 
surface of an oxidized silicon wafer (100nm SiO2) using e-beam lithography, and Ti/Au 
(10/20 nm) alignment marks were deposited using electron beam evaporation (the grid 
thus formed can be observed in the figure 2b.). The GaN nanowires are then transferred 
on to the substrate by pressing the silicon wafer onto the growth substrate and in this way 
the wires stick on the surface of the grid patterned silicon wafer. The nanowires are then 
located on the grid using SEM. Source and drain electrodes were defined using e-beam 
lithography followed by electron beam evaporation of Ti/Au(10/40nm). The back side of 
the doped silicon wafer was used as the gate. The last step in the fabrication is to pattern 
the bonding pads and leads interconnecting the e-beam contacts using optical lithography. 
SEM images of a completed device are shown in figures 2a and 2b. 
 
 
 
 
 
 
 
 

 

2 μm 

(a) 

1 μm 

(b)

Figure 1. (a) FE-SEM image of the ‘c’-direction nanowires, and inset is the TEM image of an 
individual ‘c’-direction nanowire. Scale bar is 20nm (b) FE-SEM image of the ‘a’-direction 
nanowires, and inset is the TEM image of an individual ‘a’-direction nanowire. Scale bar is 5nm 
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                                            Results and Discussion 
                                    
    Photoluminescence and UV-vis absorption measurements were performed on the as-
synthesized GaN nanowires samples containing both a- and c-direction nanowires on 
amorphous quartz substrate in order to compare these results with the values obtained 
previously (14). The photoluminescence data (figure 3) shows that the near band-edge 
emission peak blue shifts by 70meV for a-direction nanowires compared to the nanowires 
grown in c-direction. This value is slightly higher than the previously reported value of 50 
meV (14). The bandgap of the GaN depends on the crystallographic orientation because of 
polarization in the c-direction of GaN crystals (5).  The difference in band-gap that we 
observe is much smaller than what has been previously reported. (11). The discrepancy could 
be due to the differences with the planes surrounding our c-direction nanowires.  
 
    UV-vis absorption studies on the synthesized GaN nanowires showed similar results. 
These measurements performed on the as-synthesized GaN nanowires showed absorption 
peaks separated by about 50 meV (Figure 4), indicating that the bandgap for a-direction 
nanowires is blue-shifted by about 50 meV. Detailed study of the dependence of band-gap on 
the growth direction is currently being performed and will be reported later. 
 
 
 
 
 
 
 
 
 
  
 
 

2 μm 

(a) 

2 μm 

(b)

Figure 2. (a) FE-SEM image of the single GaN NW FET fabricated (b) FE-SEM image of an 
FET and the grid patterned using e-beam lithography used to locate the position of the nanowires 
can also be seen in the back ground. 
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     The electrical transport measurements were carried out at room temperature. Figure 5a 
shows the Isd (source to drain current) - Vsd (source to drain voltage) curves obtained for 
two terminal measurements as a function of gate bias. These curves show that there is an 
increase in conductivity as the applied gate bias increases from  -10 to +10 V. Hence, we 
can say that the GaN nanowires are n-type. The transfer characteristics of the same 
device have also been examined. Figure 5b shows Isd- Vg recorded for Vsd varying from 
0.1mv to 1.0mv. These curves are similar to an n-channel MOSFET, as has been 
previously reported (6, 10).  
                                                   
The carrier concentration was calculated to 1018cm-3 which is given by equation [1](6). 
 
                                                         e = Q/ (e. .r2L)                                                     [1] 
 
Where e = carrier concentration of the nanowire 
            r = radius of the nanowire 
            L= length of the nanowire 
           Q = total charge in the nanowire which is given by equation. [2] 
                                                          
                                                          Q = CVth                                                                                                [2] 
 
Where Vth = threshold voltage  
            C = nanowire capacitance which is given by equation [3] 
 
                                                         C  2 εεoL /ln (2h/r)                                              [3] 
 
Where ε = dielectric constant  
            h = thickness of the SiO2 dielectric  
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Figure 3. Photoluminescence data obtained 
on as synthesized ‘a’ direction and ‘c’ 
direction GaN NWs. 

Figure 4.  UV vis absorption data obtained 
on as synthesized ‘a’ direction and ‘c’ 
direction GaN NWs. 

ECS Transactions, 3 (5) 421-428 (2006)

Downloaded 28 Jul 2009 to 136.165.54.178. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp

Reference No 107

504



426

    The value obtained for the carrier concentration was similar to the values which were 
obtained previously (5). The carrier mobility of the nanowire was then estimated from the 
gate modulation characteristics using the relation  
 
                                                   dI/dVg = μ(C/L2) V                                                         [4] 
 
Where μ = carrier mobility 
           V = bias voltage 
 
     The carrier mobility was calculated to be 170cm2/V-s which is some what in the 
middle range of the values reported for room temperature previously (5). 
 
 

 
      
     
 

Similar measurements were performed on transistor structures made from c-direction 
wires. We observe that the zero gate bias resistance of c-direction wires is always much 
higher than the resistance of a-direction wires. Resistances for various devices fabricated 
using both a- and c-direction nanowires are show in Table I. We can observe that a-
direction nanowires have resistances in the order of few hundreds of K ’s and the c-
direction nanowires have resistance in the order of few G ’s. 

 
Comparison of resistance values for a- and c-direction nanowires (Table I) 
 

Resistance value  of a-direction NWs  
(K ’s) 

Resistance values of c-direction NWs 
(G ’s) 

                      1000                        16.7 
                       796                           9 
                       693                         2.3 
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Figure 5. (a) Gate dependent Isd – Vsd data recorded on an ‘a’ direction GaN NW FET. The 
gate voltage was varied from +10v to -10V. (b) Isd – Vg data recorded on the same device for 
values of V sd = 0.1, 0.4, 0.7.1.0 mV. 
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     In addition to this, the gate dependent electrical transport measurements were carried 
out for the FETs fabricated using c-direction nanowires. From the characteristics thus 
obtained for the Isd - Vsd for different gate biases (figure 6) we can observe that the gate 
bias has no effect on the FETs and no increase (decrease) in conductivity was observed 
with respect to the gate bias. We can observe from the PL data (figure 3) that as 
synthesized a-direction nanowires have a peak at 3.3ev which is in the energy range for 
range for impurity bound excitons (16) might be responsible for the conductivity 
observed in the a-direction nanowires. But, this peak is not to be observed in the as 
synthesized c-direction nanowires. We are now working on PL measurements at low 
temperature in order to have better understanding of differences in near band edge states.  
 
    Stacking faults which are present in the as synthesized c-direction nanowires seem to 
have some sort of effect on the conductivity observed in these nanowires. Further 
investigations are being carried out regarding the electric transport properties of ‘c’ 
direction nanowires.  
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                       Conclusions 

 
     We have synthesized GaN nanowires in two distinct directions ‘a’<10-10> and ‘c’<0001>. 
Single nanowire based FETs were fabricated using the synthesized nanowires and electrical 
transport measurements were performed at room temperature. We have shown that FETs 
fabricated using a-direction have an effect in conductivity with the applied gate bias which 
was not observed in the case of c-direction nanowires. We have also shown that the band gap 
of nanowires grown in a-direction blue shifts by about 50-70 meV when compared to the 
wires grown in c- direction. 
 
 
                                                            
 
 

Figure 6.  Gate dependent Isd – Vsd data recorded on a ‘c’ direction GaN NW FET. The gate 
voltage was varied from +10v to -10V. 
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Abstract: Charge transfer between diamond and an electrochemical redox couple in an adsorbed water
film has recently been shown to pin the Fermi level in hydrogen-terminated diamond. Here we show that
this effect is a more general phenomenon and influences the properties of other semiconductors when the
band lineup between the ambient and electronic states in the semiconductor is appropriate. We find that
the luminescent intensities from GaN and ZnO change in different, but predictable, ways when exposed to
HCl and NH3 vapors in humid air. The effect is reversible and has been observed on single crystals,
nanowires, flakes, and powders. These observations are explained by electron exchange between the
oxygen electrochemical redox couple in an adsorbed water film and electronic states in the semiconductor.
This effect can take place in parallel with other processes such as defect formation, chemisorption, and
surface reconstruction and may play an important, but previously unrecognized, role when electronic and
optical measurements are made in air.

I. Introduction

A. Electrochemically Induced Charge Transfer to Semi-
conductors. Recent studies have confirmed that electron transfer
takes place between hydrogen-terminated diamond and a redox
couple in an adsorbed water film giving rise to p-type surface
conductivity.1-5 It has recently been confirmed that the redox
couple involves oxygen and that the charge transfer also
influences both the zeta potential and the contact angle in the
diamond/water system.6 In equilibrium the redox couple pins
the Fermi level of diamond close to the valence band edge,
leading to a positive space charge layer populated by holes.
Similar charge transfer to diamond has been found using
adsorbed C60

7 or tetrafluorotetracyanoquino-dimethane.8

In this paper, we describe experiments showing that the
luminescence from gallium nitride and zinc oxide changes in
different, but predictable and reproducible, ways with changes
of the electrochemical potential of the ambient. The results are

explained by electron exchange between the midgap states in
GaN and shallow states in ZnO with the oxygen redox couple
in an adsorbed water film. This reversible electron exchange
will tend to pin the Fermi level in the semiconductor at the
electron energy of the redox couple. We also briefly discuss
the possibility of observing the effect in other semiconductors.
The results have relevance for any semiconductor in contact
with the ambient.

B. Prior Studies of Gallium Nitride and Zinc Oxide. Gal-
lium Nitride. The near-band-edge luminescence (BEL) and
yellow luminescence (YL) from gallium nitride have been
widely studied. See Reshchikov and Morkoc9 for a compre-
hensive review. There is general agreement that the YL arises
from transitions either from the conduction band or shallow
states to a band of midgap states.9 The nature of the defect
responsible for the YL has not been established with certainty
although there is evidence that it involves a gallium vacancy
or a gallium vacancy-complex.9

The nature of the ambient and adsorbed gases influences both
the BEL and YL; however, the mechanism of this effect is still
unresolved. Reshchikov et al.10 and Iqbal et al.11 showed that
the intensity of near-band-edge photoluminescence of GaN
decreases with exposure to air compared to the value in vacuum.
A similar observation was made by Behn et al.12 Several
researchers have measured shifts in the Fermi level of GaN in
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air relative to vacuum. Hashizume et al.13 measured the Fermi
level position for homoepitaxial (2 × 2) rf-MBE grown GaN
by in situ photoelectron spectroscopy. The as-grown Ga-
terminated sample in UHV had a Fermi level 2.7 eV above the
valence band edge; after the samples were exposed to air, the
Fermi level was 2.0 eV above the valence band. Wu and Kahn14

reported the Fermi level to be 2.6 eV above the valence band
in UHV for clean MOCVD grown GaN. They found the Fermi
level was 0.8 eV closer to the valence band maximum for
samples that were exposed to air. Despite the differences in
details, the upward band bending upon exposure to air is
apparent.

Zinc Oxide. The electrical and optical properties of zinc oxide
have recently been reviewed by Özgür et al.15 Zinc oxide shows
a green luminescence (GL) in addition to the near-band-edge
(BEL) luminescence. The transitions giving rise to the green
luminescence are still uncertain, although there is evidence that
defects involving oxygen vacancies and copper impurities each
play a role.15 Reynolds et al.16 found similarities in the GL from
ZnO and the YL from GaN and suggested that these two bands
arose from a similar mechanism, i.e., from transitions from
shallow donor states to midgap states as proposed by Ogino et
al.,17 Hofmann et al.,18 and Egelhaaf et al.19

There have been a number of reports of the effects of
adsorbates on the electronic and optical properties of ZnO.20-26

Schmidt et al.20 pointed out that there has been a “failure to
recognize and control” the effect of ambient on the properties
of ZnO. Some workers have speculated that chemisorbed
oxygen, perhaps adsorbed in oxygen vacancies, acts as a surface
acceptor.21,22,24 For n-type ZnO held under vacuum, the electron
accumulation layer decreased and the resistance increased when
exposed to air.21 Lin et al.22 reported marked sensitivity of the
surface photovoltage and photoluminescence of ZnO nanorods
to molecular oxygen. Fan et al.23 found that exposure of ZnO
field effect transistors to increasing partial pressures of air
depleted the electron concentration in the surface conductive
channel.

II. Experiments

A. Experimental Procedure. Photoluminescence (PL) measure-
ments were done both at Case Western Reserve University (CWRU)
and at the University of Louisville (UL). Steady state PL spectra
at UL were obtained with a Renishaw Invia Micro Raman and PL

spectrometer using a He-Cd laser at 325 nm with maximum power
of 1.7 mW and a spot diameter of 2 μm. Measurements were
performed on single crystal films and flakes using 0.017 mW laser
power and on nanowire samples using 1.7 mW laser power. No
differences in the YL spectral shapes from the nanowires were
observed at 0.017, 0.17, and 1.7 mW, and the YL signal intensities
scaled linearly with excitation power, indicating that laser heating
did not influence the results. Measurements at CWRU were done
with a 5 mW He-Cd laser with multimode output at 325 nm. All
spectra at CWRU were recorded with an excitation power of 0.13
mW and a spot diameter of 200 μm. Luminescence spectra were
resolved using a 0.85 m double monochromator (SPEX model 1404)
and detected using an RCA C31034A-02 cooled photomultiplier
tube. Spectra are uncorrected for the wavelength dependence of
the spectral response. Small oscillations superimposed on the broad
peaks are measurement artifacts. The same effects on maximum
intensity and wavelength shift were observed at both UL and
CWRU. Duplicate measurements performed on the same sample
in the same ambient were reproducible within 4%.

We note that the photoexcitation process under these conditions
is simply a probe of the system and does not change its Fermi
energy appreciably. This assertion is borne out by our observation
that the shapes of the photoluminescence spectra are independent
of photoexcitation intensity.

All spectra were taken at room temperature in air. Samples were
exposed to different environments by placing aqueous solutions of
NH4OH, HCl and LiCl of known concentration adjacent to the
sample in a closed chamber. Analytical grade chemicals were used
in all cases. Unless otherwise stated, HCl solutions of pH ) 1 and
NH4OH solutions of pH ) 11 were used.

All photoluminescence measurements are reported after equi-
librium was reached. The typical time constant for the approach to
equilibrium was approximately five minutes for both GaN and ZnO.

B. Photoluminescence Results from Gallium Nitride. Un-
doped Ga-terminated (+c) GaN, 6.7 μm thick, deposited on a
c-plane sapphire substrate by molecular beam epitaxy (MBE), was
purchased from University Wafers. GaN nanowires (10 to 15 nm
diameter) with the [101j0]direction along the wire axis were
synthesized via reactive vapor transport of Ga in dissociated
ammonia.27 GaN flakes with (0001) faces, several mm in lateral
dimension and 5-10 μm thick, were synthesized by directly
nitriding molten Ga in an ECR plasma reactor.28 The polarity of
the faces of the flakes, i.e., (+c) Ga-terminated or (-c) N-
terminated, was determined from the morphologies of the etched
surfaces.29

Figure 1a shows yellow band luminescence (YL) spectra from
a single crystal GaN film recorded in different environments.
Exposure to NH3 reduces the yellow band luminescence intensity;
exposure to HCl vapors increases the intensity. The effect was
greatest for the GaN nanowire samples (Figure 1b). Figure 1b also
shows that the peak energy of the YL spectrum from GaN in
equilibrium with HCl is blue-shifted compared to the peak energy
when in equilibrium with NH3. Similar, but smaller, shifts were
observed for the single crystal and flake samples (Table 1).

The intensity of the near-band-edge luminescence (BEL) shows
the opposite trend, i.e., the intensity increases upon exposure to
NH3 and decreases with exposure to HCl vapors. See Figure 2. No
shift in peak position of the near-band-edge peak was observed.

Table 1 and Figure 3 summarize the changes occurring in the
yellow band luminescence upon exposure to HCl and NH3 vapors
for a variety of GaN samples.

(13) Hashizume, T.; Ootomo, S.; Oyama, S.; Konishi, M.; Hasegawa, H.
J. Vac. Sci. Technol. B 2001, 19, 1675.

(14) Wu, C. I.; Kahn, A. J. Vac. Sci. Technol. B 1998, 16, 2218.
(15) Özgür, Ü.; Alivov, Ya. I.; Liu, C.; Teke, A.; Reshchikov, M. A.; Doğan,

S.; Avrutin, V.; Cho, S.-J.; Morkoç, H. J. Appl. Phys. 2005, 98,
0413011.

(16) Reynolds, D. C.; Look, D. C.; Jogai, B.; Morkoc, H. Solid State
Commun. 1997, 101, 643.

(17) Ogino, T.; Aoki, M. Jap. J. Appl. Phys. 1980, 19, 2395.
(18) Hofmann, D. M.; Kovalev, D.; Steude, G.; Meyer, B. K.; Hoffmann,

A.; Eckey, L.; Heitz, R.; Detchprom, T.; Amano, H.; Akasaki, I. Phys.
ReV., B 1995, 52, 16702.

(19) Egelhaaf, H. J.; Oelkrug, D. J. Cryst. Growth 1996, 161, 190.
(20) Schmidt, O.; Kiesel, P.; Van de Walle, C.; Johnson, N. M.; Nause, J.;

Döhler, G. H. Jap. J. Appl. Phys 2005, 44, 7271.
(21) Lagowski, J.; Sproles, E. S.; Gatos, H. C. J. Appl. Phys. 1977, 48,

3566.
(22) Lin, Y.; Wang, D.; Zhao, Q.; Li, Z.; Ma, Y.; Yang, M. Nanotechnology

2006, 17, 2110.
(23) Fan, Z.; Wang, D.; Chang, P.; Tseng, W.; Lu, J. G. Appl. Phys. Lett.

2004, 85, 5923.
(24) Idriss, H.; Barteau, M. A. J. Phys. Chem. 1992, 96, 3382.
(25) Liu, M.; Kim, H. K. Appl. Phys. Lett. 2004, 84, 173.
(26) Park, I. W.; Kim, J. S.; Yi, G.-C. Appl. Phys. Lett. 2004, 85, 5052.

(27) Li, H.; Chin, A. H.; Sunkara, M. K. AdV. Mater. 2006, 18, 216.
(28) Li, H.; Chandrasekaran, H.; Sunkara, M. K.; Collazo, R.; Sitar, Z.;

Stukowski, M.; Rajan, K. In GaN, AlN, InN and Their Alloys; Wetzel,
C., Gil, B., Kuzuhara, M., Manfra, M., Eds.; Mater. Res. Soc. Symp.
Proc. 831, Warrendale, PA, E11.34.

(29) Sumiya, M.; Fuke, S. MRS Internet J. Nitride Semicond. Res. 2004,
9, 1.
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In Figure 4, the intensities of near-band-edge (BEL) and yellow
luminescence (YL) from GaN from two separate experiments are
shown during cycles in which the air ambient is replaced by argon
and then replaced again with air. The BEL intensity increases from
its steady state value in air when the air is replaced with argon; the
intensity returns to its original value upon reintroduction of air.
The YL intensity shows the opposite behavior.

C. Photoluminescence Results from Zinc Oxide. We made
luminescence measurements on an undoped ZnO single crystal, ZnO
nanowires, and ZnO powder in humid air. Zinc face, single crystal
ZnO, 500 μm thick, was obtained from Cermet Inc. and MTI
corporation; 40 μm powder from Alfa Aesar. ZnO nanowires, 30
to 100 nm in diameter, were synthesized by reacting Zn metal
powder with an oxygen-containing plasma without the use of a
substrate in a microwave plasma jet reactor.30 The procedure for
the PL measurements on ZnO was the same as that used for GaN.

The effect of pH on the green luminescence (GL) from single
crystal film of ZnO and a ZnO nanowire is shown in Figure 5a
and b. The intensity of the GL increases with exposure to HCl vapor
and decreases with exposure to NH3 vapor, the same as the intensity
changes of the yellow band luminescence from GaN shown in
Figure 1b. The intensity change is larger from the ZnO nanowire
samples than from the ZnO single crystal film, also similar to the
observations with GaN. However, in contrast to the distinct red-
and blue-shifts in the YL of GaN, there is no shift of the GL from
ZnO at different pH.

Also, in marked contrast to GaN, the intensity of the near-band-
edge luminescence (BEL) from ZnO varies in the same direction
as the green luminescence, that is, it increases in HCl vapor and
decreases in NH3 vapor, see Figure 5c. These results show that,
despite some similarities, the nature of the interaction of the ambient
with the ZnO differs substantially from that observed with GaN.

Effect of Relative Humidity. The influence of relative humidity
(RH) on the intensity changes was studied by controlling the relative
humidity in the sample chamber. The RH was controlled by placing
an open reservoir of LiCl solution with known water vapor
pressure31 in the chamber adjacent to the sample; a near-saturated
environment (100% RH) was accomplished by using a reservoir
of pure water. The magnitude of the intensity changes from both
GaN and ZnO increased with increase in RH and is shown in Figure
6.

III. Electrochemical Pinning of Fermi Level in GaN and
ZnO

A. Band Lineups. Electrochemical Couple. The electrochemi-
cal potential is reported in volts, often with respect to the
standard hydrogen electrode (SHE). In this paper, we use the
physical scale with electron energies referred to the vacuum
level. The relationship between the electrochemical potential,
U, in volts versus the standard hydrogen electrode (SHE), and
the electron energy of the redox couple, μe, in electron volts,
with respect to the vacuum level, is: μ(eV) ) (-1)U - 4.44.32,33

In humid air, the electron energy (Fermi level) in the adsorbed
water film will be determined by the oxygen redox couple. The
reaction is

O2,aq + 4Haq
+ + 4e-) 2H2Oaq (1)

In equilibrium, the electron energy, μe(eV), relative to the
vacuum level is given by the Nernst equation applied to reaction
1:

μe(eV))-4.44+ (-1)(+1.229)+ 0.0592
4

[4pH- log10(PO2
)]

(2)

Here the activity of H2O is assumed to be unity, the ideal gas
approximation is used, and PO2 is in bar. The standard electrode
potential of reaction 1 is +1.229 V vs SHE.34 The pH of the
water film is fixed by dissolved CO2 from the air at pH ≈ 6 or
at other values by using acidic or basic vapors, for example,
HCl and NH3, intentionally added to the ambient.

The maximum practical energy range of the oxygen couple
is from -5.66 eV at pH ) 0 to -4.83 eV at pH ) 14. In our
experiments, the pH ranged from 1 to 11, which from eq 2
corresponds to a range in electron energies from -5.60 to -5.01
eV.

GaN and ZnO Band Lineup with Redox Couple. The
relationship between the electrochemical energies and the
electron energies in GaN and ZnO is shown in Figure 7.

The electron affinity of a clean (+c) GaN surface in UHV
has been reported to be 	 ) 3.0 ( 0.3 eV.35,36 This value
together with the band gap of 3.4 eV was used to set the band
lineup shown in Figure 7. Also shown is the approximate range

(30) Kumar, V.; Kim, J. H., Sunkara, M. K., in preparation.

(31) Blandamer, M. J.; Engberts, J. B. F. N.; Gleeson, P. T.; Reis, J. C. R.
Chem. Soc. ReV. 2005, 34, 440.

(32) Bard, A. J.; Memming, R.; Miller, B. Pure Appl. Chem. 1991, 63,
569.

(33) Gurevich, Yu.; Ya., Pleskov; Yu., V. Russ. J. Electrochem., (Transl.
of Elektrokhimiya) 1982, 18, 1477.

(34) Bard, A. J.; Parsons, R.; Jordan, J. Standard Potentials in Aqueous
Solution; Marcel Dekker Inc.: New York and Basel, 1985.

Figure 1. (a) Yellow luminescence spectra from a single crystal GaN film
in contact with air and with HCl vapor and NH3 vapor in air. The HCl
vapors were in equilibrium with an HCl solution of pH ) 1; the NH3 vapors
with an NH4OH solution of pH ) 11. (b) Yellow luminescence spectra
from GaN nanowires in air in the presence of HCl and NH3 vapors. The
HCl vapors were in equilibrium with an HCl solution of pH ) 1; the NH3

vapors with an NH4OH solution of pH ) 11.
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of the midgap state energies centered about 2.2 eV below the
conduction band minimum, that is, approximately 5.2 eV below
the vacuum level. Note that the energies of these midgap states
in GaN are in the same range as the electron energy of the
oxygen redox couple.

The band gap of ZnO is 3.3 eV, very close to that of GaN.
The electron affinity of the ZnO surface is reported to be 4.437

and 4.5 eV,38,39 which places the energy range of the oxygen
redox couple just below the conduction band minimum in the
midgap region.

B. Proposed Model. Reaction with Ambient. We note that
in humid environments adsorbed water films on solid surfaces
are ubiquitous and increase in thickness with increase in relative
humidity.40 The atmosphere provides a source of acceptors/
donors (the O2 molecules). Therefore, in equilibrium the surface
Fermi level, EF, will be fixed by the electron energy of the
oxygen redox couple. If initially EF > μe, electrons will transfer
into the water film until EF ) μe. Reaction 1 proceeds in the
forward direction and H+ ions are consumed, leaving excess
anions in the water film. In equilibrium, a positive space charge
layer in the semiconductor is charge balanced by uncompensated
anions in the water film.

The processes that take place depend on the nature of the
site exchanging electrons with the oxygen redox couple. When
exchange is with ionized acceptor sites, the reaction can be
formally written as

4Haq
+ +O2,aq + 4asemiconductor

- ) 2H2Oaq + 4asemiconductor
0 (3)

where a- and a0 are ionized and un-ionized acceptor sites,
respectively. For the case of EF,semiconductor > μe,aq, the reaction
proceeds to the right as ionized acceptors, a-, are oxidized and
protons are consumed. For oxidation of an uncharged donor
site, d0, the formal reaction is

4Haq
+ +O2,aq + 4dsemiconductor

0 ) 4dsemiconductor
+ + 2H2Oaq (4)

(35) Tracy, K. M.; Hartlieb, P. J.; Davis, R. F.; Hurt, E. H.; Nemanich,
R. J. J. Appl. Phys. 2003, 94, 3939.

(36) Bermudez, V. M. J. Appl. Phys. 1996, 80, 1190.
(37) Kobayashi, H.; Mori, H.; Ishida, Y. J. Appl. Phys. 1995, 77, 1301.

(38) Hasegawa, S.; Nishida, S.; Yamashita, T.; Asahi, H. J. Ceramic Proc.
Res. 2005, 6, 245.

(39) Jacobi, K.; Zwicker, G.; Gutmann, A. Surf. Sci. 1984, 141, 109.
(40) Adamson, A. W. Physical Chemistry of Surfaces, 4th ed.; John Wiley:

New York, 1982.

Table 1. Changes in the Yellow Band Peak Intensity and Peak Position for Several GaN Samples under Air, Air with HCl Vapor, and Air
with NH3 Vapora

single crystal nanowires (+c) flakes Ga-terminated (-c) flakes N-terminated

effect of HCl
(Ip,HCl - Ip,Air/ Ip,Air) × 100 +23 +140 +160 +26
ΔEp,HCl ) Ep,HCl - Ep,Air (eV) +0.007 +0.31 +0.0067 +0.0038

effect of NH3

(Ip,NH3 - Ip,Air/Ip,Air) × 100 -62 -60 -17 -9.6
ΔEp,NH3 ) Ep,NH3 - Ep,Air (eV) -0.015 -0.11 -0.0043 -0.014

a Ip and Ep denote the peak intensity and peak position of the yellow band luminescence respectively. Duplicate measurements performed on the same
sample under the same ambient were reproducible to within several percent. Frequency shifts were estimated by the change in the peak position.

Figure 2. Near-band-edge luminescence spectra from a single crystal GaN
film in contact with air and with HCl vapor and NH3 vapor in air. The HCl
vapors were in equilibrium with an HCl solution of pH ) 1; the NH3 vapors
with an NH4OH solution of pH ) 11.

Figure 3. Shift in the peak position of yellow luminescence with exposure
to HCl and NH3 vapors in air. Exposure to HCl caused a blue-shift of the
peak position relative to the position in air. Exposure to NH3 resulted in a
red-shift of the peak position. The zero corresponds to the peak position in
air, pH ≈ 6.

Figure 4. Intensities in arbitrary units of the near-band-edge (BEL) and
yellow luminescence (YL) from GaN upon replacement of ambient air with
argon and subsequent reintroduction of air in two separate experiments.
The solid lines are drawn to guide the eye.
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For interaction with the valence band to form a hole, one has

4Haq
+ +O2,aq + 4(e-h+)semiconductor

0 ) 4hsemiconductor
+ + 2H2Oaq

(5)

The protons arise from the dissolved carbon dioxide or from
other acidic or basic components in the ambient. For CO2 in
air, protons are generated by

CO2,air +H2Oaq )HCO3,aq
- +Haq

+ (6)

From reactions 3 and 6, one obtains the overall chemical reaction
for oxidation of an ionized acceptor.

4asemiconductor
- +O2,air + 2H2Oair + 4CO2,air ) 4asemiconductor +

4HCO3,aq
- (7)

Equation 7 shows that as oxidation proceeds, compensating ions
are generated in the aqueous phase.

The electron exchange between GaN and the oxygen redox
couple is schematically illustrated in Figure 8. From Figure 8a
one can see that in an NH3 environment in equilibrium with an
NH4OH solution at pH ) 11, midgap states up to E ≈ -5.0 eV
are filled. Therefore, the average intensity of the YL transitions
is lowered and the peak red-shifted. The intensity of the BEL
is increased. Making the water film acidic lowers the electron
energy in the water film. For HCl vapors in equilibrium with
an HCl solution at pH ) 1, midgap states are filled only up to
E ≈ -5.6 eV. See Figure 8b. This increases the YL intensity,
decreases the intensity of the BEL, and results in a blue-shift
of the YL spectrum.

Figure 5. (a) Green luminescence spectra from ZnO single crystal in air
in the presence of HCl vapor and NH3 vapor in air. The HCl vapors were
in equilibrium with an HCl solution of pH ) 1; the NH3 vapors with an
NH4OH solution of pH ) 11. (b) Green luminescence spectra from ZnO
nanowires in air in the presence of HCl and NH3 vapors. Unlike for GaN,
there was no appreciable shift in the GL peak position with pH. (c) Near-
band-edge luminescence spectra from ZnO single crystal film in contact
with air and with HCl vapor and NH3 vapor in air. The HCl vapors were
in equilibrium with an HCl solution of pH ) 1; the NH3 vapors with an
NH4OH solution of pH ) 11.

Figure 6. Normalized peak intensities of the yellow luminescence from
GaN and the green luminescence from ZnO versus relative humidity (RH).

Figure 7. Band lineups of GaN and ZnO with respect to the oxygen
electrochemical redox couple. EC and EV are the conduction band minimum
and valence band maximum, respectively. The approximate energy range
of the midgap states is shown. The electron affinity of GaN (3.0 eV) is
from refs 35 and 36; the electron affinity of ZnO (4.5 eV) is from refs 38
and 39.
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Steady State Transition Rates. Any proposed model must
explain the significant differences in the effect of pH on the
luminescent intensity changes from GaN and ZnO. It is now
generally accepted that the yellow luminescence (YL) from GaN
centered around 2.2 eV arises from electron transitions from
shallow states to midgap states.9 For ZnO the nature of the upper
and lower states is less clear,15 but there is evidence that the
green luminescence (GL) from ZnO arises from a similar
process.16-19 Schematic diagrams of the major transitions in
GaN and ZnO are shown in Figure 9a and b.

Referring to Figure 9a for GaN, a steady state electron balance
on the shallow level, D, leads to

ṄCD ) ṄDV + ṄDM (8)

where Ṅij is the transition rate from level i to level j. Referring
next to Figure 9b for ZnO, the steady state balance about shallow
level D is

ṄCD ) ṄDV + ṄDM + (ṄDR - ṄRD) (9)

In steady state the transitions between the redox couple, R, and
level D are equal and opposite so (ṄDR - ṄRD) ) 0. Therefore,
in steady state, eq 9 reduces to eq 8, which applies to both GaN
and ZnO.

The transition rates, Ṅij, are proportional to niVj, where ni is
the number of electrons in the upper level, i, and Vj is the number
of empty states in the lower level, j. Therefore, eq 8 can be
written

kCDnCVD ) kDVnDVV + kDMnDVM (10)

Figure 9 and eq 10 provide a straightforward interpretation of
the luminescence changes for both GaN and ZnO. For GaN,
Figure 9a, raising the Fermi level by increasing the pH results
in the filling of midgap states, reducing VM, thus leaving fewer

empty states available for the yellow band transition, DM.
Conversely, lowering the Fermi level empties midgap states,
increasing VM, thus increasing the rate of the yellow band
transition, DM. Since the CD transition rate, ṄCD, is essentially
constant at the low excitation intensities used here, competition
between the DV and DM channels means that the luminescence
intensity of the BEL and YL will change in opposite directions.

For ZnO, Figure 9b, the range of electrochemical energies is
close to the position of the shallow level, D. The CD transition
is in competition with the transition, CV. Raising the Fermi
level by increasing the pH will fill empty states in D, reducing
VD, which will decrease the transition rate, ṄCD. From eq 8,
this decrease in turn will decrease the transition rates for both
the DV and DM luminescent channels. Therefore, the GL and
BEL intensities should change in the same direction, as is
observed. Since channel CD is in competition with channel CV
and the excitation rate, ṄVC, is constant, the transition rate
through the nonradiative channel, CV, will change in the
opposite direction to changes in the transition rate of CD. We
also note that because the shallow levels form a significantly
narrower band than the midgap levels, the frequency shift will
be small compared to that observed in GaN.

The nature of the shallow levels, D, shown in Figure 9 is not
known, but we note that all of our samples were nominally
undoped. In Figure 9 we show the transitions giving rise to the
luminescence arising from the same upper level, D. However,
for both GaN and ZnO, the single shallow level, D, can be
replaced with two noninteracting shallow levels and the steady
state analysis and conclusions remain the same.

(41) Muth, J. F.; Lee, J. H.; Shmagin, J. K.; Kolbas, R. M.; Casey, H. C.,
Jr.; Keller, B. P.; Mishra, U. K.; DenBaars, S. P. Appl. Phys. Lett.
1997, 71, 2572.

Figure 8. (a) Schematic energy diagram showing the yellow band and near-band-edge transitions in an NH3 ambient. The transitions are shown occurring
from a shallow level slightly below the conduction band minimum.41 (b) Schematic energy diagram showing the yellow band and near-band-edge transitions
in an HCl ambient. The transitions are shown occurring from a shallow level slightly below the conduction band minimum.41
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IV. Discussion

A. Comparision with Experimental Results. Comparison
with Prior Results of Others. Reshchikov et al.9,10 observed a
reduction in the intensity of near-band-edge luminescence of
GaN with exposure to air or oxygen compared to its value in
vacuum. Air-saturated water has a pH ≈ 6 from dissolved CO2.
From eq 3 at this pH, E ≈ -5.3 eV, and thus the oxygen redox
couple can act as an acceptor to the midgap states that lie above
this energy. This process enhances the YL intensity and
decreases the BEL intensity as reported by Reshchikov et al.9,10

and described above. Exposure to nitrogen has little effect9,10

because there are no nitrogen redox couples with sufficiently
positive electrochemical potentials to participate in electron
transfer from GaN. Small changes in intensity observed in the
presence of hydrogen9,10 may arise from electron transfer to
the hydrogen redox couple, which can act as an electrochemical
acceptor for the higher midgap states. The electron energy of
the hydrogen redox couple, 2H+ + 2e- ) H2, is -4.09 eV for
a hydrogen partial pressure of 1 bar and pH ) 6.

Our results are consistent with the conclusions of Ogina et
al.,17 Hofmann et al.,18 Egelhaaf et al.,19 and Reynolds et al. 16

that both the GL transition in ZnO and the YL transition in
GaN are from shallow levels to midgap states. We emphasize,
however, that other models of the transitions are also consistent

with the ZnO data. Furthermore, the precision of the redox
probe, as currently implemented, is not sufficient to distinguish
excitonic states near the conduction band minimum. We also
note that filling of trap states in ZnO by increasing the Fermi
level would have the opposite effect of that observed, that is,
would increase the luminescence intensity of both the near-
band-edge and green luminescence.

Frequency Shifts. The observed blue and red shifts of the
YL spectra from GaN are consistent with the view that the
dominant radiative transition is from shallow states to midgap
states as indicated in Figure 8 and Figure 9a and proposed by
numerous workers.9 If the dominant YL transition were from
midgap states to the valence band, the frequency shifts would
have been in the opposite direction. In the present experiments
large differences in pH were used so frequency shifts would
dominate over red shifts arising from spatially indirect
transitions.9,10

Effect of Oxygen and Relative Humidity. Replacement of O2

from the ambient by an inert gas reduces the number of
electrochemical acceptors and therefore should reverse the
effects of the air on the intensity changes, that is, should increase
the near-band-edge luminescence and decrease the yellow
luminescence from GaN. The changes shown in Figure 4 are
consistent with these predictions.

Thicker water films in equilibrium with air will contain more
dissolved O2, thus increasing the number of electrochemical
acceptors/donors. Therefore, one would expect to see an increase
in the magnitudes of the effects with increased relative humidity,
which increases the thickness of adsorbed water films.40 The
responses of both the GaN and ZnO to relative humidity changes
shown in Figure 6 are similar in magnitude and in agreement
with the model predictions.

B. Size Effects and Surface Band Bending. A striking feature
of the data is the greater intensity changes observed for the GaN
nanowires (10 to 15 nm diameter) and, to a smaller extent, for
the ZnO nanowires (30 to 100 nm diameter) than from the single
crystal samples, see Figures 1 and 5. Also note the greater
changes in YL peak position for the GaN nanowire samples
than for the single crystal samples (Figures 1 and 3). We believe
that the most likely cause for these differences is the larger area
to volume ratio, A/V, for the nanowires than for the single
crystal film samples. A larger A/V leads to a larger mass ratio
of adsorbed water to semiconductor and, therefore, to a larger
ratio of electrochemical acceptors/donors to midgap states.

For a thick planar film we approximate the effective value
of A/V as the reciprocal of the absorption length, 1/R, where R
is the absorption coefficient. For GaN at the He-Cd laser
wavelength of 325 nm, R is 1.2 × 105 cm-1,41 so 1/R is
approximately 80 nm. Therefore, we may assume that the GaN
nanowires are excited uniformly throughout their volume, so
that the effective A/V ratio is equal to the geometric value, 4/d,
where d is the nanowire diameter. For the largest GaN nanowires
(A/V)nanowire/(A/V)film ≈ 4/(dR) ≈ 20. For ZnO, R ) 1.6 × 105

cm-1,42 and similar considerations apply: for the largest ZnO
nanowires (A/V)nanowire/(A/V)film ≈ 2.5.

We emphasize that these estimates of A/V are for the largest
nanowires and assume the sampling depth for a single crystal
film is limited to 1/R and therefore they give minimum estimates
of (A/V)nanowire/(A/V)film. Also, excited carriers will tend to

(42) Muth, J. F.; Kolbas, R. M.; Sharma, A. K.; Oktyabrsky, S.; Narayan,
J. J. Appl. Phys. 1999, 85, 7884.

Figure 9. Schematic diagrams of major transitions and relationships with
the oxygen redox couple in (a) GaN and (b) ZnO. Radiative transitions
observed in the spectra are indicated by curvy lines. Here C refers to
conduction band; V, valence band; D, shallow level; M, midgap states; R,
redox couple. The energies given on the diagram refer to the conduction
band minima and valence band maxima.
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diffuse before trapping and recombining, increasing the sampling
volume for the thick film and resulting in an increase in this
ratio.

While differences in A/V are likely to be the most important
source of differences in the luminescence from the nanowires
and thick films, other factors can contribute. Band bending,
which tends to lower photoluminescence transition energies in
the high field region, will be different in the nanowires as
compared to the thick film. The doping level of the GaN
nanowires is ∼1018 cm-3,43 which leads to a depletion layer
thickness of ∼30nm. This estimate indicates that the entire GaN
nanowire is depleted and that the internal field is low compared
to that in an epilayer of similar doping level. For the GaN single
crystal wafer the doping level is ∼1017 cm-3, for an estimated
depletion layer thickness of ∼100 nm. These estimates indicate
that depletion widths for GaN are greater than the nanowire
diameters and of the same order as the lower bound of the
sampling depth. The estimates are thus consistent with the
conclusions drawn above. (The doping level of the ZnO
nanowires is not known so a similar comparison cannot be
made.)

We also note that quantum confinement in the nanowires will
modify the energies of electronic states, including those of the
mid gap defects, as well as affect the electron affinity. Finally,
spatially indirect transitions induced by band bending would
show a different signature, i.e., red shifts in both acidic and
basic vapors and smaller shifts in the nanowires than in thick
films because of a lower internal field.

C. Dynamics of Effect. The atmosphere provides a quasi-
infinite reservoir of oxygen and CO2 that maintains the electron
energy of the redox couple at a fixed value. However, pinning
the Fermi level requires that electron exchange must take place
sufficiently rapidly that equilibrium is approached within the
time of measurement. Oxide layers or adsorbed hydrocarbon
films can block electron exchange and thus attainment of
equilibrium.4 The oxygen reduction reaction, eq 1, is sluggish
in the absence of metallic catalysts. Processes that do not involve
electron exchange, for example, chemical ionization of func-
tional groups on the surface and capacitively induced charge,44

may mask the effect in some instances.6 Furthermore, the
increase in counter-ions (eq 7) may eventually cause the water
film to become saturated, limiting further charge transfer.

The measurements reported here are taken at room temper-
ature after equilibrium has been approached. Consequently, no
information on activation energies and the height of surface
barriers may be inferred. Time-resolved measurements will be
required to establish intermediate steps in the process.

D. Other Redox Couples. In our analysis, we assumed
equilibrium of the full oxidation of O2 to H2O (eq 1). Partial
reduction could, in principle, also play a role. However, these
reactions have energies that are not in the range where the
observed transitions take place. For example, the electron affinity
O2 to form O2

- in the absence of water is 0.45 eV,45 which
corresponds to an energy of -0.45 eV on the vacuum scale.
From Figure 7 one can see this is far above the conduction band
minima for both GaN and ZnO. Superoxide (O2

-) formation can
also take place in neutral and basic solutions.

O2,g +H2Oaq + e-)O2,aq
- (11)

for which the standard reversible potential is -0.284 V. Because
the pKa for OOH is 4.8,34 OOH will form in acidic solutions

O2,g +Haq
+ + e-)HOOaq (12)

for which the standard reversible potential is -0.046 V.34 From
the Nernst equation, the energies on the vacuum scale for
reactions 11 and 12 are, respectively, -3.33 eV for pH ) 14
and -4.39 eV for pH ) 0. These limits define an energy range
above the midgap states in GaN but below its conduction band
edge; the limits are well above the conduction band minimum
of ZnO. We conclude that partial oxidation to superoxide
intermediates does not play a significant role for either of these
semiconductors.

E. Polarity of Surface. The difference in the electronegativi-
ties of Ga and N (Ga ) 1.6, N ) 3.0) results in polarization of
the surface bonds along the c-axis. For the Ga-terminated (+c)
(0001) face, the polarization creates a surface dipole that reduces
the electron affinity. Polarization on the N-terminated (-c)
(0001) face results in a surface dipole of opposite polarity that
increases the electron affinity. Since the electron affinity is
different on the (+c) and (-c) faces, the band lineup with the
electrochemical redox couple will be different, and this differ-
ence should influence the observed luminescence properties.
Evidence from Schottky barrier heights46,47 and high resolution
photoemission spectroscopy48 suggests that the band lineup of
the (-c) face is lower than the (+c) face by as much as 1 eV,
which may explain the smaller changes in the YL intensities
and peak shifts observed with the N terminated samples. See
Table 1.

F. Additional Issues. Uncertainties in Electronic and Ther-
modynamic Properties. Interpretation of the results depends on
the absolute position of the energy bands of the semiconductor
with respect to the electron energy of the aqueous redox couple.
This relationship is usually obtained by measurement of the
electron affinity of the semiconductor in ultra high vacuum. The
electron affinity is a sensitive function of surface treatment and
adsorbed contaminants, including water.49 Therefore, using
results acquired in vacuum for semiconductors exposed to humid
air must be done with caution.

The thermodynamic properties of water and dissolved species,
and hence the redox potential, in an adsorbed water film may
differ from bulk values because of orientation effects near the
surface. Furthermore, there is an uncertainty of as much as 0.2
eV in the relative position of the electron energy scale and the
electrochemical potential scale.

Irreversible Effects. The luminescence from GaN can be
strongly influenced by chemical surface treatments that affect
the surface recombination velocity. For example, Martinez et
al.50 found that sulfide treatments increased the near-band-edge
luminescence of GaN by three to four times for periods of up
to seven months. In contrast, the effect reported here is reversible
with changes of the pH, humidity and oxygen content of the

(43) Sunkara, M. K.; Makkena, R.; Li, H.; Alphenaar, B. ECS Trans. 2006,
3, 421.

(44) Kawarada, H.; Araki, Y.; Sakai, T.; Ogawa, T.; Umezawa, H. Phys.
Status Solidi 2001, 185, 79.

(45) Dean, J. A. Lange’s Handbook of Chemistry, 15th ed.; McGraw-Hill:
New York, 1999.

(46) Karrer, U.; Ambacher, O.; Stutzmann, M. Appl. Phys. Lett. 2000, 77,
2012.

(47) Fang, Z. Q.; Look, D. C.; Visconti, P.; Wang, D. F.; Lu, C. Z.; Yun,
F.; Morkoc, H.; Park, S. S.; Lee, K. Y. Appl. Phys. Lett. 2001, 78,
2178.

(48) Jang, H. W.; Lee, J. H.; Lee, J. L. Appl. Phys. Lett. 2002, 80, 3955.
(49) Piantanida, G.; Breskin, A.; Chechik, R.; Katz, O.; Laikhtman, A.;

Hoffman, A.; Coluzza, C. J. Appl. Phys. 2001, 89, 8259.
(50) Martinez, G. L.; Curiel, M. R.; Skromme, B. J.; Molnar, R. J. J.

Electron. Mater. 2000, 29, 325.
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ambient. Therefore, irreversible changes in the chemical state
of the surface are not believed to play a role in the present
experiments.

G. Other Semiconductors. Water films appear on many solids
exposed to humid air.40 Furthermore, adsorption will be
enhanced by the electrostatic attraction between the space charge
layer in the semiconductor and solvated counter-ions in the
adsorbed film.6 Therefore, the effect can be expected to occur
in other semiconductors if the band lineup is appropriate.

For example, the energy range of the water redox couple
essentially spans the band gap of semiconducting, single-walled
carbon nanotubes (s-SWNT).6 Indeed, charge transfer to an
adsorbed layer has been posited by Ristein5 and Chakrapani et
al.6 as the source of the observed changes in conductivity type
of s-SWNT with changes in ambient. However, other evidence
suggests that the effect also occurs in the absence of water.51

Additional experiments under carefully controlled ambients will
be required to sort out the several effects that may be taking
place.

V. Summary and Conclusions

Electrochemical pinning of the Fermi level by the oxygen
redox couple can occur in semiconductors exposed to humid
air. This effect may play an unrecognized role when electrical
and optical measurements are made in air and may be
responsible for disparate results in the literature. Charge transfer
to adsorbed films can take place in parallel with other processes,
e.g., defect formation, surface reconstruction and chemisorption.
The signature of electrochemical charge transfer to adsorbed
water films is a systematic, reversible dependence on ambient
conditions of humidity, pH and oxygen concentration. The
response of luminescence and electronic properties such as
Seebeck coefficient and charge carrier density to changes in pH
provides another means for study of the density of states and
electronic and optical transitions in semiconductors.
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ABSTRACT
We utilized time-integrated and time-resolved photoluminescence of a-axis and c-axis gallium nitride nanowires to elucidate the origin of the
blue-shifted ultraviolet photoluminescence in a-axis GaN nanowires relative to c-axis GaN nanowires. We attribute this blue-shifted ultraviolet
photoluminescence to emission from surface trap states as opposed to previously proposed causes such as strain effects or built-in polarization.
These results demonstrate the importance of accounting for surface effects when considering ultraviolet optoelectronic devices based on
GaN nanowires.

�aN nanowires ha�e been the subject o�intense research
lately due to the many potential applications �lasers, light�
emitting diodes, modulators, detectors, etc.�1-�and interesting
properties�,5 that they possess. �ecause �aN has a wurt�ite
crystal structure, which is an anisotropic crystal structure,
many o�its properties are dependent upon crystal orientation.
For e�ample, the photoluminescence �PL�o��aN nanowires
in the ultra�iolet �UV�has been obser�ed to depend on the
growth direction o��aN.�,5 �owe�er, the origin o�the
di��erence in PL between nanowire samples o�di��erent
growth directions remains unclear. Understanding the cause
o�this di��erence can ha�e signi�icant impact on impro�ing
the per�ormance o��uture optoelectronic de�ices based on
�aN nanowires, as the nature o�the di��erent PL sources
�e.g., band edge, de�ects, etc.�can impact de�ice per�ormance
�e.g., gain�.� Pre�ious attempts to e�plain the dependence
o� PL on �aN growth direction ha�e in�o�ed �arious
phenomena: strain in the nanowires,7 dopants,8 or built�in
polari�ation.5 �he spontaneous built�in polari�ation, which
is responsible �or the PL pea�shi�t in �uantum wells,9 can

be ruled out. In �uantum well growth, the growth perpen�
dicular to the �001�polar sur�ace �c�plane�will result in a
built�in �ield, which leads to red�shi�t o�the PL pea�. In the
case o�nanowires, because the �ield along wire direction
can be ignored due to the relati�ely large distance �∼10 μm�,
growth along the 〈001〉 direction �along the c�a�is�will not
result in a signi�icant built�in �ield. �ather, growth along the
〈1-10〉 direction �along the a�a�is�could result in a large
built�in potential, but the blue�shi�t o�PL in the a�a�is
nanowire is not consistent with such an e�planation. �i�en
that the sur�ace plays such an important role in nanoparticles
�dueto the high sur�ace�to��olume ratio�and the majority
o�the luminescent material is in pro�imity to the sur�ace
�hal�o�the �olume o�a 20 nm diameter nanowire is within
∼�nm o�the sur�ace�, perhaps the nature o�the sur�aces
�termination, shape, strain, de�ects, etc.�can account �or the
di��erence, as has been suggested by other studies.10-1� In
the e�treme case o�spherical nanoparticles, it is now well�
established that o�ide sur�ace�state luminescence can sig�
ni�icantly contribute to the PL.12,1� �o determine i�sur�ace
states play a role in the dependence o��aN nanowire
photoluminescence on crystal orientation, we use time�
integrated photoluminescence ��IPL� and time�resol�ed
photoluminescence ���PL� to study the PL �rom �aN
nanowire samples o�di��erent crystallographic orientation.

� e utili�ed two di��erent UV PL setups to study the �IPL
o��aN nanowires. One setup was a commercial �aman
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scattering and PL syste� ��enishaw inVia �a�an �icro�
scope�that uses a �25 n� continuous�wa�e ��� ��e-�d
UV laser as an e�citation source. �he PL was collected by
an ob�ecti�e lens, directed to a spectro�eter, and detected
by a ther�oelectrically cooled ��D detector. � hile a laser�
heating�induced red�shi�t was obser�ed at the highest e�cita�
tion intensities with this setup, the data shown here are with
low e�citation intensity to a�oid laser�heating e��ects. �he
other setup was based on a passi�ely �ode�loc�ed �i:
sapphire laser ��10 n�, ∼150 �s pulse duration, �0 ���
repetition rate, 1.5 � a�erage power�that was �re�uency
tripled to yield ∼100 �� a�erage power o�light at 271
n�. �his pulsed �∼200 �s pulse duration�UV bea� was
�ocused by a 500 �� �ocal length lens and directed to the
sa�ple at ∼70° �ro�nor�al, yielding a spot si�e o�∼60
μ� × 1�0μ�. �his led to a �a�i�u� aVerage intensity o�
∼900 � /c�2 and a �a�i�u� peak intensity o�∼6 × 107

� /c�2 per pulse on the sa�ple. �he PL was collected by a
UV ob�ecti�e �1�×�, directed into a 0.�� spectro�eter, and
detected with a li�uid�nitrogen�cooled ��D detector. �he
spectral resolution o�this syste� can be as high as ∼0.2
n�. For ��PL, we used ultrashort pulses at 267 n� obtained
�ro� the �re�uency�tripled output o�a 40 ���regenerati�ely
a�pli�ied �i:sapphire laser syste� with a 150 �s pulse width.
�he �a�i�u� aVerage laser intensity on the sa�ple is less
than 400 � /c�2. �he PL o�the sa�ples was collected at
45° relati�e to the e�citation bea�. �he PL is colli�ated
and �ocused into a spectro�eter to disperse the spectru�
be�ore being passed to a picosecond strea�ca�era ��a�a�at�
su �4��4 Strea�scope�. �he instru�ent response is ∼15 ps
in a 1 ns sweep window, and the spectral resolution is 2
n�.

� e studied �aN nanowires o�co�parable dia�eters with
growth directions 〈001〉, along the c�a�is, and 〈1-10〉, along
the a�a�is. �rowth o�these nanowires has been described
elsewhere.4 �rie�ly, direct nitridation o��a �elts on a
substrate in the presence o�a��onia or a �i�ture o�nitrogen
and hydrogen plas�a �or�s c�a�is �aN nanowires, and �apor
transport o��a in the presence o�dissociated a��onia �or�s
a�a�is �aN nanowires on a pre�iously bare substrate. Note
that the a�a�is �aN nanowires studied here ha�e both �a�
and N�ter�inated {001} sur�aces and a rectangular cross�
section, as opposed to only one {001} sur�ace and a
triangular cross�section in the case o�the wor�o�the �ang
group.5 �he �aN nanowires �or�ed by either �ethod are
studied as�synthesi�ed on the growth substrates. �he a�erage
dia�eter distribution o�the nanowires is pea�ed at ∼20 n�
�orsa�ples o�both growth directions. �he substrates used
are either a�orphous �uart�glass or graphite.

�o gain insight into the PL �echanis�s �or the two types
o��aN nanowire sa�ples, we �irst e�a�ined the �IPL o�
the two types o� sa�ples with the substrates at roo�
te�perature. Figure 1 shows PL �ro� c�a�is �aN nanowires
on glass and a�a�is �aN nanowires on graphite. �here is a
signi�icant di��erence o�the PL pea�position �or the a�a�is
�aN nanowires co�pared to the c�a�is �aN nanowires. �his
∼140 �eV blue�shi�t �the di��erence in the centroids o�the
PL data �ro� the two types o�nanowires is ∼100 �eV�is

co�parable to a pre�ious obser�ation o�crystal orientation�
dependent PL in �aN nanowires.5 In addition, as seen in
Figure 1a, the PL pea�position �or the c�a�is �aN nanowires
is close to the e�pected �alue �or bul� �aN at roo�
te�perature ��.4 eV, or �65 n��and is broader but centered
at the PL pea�position o�polycrystalline �aN. �he PL pea�
broadening �ay be due to point�de�ect incorporation in the
nanowires or a distribution o�strain/stress in the nanowires
that a��ects the e�citonic e�ission �e.g., by a��ecting the
donor�bounde�citon e�ission�. In Figure 1b, the PL data
�or the a�a�is �aN nanowires �ro� the �� PL setup
co�pares well with the pulsed PL setup, indicating that there
is no signi�icant pea�intensity e��ect on the PL. Note that
the pea� positions �or both types o��aN nanowires are
signi�icantly higher in photon energy than in pre�ious
obser�ations.5,7 �his di��erence �ay be caused by a di��erence
in strain between our nanowires and those o�the other
groups. �his di��erence �ay also be caused by red�shi�ting
o�the PL e�ission due to heating by the e�citation laser
used by the other groups, as it has been shown that signi�icant
sa�ple heating can occur in nanowires4 and nanoparticles14

with high �� �or a�erage, �or pulsed lasers�laser intensity
�∼10 �� /c�2�. �he data shown here is ta�en with <1 �� /
c�2, where no signi�icant red�shi�t �ro� laser heating is
obser�ed. In addition to the blue�shi�t, this data also indicates
asy��etry in the PL pea��or a�a�is �aN nanowires. �his
asy��etry see�s to suggest a contribution to the PL o�an
additional species that has PL e�ission at ∼�50n� ��.54

������ 1. �o�parison o� c�a�is and a�a�is �aN nanowire
photolu�inescence: �a�c�a�is �aN nanowires �blac��and poly�
crystalline �aN �gray�at low �� power��b�a�a�is �aN nanowires
using pulsed laser e�citation �gray�and low �� power laser
e�citation �blac��.

�ano �ett.��ol. 7��o. 3�2007 �27
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eV�that is blue�shi�ted relati�e to the �aN band�edge PL at
�65n� ��.4 eV�.

�o �urther study this blue�shi�ted �eature, we e�a�ined a
si�ilar a�a�is �aN nanowire sa�ple �this ti�e, on a glass
substrate�to the sa�ple used �or the data in Figure 1. Figure
2 shows the �IPL �using the �i:sapphire�based �IPL setup�
�ro�a spot on the a�a�is �aN nanowire sa�ple with dense
nanowire co�erage and �ro� a polycrystalline �aN sa�ple.
Note that there is a colored glass �ilter used that attenuates
the PL �or wa�elengths shorter than ∼��0n�. �gain, as in
Figure 1, there is a signi�icant blue�shi�t and broadening o�
the a�a�is �aN nanowire PL co�pared to the polycrystalline
�aN PL pea�in the UV. Figure �shows the corresponding
�IPL �ro� the ��PL setup, which shows si�ilar �IPL
response �or a�a�is �aN nanowires �blac�cur�e�. �ecause
the sa�ple was not opti�i�ed �or ho�ogeneous growth o�er
relati�ely large distances �on the order o�1 ���on the
substrate, the nanowire density �aries o�er the substrate. �s
a result, there are regions that do not e�hibit the blue�shi�ted
�eature, where there is lower nanowire co�erage, but retain
a lu�inescence contribution �ro� a �aN thin �il� with
nonuni�or� �orphology. �hese regions ha�e a UV pea�that

�atches the polycrystalline �aN, but are di��erent in �isible
PL. �his di��erence in �isible PL is li�ely due to the
�orphology o�the �aN �il�, as has been obser�ed in �nO
nanostructures.15 �ecause o�the relati�ely large �∼100 μ��
e�citation spot si�e �or the ��PL setup, the data has so�e
contribution �ro� regions o�low nanowire co�erage, which
accounts �or so�e o�the di��erence between the data in
Figures 2 and �. In addition, there is no �iltering o�light to
the blue o��50 n�, which �a�es the blue�shi�ted �eature
�ore pronounced to the blue in the data in Figure �co�pared
to the data in Figure 2. On the basis o�this �IPL data, we
assign any blue�shi�ted PL �ro� �10 to �50 n� to be �ro�
the a�a�is �aN nanowires.

�he ��PL beha�ior o�the a�a�is �aN nanowires relati�e
to polycrystalline �aN pro�ides �urther in�or�ation about
this blue�shi�ted �eature. Figure 4a shows the nor�ali�ed
te�poral response o�the two sa�ples in the spectral window
�ro��50to �90 n�, which is around the UV PL pea�o�
bul��aN, i.e., the polycrystalline �aN UV PL pea�. �wo
�ain �eatures are present in this data. First, both the a�a�is
�aN nanowire sa�ple and the polycrystalline �aN sa�ple
show �ery rapid initial lu�inescence decays in this spectral
window. Second, the a�a�is �aN nanowire sa�ple has an
additional longer�li�ed co�ponent. Figure 4b shows nor�al�
i�ed ��PL data �ro� the spectral window �ro� �10 to �50
n�, where the decay ti�e o�the now�do�inant long�li�ed
co�ponent is 0.50 ns, �ery si�ilar to the 0.45 ns decay ti�e
o�the long�li�ed co�ponent in the �50-�90 n� spectral
window. In the �10-�50 n� spectral window, the nanowire
decay re�lects predo�inantly the longer�li�ed co�ponent.
�he e�ission intensity �ro� the nanowires in this wa�elength
range is signi�icantly ��g�er than that �ro� the polycrystalline
�aN, which has data o�insu��icient signal�to�noise ratio �ro�
which to e�tract a use�ul decay ti�e. �he data �ro� Figure
4a and b suggest that there is a long�li�ed spectral �eature
in the nanowires that is broader than the bul� �aN UV
�eature, e�tending �ro� at least �10 to �90 n�. Note that
changing the e�citation laser intensity by a �actor o�2 does
not change the spectra or the dyna�ics, ruling out any
intensity�dependent e��ects.

�o deter�ine the spectral shape o�the blue�shi�ted �eature,
we e�a�ined ti�e�resol�ed spectra integrated o�er di��erent
te�poral windows o�the ��PL data. Figure 5a shows the
nor�ali�ed PL spectra �ro� the nanowire sa�ple, integrated
o�er three te�poral ranges: 0-100 ps, 500-600 ps, and
1-5 ns a�ter laser e�citation. �he 0-100 ps data show that
the early ti�e response is do�inated by the bul��aN UV
PL, whose e�ission is al�ost co�pletely �uenched a�ter
∼100 ps, as seen in the data in Figure 4. �he 1-5 ns data
show the longer�li�ed spectral �eatures. In particular, the blue�
shi�ted spectral �eature is shown to indeed co�er the spectral
range �ro� �10 to �90 n�. In addition, there is a spectral
�eature around 440 n� and a tail out to ∼600 n�. �hese
�eatures in the �isible spectral range �ay be a co�bination
o�the longer�li�ed spectral �eatures at ∼4�0and ∼520 n�
obser�ed in the polycrystalline �aN spectra in Figure 5b.
�he 550 n� pea� is the yellow e�ission that is o�ten
obser�ed in bul��aN.16

������2. �o�parison o�photolu�inescence �ro� a�a�is �aN
nanowires �blac��and polycrystalline �aN �gray�using pulsed laser
e�citation. Note that a ���colored glass �ilter with a 50� cuto��
at ∼��0n� is used, which slightly �odi�ies the line shape to the
blue o��50 n�.

������3. Photolu�inescence spectru� o�the strea�ca�era data
integrated o�er all ti�es �or a�a�is �aN nanowires �blac��and
polycrystalline �aN �red�.
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�ore in�or�ation about the nature o�the blue�shi�ted
spectral �eature can be obtained by concentrating on the early
te�poral response o�this �eature relati�e to the bul��aN
UV response. In Figure 6, we co�pare the early te�poral
response o�the nanowires in the spectral window �ro� �10
to �50 n�, where pri�arily only the blue�shi�ted PL e�ists,
to the spectral window �ro� �50 to �90 n�, where pri�arily
only bul��aN PL e�ists. �he instru�ent response is also
shown in the �igure. �lthough the dyna�ics are close to the
instru�ent resolution o�the strea�ca�era, we can si�ulta�
neously �it both the decay o�the bul�e�ission along with
the growth o�the blue�shi�ted e�ission with a single ti�e
constant τ ) 5 ps. It should be e�phasi�ed that this �alue is
appro�i�ate due to our li�ited ti�e resolution and that the
actual �alue o�τ probably lies within the range o��-10 ps.
�he �ain point is that the wa�elength�dependent dyna�ics
in the �00-400 n� spectral window can be e�plained by a
single process where a �raction o�the short�li�ed bul�
electron-hole pairs �initially �or�ed with signi�icant e�cess
energy due to the large pu�p laser photon energy�are
pre�ented �ro� rela�ing to the conduction and �alence band
edges and e�itting around �65 n�, but are instead trans�
�or�ed into long�li�ed species that e�it around �50 n�. �his
trans�or�ation occurs on a ti�e scale o�10 ps or less. �his

is suggesti�e o�a sur�ace trapping process occurring, where
so�e �raction o�electron-hole pairs are pre�ented �ro�
reco�bining �ia the bul�e�ission process because carriers
di��use to the sur�ace where they are trapped be�ore carrier

�������. �i�e decay o�the photolu�inescence signal in the spectral window o��a��50-�90n� �or the a�a�is �aN nanowires �blac��
and polycrystalline �aN �red���b�a�a�is �aN nanowire decay in the �10-�50n� spectral window. �he photolu�inescence signal o�
polycrystalline �aN in the latter window has insu��icient signal�to�noise ratio to e�tract a use�ul decay ti�e.

�������. Photolu�inescence spectra o��a�a�a�is �aN nanowires and �b�polycrystalline �aN at 0-100 ps �blac��, 500-600 ps �blue�,
and 1-5 ns �red�a�ter laser e�citation.

������6. �i�e e�olution o�the photolu�inescence signal �or
a�a�is �aN nanowires in the spectral window o��10-�50 n�
�blac��, in the spectral window o��50-�90n� �blue�, and their
con�oluted �its �red and green, respecti�ely�using the te�poral
resolution o�the instru�ent obtained by �easuring the scattered
light at 266 n� �purple�. �he initial decay ti�e o�the green line
and the initial rise ti�e o�the red line were both 5 ps.
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rela�ation to the band edge is co�plete. Once a carrier is
trapped and locali�ed at a sur�ace trap state, light e�ission
pri�arily occurs when the co�ple�entary carrier di��uses
to the sa�e sur�ace trap. �o esti�ate a di��usion �elocity
�orcarrier trapping, i�we assu�e that carriers can tra�erse
a 20 n� dia�eter nanowire in the trapping ti�e o�∼10 ps,
we get a carrier di��usion �elocity o�∼2 × 107 c�/s. �his
is a reasonable carrier di��usion �elocity, as electron dri�t
�elocities in �aN are o�this order o��agnitude.17

One �uestion to as� is whether the other longer�li�ed
e�ission species obser�ed in the nanowires are related to
sur�ace trapping. �o answer this �uestion, in Figure 7a, we
e�a�ined the te�poral response o�the red�shi�ted longer�
li�ed species shown in Figure 5. � e see that the nanosecond
decays �or both the nanowires and the polycrystalline �aN
are co�parable, which indicates that the e�ission is not
related to the bul�band edge e�ission. �oreo�er, in Figure
7b, in both sa�ples, it appears the longer�wa�elength
e�ission does not ha�e a resol�able rise�ti�e nor does it
ha�e an appreciable decay co�ponent on the 10 ps ti�e

scale. �he 4�0-660 n� e�ission in polycrystalline �aN is
attributed to �a �acancies,16 which �ay be rando�ly
distributed throughout the sa�ple. �ecause there will be
carriers that do not need to di��use to beco�e trapped by
these �acancies and e�ission �ro� the� can decay inde�
pendently o�the bul��aN e�ission, this type o�e�ission
would be e�pected to ha�e an instantaneous rise and a
sa�ple�independent decay. �he si�ilarity o�the two decays
in Figure 7a suggests that the 410-590 n� e�ission �ro�
the a�a�is �aN nanowire sa�ple �ay ha�e a si�ilar origin.
�s shown in Figure 7b, only the response �ro� the blue�
shi�ted PL �eature see�s to show a resol�able rise ti�e,
indicating that this is the only PL �eature that is related to
di��usion to the sur�ace.

Finally, to gain additional insight into the source o�the
blue�shi�ted PL �ro� a�a�is �aN nanowires, we studied the
te�perature�dependent PL �using the �i:sapphire�based �IPL
syste��beha�ior o�the �aN nanowires, where the substrate
te�perature is lowered to cryogenic te�peratures in a
�icroscope�co�patible cryostat. Figure �a shows the nor�

������7. �a��i�e decay o�the photolu�inescence signal �or a�a�is �aN nanowires in the spectral window o�410-590 n� �blac��and
polycrystalline �aN in spectral window o�4�0-660 n� �red�. �b�Sa�e as �a�, with the decay �or the nanowires in the spectral window
o��10-�50n� �blue�superi�posed.

�������. Low�te�perature photolu�inescence o�a�a�is �aN nanowires: �a�nor�ali�ed photolu�inescence data��b�photolu�inescence
data in the spectral region �ro� �25 to �40 n�, de�onstrating relati�ely s�all te�perature dependence o�the photolu�inescence in this
region. Note that a ���colored glass �ilter with a 50� cuto��at ∼��0n� is used, which slightly �odi�ies the line shape to the blue o�
�50n�.
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�ali�ed te�perature�dependent PL �ro� a�a�is �aN nano�
wires on graphite. Note that �or this area o�the sa�ple, there
is so�e PL contribution �ro� an underlying thin �il� o��aN
that co�ers the substrate. Figure �b shows the te�perature�
dependent PL in the spectral range where the blue�shi�ted
spectral �eature is do�inant. �he �ain �eatures o�the data
are: �1�insigni�icant shi�ting o�the blue�shi�ted PL pea�
with te�perature, �2�relati�ely s�all increase o�the blue�
shi�ted PL pea�with lower te�perature, and ���signi�icant
enhance�ent o�the bul��aN PL at lower te�peratures �the
PL signal at �62 n� at 20 � is 2�ti�es the PL signal at
�00��. �he broad, relati�ely te�perature�insensiti�e blue�
shi�ted PL e�ission �ro� the a�a�is �aN nanowires is si�ilar
to de�ect e�ission in �nO nanostructures.15 �his data
pro�ides �urther e�idence that the blue�shi�ted e�ission �ro�
a�a�is �aN nanowires is not due to bul� �aN e�ission,
which is consistent with the sur�ace�state e�ission picture
presented abo�e.

�he nature o�the sur�ace trap states that �ay cause this
blue�shi�ted e�ission is related to the nature o�the a�a�is
�aN nanowire sur�aces relati�e to the c�a�is �aN nanowire
sur�aces, as a pronounced blue�shi�ted �eature is not obser�ed
�orc�a�is �aN nanowire sa�ples. �lue�shi�ting o�the bul�
band gap due to sur�ace strain1� can be ruled out because it
is not obser�ed in c�a�is �aN nanowire sa�ples and because
the te�poral response and te�perature�dependent response
is �uch di��erent than the bul� �aN PL response. � e
speculate that a thin o�ide layer �or�ing at the sur�ace
introduces sur�ace traps that cause the blue e�ission and that
the a�a�is �aN nanowire sur�aces are �ore susceptible to
o�idation than the c�a�is �aN nanowire sur�aces. �a2O�has
been shown to e�hibit e�ission in the spectral range o�the
blue�shi�ted PL.19 �ecause there is �ore �a�ter�inated c�a�is
sur�ace �or the a�a�is �aN nanowires, perhaps o�idation o�
this sur�ace leads to the �or�ation o�sur�ace trap states.
O�idation o��aN is �ery di��icult due to the stability o�
�aN, but o�idation is �ore li�ely to occur at N�ter�inated
sur�aces with N �acancies or �a�ter�inated sur�aces,20 so
we speculate that the �a�and N�ter�inated {001} sur�aces
o� the a�a�is �aN nanowires are �ore susceptible to
o�idation. Di��erent de�ects at the sur�aces o�the a�a�is �aN
nanowires relati�e to the c�a�is �aN nanowires �ay also
be the cause o�the blue�shi�ted �eature. De�ects not at the
sur�ace can be ruled out because they should e�hibit
instantaneous te�poral response. Further study is needed to
con�ir� the true nature o�the sur�ace trap states such as
studies with nanowires o�di��erent dia�eter or o�di��erent
sur�ace treat�ent.

In conclusion, we ha�e obser�ed crystal�orientation�
dependent PL in �aN nanowires. � e attribute the blue�
shi�ted PL o�a�a�is �aN nanowires to sur�ace states that
act as traps o�photoe�cited carriers. �hese results de�on�
strate the i�portance o�sur�ace states to the PL o��aN
nanowires and the i�portance o�controlled nanowire growth
orientation on the optical properties o��aN nanowires. Our

results are rele�ant �or �aN nanowire optoelectronic de�ices,
as eli�inating such sur�ace�state e�ission can i�pro�e the
per�or�ance o�lasers or light�e�itting diodes based on �aN
nanowires by i�pro�ing the e��iciency o�the pathway toward
the �ore e��icient band edge e�ission.
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���o��o�o����l����o��o���, ����������o��
������� V��������,� ��ll����o��� �����,�,��o���. ������,�
���� ��������. ��������,�

a�epar��e������e��ca���g��eer��g�����er���������������e����������e��e���ck����������
��epar��e������e��ca���g��eer��g��a�e �e��er��e�er�e ����er�������e�e�a����������������

�he band structure o�n�type dia�ond sa�ples co�doped with boron and sul�ur was studied using ultra�iolet photoelectron
spectroscopy �UPS� and �ott�Schott�y analysis. �he results show that the Fer�i energy o�the co�doped dia�ond is about 0.��1.9
eV abo�e the Fer�i le�el o�boron�doped dia�ond. �he electron a��nities o�the sa�ples ranged �ro� �0.7 to �1.4 eV as
e�idenced by UPS. �hese results pro�ide support �or the presence o�an acceptor i�purity band within the bandgap region o�the
co�doped dia�ond sa�ples.
� 2004 �he Electroche�ical Society. �DOI: 10.1149/1.1�179�5� �ll rights reser�ed.

�anuscript sub�itted �ay 27, 2004�re�ised �anuscript recei�ed July 19, 2004. ��ailable electronically No�e�ber 1, 2004.

�oron doping o�dia�ond �or p�type conducti�ity has been e��
tensi�ely studied.1���owe�er, n�type doping o�dia�ond still re�
�ains a challenge. E�ploratory studies �or potential n�type dopants
in dia�ond ha�e �ocused �ainly on group I and group V
ele�ents.4�14

Nishitani��a�o e�a��were the �rst researchers to indicate that
sul�ur doping causes n�type conducti�ity in dia�ond.15 �hey re�
ported pro�ising �alues �or the acti�ation energy �0.��eV� and the
roo� te�perature �all �obility �597 c�2 V�1 s�1� �or sul�ur�
doped dia�ond �l�s grown on �100� substrates. Later, �alish
e�a��16 showed that these sul�ur�doped sa�ples contained boron and
were p�type. Eaton e�a��17,1� de�onstrated that sul�ur was incorpo�
rated into dia�ond in �easurable concentrations only in the pres�
ence o�boron, and n�type conducti�ity was achie�ed only when
relati�ely lower �uantities o�boron were used. �he n�type conduc�
ti�ity o�the sa�ples was con�r�ed using �all �easure�ents, scan�
ning tunneling spectroscopy �S�S�, ther�oelectric power �easure�
�ents, and �ott�Schott�y analysis. S�S o�the sa�ples in air using
Pt�Ir tips showed that the co�doped sa�ples ha�e an n�type recti�y�
ing beha�ior.1� �he co�doped �100� dia�ond sa�ples showed an
appro�i�ate �all �obility �alue o�10 c�2 V�1 s�1 and a sheet
carrier concentration o�5 � 1012 c��2 with acti�ation energies o�
0.05�0.12eV.1� �owe�er, all the abo�e techni�ues �ailed to resol�e
the e�act band structure o�the co�doped sa�ples.

In this paper, ultra�iolet photoelectron spectroscopy �UPS� is
used to characteri�e the band structure o� co�doped dia�ond
sa�ples. �he UPS results along with �ott�Schott�y analysis are
used to deter�ine the position o�the Fer�i energy relati�e to the
bandedges in the co�doped dia�ond sa�ples both on the electro�
che�ical and the �acuu� scales. �ased on the results, a possible
�odel �or the obser�ed n�type conducti�ity in the co�doped dia�ond
sa�ples is proposed and discussed.

�����������l
�o�doped dia�ond �l�s were grown ho�oepita�ially on high

pressure, high te�perature synthetic ��P��� �100� dia�ond
sa�ples using an �S�e� �icrowa�e plas�a reactor. �o�doping was
per�or�ed using �2S and tri�ethylboron ����� as sul�ur and boron
doping additi�es during dia�ond growth using �ethane and hydro�
gen �eed gases. �he procedures �or co�doping and �ott�Schott�y
analysis are described in detail elsewhere.17,1��ott�Schott�y analy�
sis is per�or�ed using a platinu� wire as counter electrode and a
standard calo�el electrode �S�E� as the re�erence in a 0.5 � �2SO4
electrolyte solution at roo� te�perature. �he �eed gas co�positions
used �or the growth o�the sa�ples in this study are su��ari�ed in
�able I. �ll sa�ples were grown using a �icrowa�e power o�1000
�. �he pressure and substrate te�perature were 25 �orr and 750��,

respecti�ely. �he �rst �our sa�ples listed in �able I are analy�ed
using UPS. �ott�Schott�y analysis was e�tensi�ely studied �or �ari�
ous co�doped dia�ond sa�ples, and the data was presented
earlier.17,1� �ere, the �ott�Schott�y data �or the last two sa�ples
listed in �able I are presented and analy�ed.

UPS characteri�ation o�the co�doped sa�ples was per�or�ed
using a �ulticha�ber, ultrahigh �acuu� �U�V� sur�ace science �a�
cility �V� Scienti�c, England/��� �echnology, �I, US�� co��
prising o�a 150 �� radius �L��4 he�ispherical analy�er and a
di��erentially pu�ped heliu� discharge la�p. �he ulti�ate resolu�
tion o�the UPS data is li�ited by the natural linewidth o�the e�ci�
tation source at �0.1 eV. Sa�ples were �ounted onto copper hold�
ers using copper tape. �ll spectra were recorded using nor�al
e�ission and at a constant analy�er energy o�2.5 eV. �he sur�ace o�
the sa�ple was grounded to negate any charging e��ects during the
photoelectron spectra ac�uisition. �he copper holder sur�ace was
sputter�cleaned using a 5 �eV �r ion bea� and was used as the
re�erence. Following a �ethod described by Diederich e�a��19 spec�
tra were also obtained using a 9.0 V negati�e bias applied to the
sa�ple. �s indicated in �e�. 19, the application o�a 9.0 V negati�e
bias helped o�erco�e the wor� �unction o�the spectro�eter and
increased the secondary e�ission.

����l�������������o�
� typical �e�I� �energy # 21.2 eV�UPS spectru� o�the sa�ple

UPS1, obtained under no applied bias, is presented in Fig. 1. �he
�inetic energy ��E� scale is re�erenced w.r.t the standard copper
sur�ace by ad�usting the Fer�i onset on the copper re�erence spectra
to 21.2 eV. Nic�el sur�ace was also in�estigated as a re�erence, and
the results were identical. �he position o�the �acuu� cuto����V���
on the �E scale is deter�ined �ro� the re�erence spectra obtained
using the standard copper sur�ace. �he �ero o�the �E scale o�the
spectra shown in Fig. 1 corresponds to the Fer�i le�el position ���F�
w.r.t �V�� within the band diagra�.19 �he relati�e position o��V��
w.r.t ��F gi�es the wor��unction o�the sa�ple.

�he procedure �or locating the conduction band �ini�u�
����� on UPS spectra depends on whether the electron a��nity
�E�� o�a dia�ond sur�ace is negati�e or positi�e. �his can be de�
ter�ined by the �act that negati�e electron a��nity �NE�� sa�ples
e�hibit a stronger e�ission, than positi�e electron a��nity �PE��
sa�ples and also a sharp shoulder in the low �E region. For NE�
sa�ples, the �acuu� cuto��lies below the ��� and electrons ther�
�ali�ing �ro� the conduction band easily escape into �acuu�.
�hese electrons appear in the spectru� as a sharp pea�in the low
�inetic energy part o�the spectru�.19,20 �ll �our sa�ples listed in
�able I showed NE� beha�ior. In co�parison, the o�idi�ed sur�ace
o�another �100� dia�ond sa�ple clearly e�hibited PE� beha�ior.
�he UPS spectru� obtained �or the o�idi�ed dia�ond sa�ple is not
included here. �he low �E portion o�the spectru� �or one sa�ple,
UPS1, is �agni�ed to de�onstrate the sharp shoulder characteristic
o�the NE� beha�ior. See the inset in Fig. 1. �he relati�e location o�

c Present �ddress: Na�al �esearch Laboratory, �ashington, D� 20�75, US�.
�E��ail: �ahendra� louis�ille.edu

��ec�r�c�e��ca�a����������a�e �e��er�, 7 �12� ���1����4 �2004�
1099�0062/2004/7�12�/���1/4/�7.00 � �he Electroche�ical Society, Inc.
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CBM w.r.t the C- F on the KE scale of the spectra from the NEA
samples can be determined by extrapolating the NEA peak to zero
intensity with an error of 0.1 eV.21,22 For the spectrum in Fig. 1,
EVAC and the CBM are located at energies of 2.7 and 4.1 eV, respec-
tively, when referenced to C- F .

Theoretically, the position of the valence band maximum �VBM�
relative to C- F can also be obtained independently by extrapolating
the VBM peak on the high KE part of the spectra to zero intensity.
The high KE part of the spectrum could give better spectral resolu-
tion of the valence band, if obtained using He�II� radiation
(energy # 40.8 eV). However, the determination of the position of
the VBM relative to C- F could not be accomplished because of inter-
ference from He�I� related photoexcitation. As an alternative, the
position of the VBM relative to C- F may be determined by subtract-
ing the (CBM-C- F) value from the known bandgap value of 5.5 eV
for diamond.19

The UPS spectra for all samples were also obtained under an
applied negative bias of 9.0 V. This study is done to confirm the
occurrence of the sharp shoulder on the low KE part of the spectra is
only due to the NEA behavior of the samples. Upon applying the
negative bias, NEA samples exhibited a strong increase in the sec-
ondary electron emission while retaining the sharp shoulder in the
low KE region. A representative spectrum for sample, UPS3, ob-
tained with an applied bias of �9.0 V is compared with that ob-
tained using no applied bias in Fig. 2a. The C- F onsets in both spectra
have been fixed to 21.2 eV on the KE scale by referencing to copper
as shown in Fig. 2b. The relative positions of EVAC and CBM w.r.t
C- F are located at 1.9 and 3.3 eV, respectively, as shown in Fig. 2a.
Using a bandgap value of 5.5 eV, the position of VBM is determined
to be 2.2 eV w.r.t to C- F .

Using the above procedure as illustrated in Fig. 1 and 2, the band
diagrams of all four samples have been constructed and presented in
Fig. 3. The band diagram data show that the EA values of the four
samples varied from �0.7 to �1.4 eV. These EA values are similar
to the values reported in the literature, �0.9 eV for hydrogen termi-
nated undoped diamond and �1.0 eV for hydrogen terminated
boron-doped diamond. In comparison, the EA value for oxidized
diamond is about �1.0 eV.23 These results also support earlier stud-
ies indicating that sulfur should have only a minor effect on the EA

of diamond. Sulfur termination causes a 0.3 eV increase in the work-
function compared to hydrogen termination for silicon, and a change
of about �0.3 eV for III-V semiconductors.24–27 Also, Miller28

showed that the thiol functionalization causes only 0.1-0.2 eV de-
crease in the work function compared to hydrogen-termination for
diamond surfaces.

The results also show that the C- F is located closer to the VBM
than the CBM in all the samples analyzed. The co-doped samples
show the Fermi level to be 1.1-2.2 eV above VBM compared to only
0.3 eV reported for boron-doped samples.19 Another independent
confirmation of this result comes from the Mott-Schottky data for
the co-doped samples. Here, representative Mott-Schottky plots of
C�2 vs. E �where, C is the measured capacitance at the applied
voltage, E) for samples MS1 and MS2 are shown in Fig. 4a and b,
respectively. The negative slope of the data in Fig. 4a indicates the
presence of acceptors, and from the slope the acceptor concentra-
tion, NA , is calculated to be 8.5 � 1021 cm�3. The data in Fig. 4b
show a positive slope indicating the presence of donors. The calcu-
lated average donor concentration, ND , was 2 � 1021 cm�3. The
flatband potential is determined by the intercept of the best-fit
straight line of the data with the voltage axis. The electrochemical
scale can be converted to the vacuum scale through

qE # 4.44 � � �1�

where E is the electrode potential vs. the standard hydrogen elec-
trode �SHE�, � is the electron energy, and q # �1 is the charge on

Figure 2. �a� Low KE region of the He�I� spectra of co-doped diamond
sample UPS3 showing the increase in intensity with applied negative bias.
The energies of the vacuum cutoff and the CBM relative to Fermi energy are
indicated. �b� Fermi onset feature of the sample UPS3 and the reference
copper surface obtained using an applied bias of �9.0 V. The KE energy
scale is adjusted by fixing the Fermi energy of copper to 21.2 eV as shown.

Table I. Summary of feed gas compositions used for depositing the co-doped diamond films on HPHT synthetic diamond substrates.

Sample Orientation

Methane
concentration

in feed gas �%�
S/Cfeed
�ppm�

B/Sfeed
�ppm�

Film
thickness

��m�

UPS 1 �100� 0.25 100 100,000 0.35
UPS 2 �100� 0.25 100 100,000 0.3
UPS 3 �100� 1 3,750 1,250 3
UPS 4 �100� 1 500 75,000 4.2
MS1 �110� 0.125 1,600 25 2.00
MS2 �110� 0.125 2,400 100,000 14

Figure 1. He�I� spectra of co-doped diamond sample UPS1, obtained using
no applied bias. The energies of the vacuum cutoff and the CBM relative to
Fermi energy are indicated in the figure.
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an electron. The Mott-Schottky results showed that the Fermi level
for sulfur-doped diamond is only 1-1.5 eV above the Fermi level for
boron-doped diamond on the electrochemical scale as illustrated in
Fig. 4b. The UPS results are in agreement with the fact that the
Fermi level for co-doped diamond samples is located about 0.8-1.9
eV above that observed for boron-doped diamond. Despite Fermi
level being in the range of p-type acceptors, electrical and electro-

chemical measurements presented in previous publications and
here strongly suggest that the co-doped samples exhibit n-type
conductivity.17,18

Typically, n-type conduction is achieved by activation of elec-
trons from the donor level into the conduction band. For example, in
the case of phosphorus-doped diamond the donor level is located
�0.6 eV below the conduction band. The present UPS analyses pro-
vide experimental support that the Fermi level is located deep within
the bandgap relatively closer to the VBM and that conduction occurs
by some alternate mechanism other than excitation of electrons into
the conduction band.

The donor center�s� responsible for the observed n-type behavior
of co-doped samples are not known. Density functional calculations
by Albu et al.29 predict that substitutional S and BS centers are deep
donors, with levels at �1.5 eV below the conduction band.
Miyazaki and Okushi30 calculated that isolated, substitutional S and
the SBS complex are located 1.1-1.2 eV and 0.5 eV below the con-
duction band, respectively. Saada et al.31 predicted that neutral S
and S� are located 0.15 and 0.5 eV below the conduction band,
respectively. No theoretical estimates to date predict Fermi levels as
deep as those indicated by the present UPS and prior Mott-Schottky
results.17,18 These results indicate that complexes like BS and SBS
are probably not responsible for the observed n-type behavior.

The observed n-type conductivity in the co-doped samples de-
scribed in this work could possibly arise from the presence of an
acceptor impurity band within the bandgap. If the wavefunctions of
the acceptor states overlap, they may create acceptor impurity
bands. Electrons from individual donor states can be excited into
these acceptor bands, and hence be free to move. This model would
allow conduction by electrons even if the Fermi level was low in the
bandgap. Therefore, it appears that boron is not only necessary to
facilitate the incorporation of sulfur into the diamond lattice, but
may also contribute to the observed n-type conductivity. A sche-
matic of this explanation is shown in Fig. 5. Some potential candi-
dates for acceptor/donor pairs that fit this model are SVS�/BB� and
BSSB�/BCH(i)SB�.29 The energy difference between these donor
sites and the acceptor band would be the activation energy for con-
duction measured at low temperatures.

�onclusion
The band structure of homoepitaxially co-doped diamond

samples was determined using both UPS and Mott-Schottky tech-
ni�ues. UPS results indicated that the co-doping of diamond with
boron and sulfur produces surfaces exhibiting strong NEA behavior,
similar to hydrogen-terminated surfaces. UPS results further showed
that the Fermi level in the co-doped samples is 0.8-1.9 eV above that
observed in boron-doped diamond samples. �esults from Mott-
Schottky plots show similar values of about 1-1.5 eV. It is hypoth-

Figure �. Band diagrams of the co-doped diamond samples obtained using a
known value of 5.5 eV for the bandgap of diamond. �a� and �b� Band dia-
grams of sample UPS1 and UPS2, and �c� and �d� band diagrams of the
samples UPS3 and UPS4.

Figure �. �a� Mott-Schottky plot, C�2 vs. E , from the �110� diamond film,
MS1, grown in a microwave reactor. From the slope of the best straight line
fit of the data, the acceptor concentration NA , is 8.5 � 1021 cm�3. Voltage
is measured vs. standard calomel electrode at room temperature. �b� Mott-
Schottky plot, C�2 vs. E , from the �110� diamond film, MS2, grown in a
microwave reactor. The average donor concentration, ND , was calculated to
be 2 � 1021 cm�3.17

Figure �. Schematic representation of the proposed conduction mechanism
based on the presence of an acceptor impurity band with in the bandgap
causing n-type conductivity.29
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esized that n-type conductivity stems from the excitation of elec-
trons from donor states into an acceptor impurity band situated
within the bandgap.
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a b s t r a c t

Proteins required for translesion DNA synthesis localize in nuclear foci of cells with replication-blocking

lesions. The dynamics of this process were examined in human cells with fluorescence-based biophysical

techniques. Photobleaching recovery and raster image correlation spectroscopy experiments indicated

that involvement in the nuclear foci reduced the movement of RAD18 from diffusion-controlled to virtual

immobility. Examination of the mobility of REV1 indicated that it is similarly immobilized when it is

observed in nuclear foci. Reducing the level of RAD18 greatly reduced the focal accumulation of REV1 and

reduced UV mutagenesis to background frequencies. Fluorescence lifetime measurements indicated that

RAD18 and RAD6A or pol� only transferred resonance energy when these proteins colocalized in damage-

induced nuclear foci, indicating a close physical association only within such foci. Our data support a model

in which RAD18 within damage-induced nuclear foci is immobilized and is required for recruitment of

Y-family DNA polymerases and subsequent mutagenesis. In the absence of damage these proteins are not

physically associated within the nucleoplasm.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Most mutations induced by carcinogens occur when DNA con-

taining residual damage is replicated during S-phase of the cell

cycle. Such lesions perturb the structure of DNA and are likely

to block replicative DNA polymerase complexes. Knowledge of

fundamental mechanisms involved in the replication of damaged

genomes, and of the factors that determine if this process will be

error-free or error-prone, is likely to be useful in elucidating the

origins of cancer and other human diseases. Originally examined in

budding yeast, Lawrence and Hinkle determined that replication-

blocking lesions in the template strand can be bypassed by proteins

in the RAD6 DNA damage tolerance pathway [1]. Replication of

the damaged template is completed by translesion synthesis (TLS)

with potentially mutagenic consequences, or by damage avoidance

mechanisms mediated by recombination that are largely error-free

[2]. These mechanisms are conserved but with additional layers

of complexity in higher eukaryotes [3,4]. The ubiquitin conjugat-

∗ Corresponding author at: 221A Baxter I Biomedical Research Building, 570 S.

Preston Street, Louisville, KY 40202, United States. Tel.: +1 502 852 2564;

fax: +1 502 852 2492.

E-mail address: wgmcgregor@louisville.edu (W.G. McGregor).

ing enzyme RAD6 and the associated ligase RAD18 are central to

this process. Mutants cannot bypass replication-blocking lesions

in the template and are sensitive to many DNA damaging agents.

Proliferating cell nuclear antigen (PCNA) ubiquitinated at K164

by the RAD6/18 complex signals TLS [5] and further ubiquiti-

nation may signal damage avoidance, although the mechanisms

involved in the latter error-free process are poorly understood

[3]. Data indicate that PCNA ubiquitinated at K164 has increased

affinity for the Y-family polymerases, notably pol� and pol� [6,7].

Two other members of the Y-family, REV1 and pol�, also con-

tain novel ubiquitin-binding domains [7]. The ubiquitin-binding

domain of REV1 is required for functional interaction with PCNA

and damage-induced mutagenesis [8], but the catalytic domain

of REV1 is dispensable [9]. The principal function of REV1 in TLS

is presumably structural since the protein interacts with other

Y family polymerases and with REV7 [10]. The latter protein is

a subunit of the B-family polymerase � [11–13]. In addition to

the well-established requirement for RAD18 in the resolution of

blocked DNA replication forks, RAD18 has been shown to form

nuclear foci in synchronized cells irradiated in G1, G1/S, or G2

phases of the cell cycle [14]. The function of the protein under

these circumstances is unknown, but may be related to a physical

interaction of RAD18 with RPA coating single stranded regions of

DNA [15].

0027-5107/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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We examined the intranuclear dynamics of the DNA damage

response of a RAD18-eGFP fusion protein in living human cells

using a variety of fluorescence dynamics techniques. The fusion

protein accumulated in nuclear foci in a small percentage of cells

that were undamaged, but the frequency of cells with nuclear foci

increased over 10-fold 4 h after UV-irradiation. The increase in the

percentage of cells with nuclear foci was strictly dependent on S-

phase, since examination of synchronized cells indicated that this

increase only occurred in populations that were irradiated at the

beginning of S-phase. These foci exhibited a reduction in redistri-

bution after photobleaching, which was quantified by raster image

correlation spectroscopy (RICS). Damage-induced focal immobi-

lization of REV1-eGFP was dependent on RAD18. Cells with reduced

levels of the latter protein formed foci with a greatly reduced fre-

quency and had slightly enhanced cytotoxic but greatly reduced

mutagenic responses to UV. Fluorescence lifetime measurements

(FLIM) indicated that RAD18 transferred Förster resonance energy

(FRET) to RAD6A or to pol� only when the proteins colocalized

in damage-induced nuclear foci. This indicates that these proteins

are in close physical association only within such foci. These data

support a model in which RAD18 is immobilized within damage-

induced nuclear foci and is required for subsequent recruitment of

proteins required for TLS.

2. Materials and methods

2.1. Cells and cell culture

The primary fibroblast cell strain GM1604 (Coriell Institute) was originally

derived from human fetal lung tissue. The telomerase immortalized cells (NF1604)

[16] were a generous gift of Dr. Lisa McDaniels (University of Texas Southwestern

Medical Center, Dallas) under the terms of MTA 3025 between WGM and Geron

Corporation. Cells were kept in exponential growth using published conditions [17].

2.2. Construction of plasmids

The coding sequence of RAD18 was amplified by PCR using the DNA from plasmid

pEGLha-hRAD18 [18]. EcoR1 and BamH1 restriction sites were added to the ends of

the open reading frame of RAD18. The DNA was ligated into the EGFP-N2 vector

(Clontech), such that the fusion protein consists of RAD18 fused with eGFP at the

C-terminus of RAD18 (RAD18-eGFP). A PCR product that encoded RAD18 was ligated

into pcDNA3 (Invitrogen) in the antisense orientation, for knockdown studies.

For FLIM/FRET studies the coding region for RAD18 was cloned into pAmCyanC1

(Clontech), which expresses CFP fused in-frame with the N-terminus of RAD18.

The coding sequences for RAD6A and pol� were obtained by reverse-transcription-

PCR using total RNA extracted from primary human fibroblasts and cloned into

pZsYellow-C1 (Clontech). The latter fusion proteins have YFP fused to the N-terminus

of the protein of interest. A plasmid encoding full-length REV1 (base pairs 1-3753)

with eGFP fused to the C-terminus of REV1 was constructed as described [19].

All plasmids were sequenced to verify that no mutations had been introduced

in the cloning process and that the coding regions were in frame.

2.3. Plasmid transfection and cell synchronization

Electroporation of plasmids was done using the system from Amaxa Biosystems

(Amaxa Inc., Gaithersburg, MD) with proprietary reagents and conditions provided

by the manufacturer, and as described previously [17,19]. Electroporation reduced

cell viability by approximately 10% as determined by clonogenic assays. Following

electroporation, cells were cultured for 36 h in complete media to achieve plating

and protein expression. Mimosine (0.5 mM final concentration, Sigma, USA) was

added to the culture medium for 24 h under low serum conditions (0.1% FBS), after

the cells had attached. At this point, the medium was changed, omitting mimosine.

To determine the percentage of cells in G1-, S- or G2/M-phases of the cell cycle,

an aliquot of the cells was trypsinized immediately, 6 h or 12 h after the block was

removed. These cells were fixed and stained with propidium iodide. The DNA content

was examined with flow cytometry.

2.4. UV-induced cytotoxicity

Cells were plated at cloning density the day before irradiation on 10 cm dishes.

The UV source was a Spectroline germicidal lamp, and the flux was measured at

254 nm using a research radiometer fitted with a SED240 photodetector and a W

diffuser (International Light, Newburyport, MA, USA). Irradiation was performed as

described [17]. The medium was changed 1 week after irradiation, and the cells were

stained with crystal violet after 2 weeks.

2.5. Western blot

Cells were collected at ∼80% confluence from 15 cm cell culture dishes in lysis

solution (10 mM Tris pH 7.4, 1 mM EDTA, 0.1% SDS, and 180 �g/ml PMSF). The

solutions were centrifuged at 14,000 × g for 30 min at 4 ◦C. The supernatants were

collected and the protein concentrations were determined. Ten micrograms (RAD18)

or 30 �g (PCNA) of whole cell extracts were electrophoresed on 12% SDS-PAGE gels.

Following transfer to PVDF filters, the blots were probed with 1:500 mouse anti-

RAD18 (Imgenex, San Diego, CA, USA or Abcam, Cambridge, MA, USA) or 1:1000

mouse anti-PCNA (Abcam) and 1:10,000 mouse anti-� actin (Sigma). Horseradish

peroxidase (Zymed) was used at a dilution of 1:10,000.

2.6. Determination of the mutagenic effects of UV

A series of independent populations of cells were synchronized by density-

inhibition/serum starvation as described [20]. Each population of 1.5 × 106 cells was

irradiated 17 h after release from confluence, which corresponds to ∼1 h after the

onset of S phase. For irradiation, the culture medium was aspirated, and the cells

were washed with sterile PBS (pH 7.4). The cells were irradiated as described pre-

viously [20] with 8 J/m2 of UV254 nm, or sham-irradiated. Clonogenic survival was

determined, and resistance to thioguanine was examined after an 8-day expression

period as described [17].

2.7. Fluorescence recovery after photobleaching (FRAP)

The technology underlying the examination of the redistribution of

fluorescently-tagged proteins in living cells depends upon extinguishing the flu-

orescence of those proteins with an intense laser pulse. This is done in a region of

the cell, in this case the nucleus, that is small with respect to the size of the organelle.

Proteins that are freely diffusible within the nucleoplasm are detected within the

bleached area in several milliseconds. In contrast, constrained proteins do not, such

that the bleached area remains so on a time scale of that can be orders of magnitude

longer. To conduct these measurements on RAD18-eGFP or REV1-eGFP fusion pro-

teins, cell fluorescence was observed with an inverted Olympus BX-51 microscope

illuminated with a filtered Hg arc-lamp. To locally bleach the eGFP, spatially filtered

light from an Ar ion laser with a wavelength of 488 nm and a power of 100 mW was

focused on the cell. A bleaching pulse of less than 0.5 s in duration was used with

a spot size of approximately 1.5 �m in diameter. Following bleaching, the fluores-

cence signal was monitored continuously within the bleached spot. A PerkinElmer

Single Photon Counting Module, Series SPCM-AQR was used. This provides highly

sensitive measurements of the fluorescence intensity coming from a 1 �m diameter

region of the cell. Fluorescence images of the entire cell can be obtained by scanning

the cell with respect to the detector using a piezoelectric drive stage. Post-bleach

fluorescent intensity values were normalized to pre-bleach levels, and data from 10

cells of each tested variety were averaged to produce the results presented here.

2.8. Raster image correlation spectroscopy

This technology is based upon the movement of fluorescent proteins into and

out of a confocal plane over time. The reason for doing this is to accurately determine

diffusion coefficients of fluorescently-labeled proteins within living cells. The con-

focal image of the cell is scanned with the excitatory laser first in the x-direction

(microsecond scale), and repeated line-by line (millisecond scale). This process

defines raster imaging. One hundred images are recorded sequentially such that

the movement of the protein over 2 min is recorded. A rapidly moving protein in the

confocal plane will be detected in the x-direction and perhaps the y-direction, but

will not be detected in subsequent images taken over time. The converse will be true

of a constrained protein. To conduct these experiments, cells were irradiated with

either 10 J/m2 UV254 nm or sham irradiated 24 h after transfection. Confocal images

were collected 4 h after UV exposure on a XI81 inverted Olympus Fluoview 1000

microscope. A 60×W UPLSAPO objective (1.20 NA) water immersion objective was

used to acquire all the images, which were obtained with an Ar ion laser using the

488 nm laser line (Melles Griot, Tokyo, Japan) attenuated to 750 V. A dichroic filter

(DM 488/543/633) was used for the laser excitation and for collection of the emis-

sion. A bandpass filter (BA 505–605) was selected for eGFP-labeled cells. Images

were collected using the Fluoview software with a pixel resolution of 0.03 mm at

256 × 256 pixels with a pixel dwell time of 12.5 �s/pixel. Diffusion coefficients were

determined using SimFCS imaging analysis software [21].

2.9. Fluorescence lifetime measurements

Cells were transiently transfected with RAD18-CFP, RAD18-CFP + RAD6A-YFP, or

RAD18-CFP + pol�-YFP. Cells were irradiated with either 10 J/m2 UV254 nm or sham

irradiated. Images were collected on a Zeiss Axiovert S100TV microscope 4 h after

UV exposure. A 60×W UPLSAPO objective (1.20 NA) water immersion objective

was used to acquire all the images. A Ti:Sapphire laser attenuated to 820 nm was
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Fig. 1. Confocal microscopy images of RAD18-GFP. (A and D) Flow cytometry showing cells synchronized in G1 and S-phase, respectively. (B and C) RAD18-GFP in G1 phase,

unirradiated and irradiated with 12 J/m2, respectively. (E and F) RAD18-GFP in S-phase, unirradiated and irradiated with 12 J/m2, respectively. One hundred cells from

populations exposed to one or the other of the four conditions were randomly inspected.

used. FLIM data were collected with a Becker and Hickl card model 830 TCSPC. Only

the donor emission was measured with a band pass filter (centered at 474 ± 15 nm

from Chroma Technologies, Battleboro, NJ) as well as a dichroic mirror (505DCXR,

Chroma Technologies). This filter combination produces negligible bleedthrough for

the emission of the YFP into the donor channel. SimFCS imaging analysis software

(Globals for Images, Champagne, IL) was used to analyze images and calculate FRET

efficiency [22].

3. Results

3.1. S-phase dependence of damage-induced nuclear foci

RAD18 forms distinct nuclear foci that colocalize with PCNA and

Y-family polymerases in less 5% of cells that are not exposed to

exogenous DNA damaging agents. The nature of these foci in cells

that have not been exposed to genotoxic agents is a matter of con-

jecture. As shown in Fig. 1A, mimosine results in a G1 block in

which 70% of the cells are in this phase. Six hours after removal

of the mimosine, flow data (not shown) indicate that the popula-

tion remains in G1. Irradiation of the synchronized cells shortly after

release and examined with confocal microscopy 4 h later when they

are still in G1 indicates that there is no increase in the percentage of

cells with nuclear foci. Fig. 1B shows the distribution of RAD18-eGFP

in unirradiated cells, and Fig. 1C in cells irradiated and examined

4 h later. There is no increase in the percentage of cells with nuclear

foci. The fraction of such cells increases greatly after exposure to UV

[23,24], and this increase only occurs when the cells are irradiated

at the beginning of S. Fig. 1D shows the cell cycle profile of cells 12 h

after release, at which point most of the population is in S-phase.

Fig. 1E is a confocal image characteristic of RAD18-eGFP in syn-

chronized cells that have not been irradiated, and Fig. 1F, the focal

pattern in cells 4 h after irradiation at the beginning of S-phase.

The focal pattern is found in the great majority of cells in this sit-

uation, supporting the conclusion that these foci represent stalled

replication foci.

3.2. Fluorescence redistribution after photobleaching

We examined the dynamics of RAD18-eGFP nuclear localization

in living cells in response to UV damage. We determined the rate

of fluorescence redistribution in cells that were undamaged, cells

that were exposed to UV but did not exhibit a focal nuclear pattern,

and cells that were UV-damaged and did exhibit a focal nuclear

relocalization of the fusion protein. Fig. 2H shows the results for 10

cells in each group. All data points are shown, and the black lines

represent the mean I/I0 as a function of time after photobleaching.

The slight differences in the initial photobleach represented on the

Y-axis are due to minor differences in the initial laser pulse, and do

not affect the rate of fluorescence redistribution. The top line (�)

is the rate of redistribution for undamaged cells, and shows that

there is rapid redistribution after the bleaching pulse. The data in

the middle line (X) represent the redistribution in damaged cells

that did not have a focal nuclear pattern. The rates of redistribu-

tion, I/I0 ratios of 0.2–0.19, respectively, under these conditions are

indistinguishable from each other and from that of eGFP alone (data

not shown). Visual inspection confirmed that fluorescence inten-

sity of control cells did not fully return to pre-bleach levels due to

bleach-induced global reduction of fluorescence rather than partial

protein immobility. In contrast, data in the bottom line (�) indicate
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Fig. 2. (A) Typical fluorescent image of an undamaged cell expressing RAD18-eGFP. (B) Raster scan image of RAD18-eGFP in unirradiated in NF1604 cells. The fusion protein

is observed in the cytoplasm and nucleus in a diffuse pattern. (D) Typical fluorescent image of an irradiated cell expressing RAD18-eGFP. (E) Raster scan image of RAD18-eGFP

4 h after being exposed to 10 J/m2 UV254 nm. Panels (C) and (F) are the 2D correlation maps for the images in panels (B) and (E), respectively. Fluorescence intensity is shown as

red = higher intensity and blue = lower intensity. Panel (C) has correlation only in the x-direction due to RAD18-eGFP being freely mobile in the absence of damage. Panel (F)

has a more rounded shape in the 2D correlation map. This indicates correlation in both the x- and y-direction due to the relative immobility of the foci once bound to damaged

DNA. (G) Graph with diffusion coefficients of cells randomly chosen from separate high-power fields. The average diffusion coefficient is 12.8 �m2/s in unirradiated cells. Four

hours after UV, when most cells demonstrated a focal pattern, RAD18-eGFP showed a 75% reduction in the diffusion coefficient (3.2 �m2/s), consistent with immobilization

(P < .01). Thirty minutes after UV treatment, the mean diffusion coefficient was 12.3 �m2/s. This was not a significant difference (P > .05). (H) FRAP analysis of cells transfected

with hRAD18-eGFP. Cells were irradiated with 10 J/m2. Data derived from unirradiated cells are presented in the top line (�). The data in the middle line (×) are derived from

UV-treated cells that were irradiated but did not form foci. Although the initial fluorescence intensity (I0) of these cells at the time of the photobleaching pulse was lower,

which reduced the I/I0, the rate of recovery was indistinguishable from the unirradiated cells. These data indicate that UV-irradiation per se does not immobilize RAD18. Data

in the lower line (�) were derived from cells that formed foci. The data shown were obtained from foci, and illustrate that RAD18 is unable to redistribute in this situation

presumably because it is immobilized in a complex. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

that there is little recovery of the RAD18-eGFP signal in damage-

induced nuclear foci with an I/I0 ratio of 0.08. These results support

the idea that RAD18 is not present in preformed complexes, but

becomes immobilized within the foci subsequent to DNA damage.

3.3. Raster image correlation spectroscopy

The apparent lack of fluorescence relocalization of focal RAD18

indicated in the FRAP experiments was quantified using RICS.

Analyzed with SimFCS software, cumulative data from the raster

scanning images of the diffusion coefficients of RAD18-eGFP in 10

undamaged cells without foci (Fig. 2A and B) and 10 cells irradi-

ated with 10 J/m2 UV254 nm-induced nuclear foci (Fig. 2D and E) are

shown. Fluorescence intensity is indicated and ranges from blue

(low) to red (high). Fig. 2C and F is the two-dimensional spatial

correlation maps corresponding to Fig. 2B and E, respectively. In

undamaged cells, RAD18-eGFP was found to be freely mobile in the

nucleus with an average diffusion coefficient of ∼13 �m2/s (Fig. 2G,

Reference No 113

530



N.B. Watson et al. / Mutation Research 648 (2008) 23–31 27

Fig. 3. Upper row: cells expressing RAD18-CFP alone without irradiation (1), co-expressing RAD6A-YFP before UV irradiation (2), RAD-6A after UV irradiation (3), pol�-YFP

before irradiation (4) and pol� after UV irradiation (5). The second row shows the pixels of the cells painted according to the selection (black and black circles, for the right

and left image, respectively) of the phasor plot regions shown in row 3. The phasor plot contains the phasor of both cells (with and without irradiation). The irradiation

produces shortening of the lifetime as show in row 4, which report the histogram of pixel lifetime (average) values and clustering of the phasors in two distinct regions. When

the phasors in these regions are selected by the circular cursors, the pixels in the image corresponding to these phasors are highlighted as shown in the second row. The

pixels with shorter lifetime (phasors selected by the red circle) correspond to specific punctuations in the image. The insets in row 3 show the details of the phasor plot with

a green line joining the phasor of the donor and the phasor of the autofluorescence and the black ellipsoidal trajectory is the loci of the possible phasors with different FRET

efficiencies. The red circle corresponds to 72% FRET efficiency for both constructs. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of the article.)

left column). This compares with eGFP in the nucleus, which has a

diffusion coefficient of 21 �m2/s [25]. This rapid movement yields

a spatial correlation that extends only in the x-direction of the spa-

tial correlation function as indicated in the circle in Fig. 2C. Since

RAD18 is free to diffuse in any direction, the fluorescent signal was

detected in a few pixels along the line of scanning and then lost

as the scan progresses onto the next line. In damaged-induced

foci observed in cells 4 h after UV, the diffusion coefficient was

reduced 75% to ∼3 �m2/s (Fig. 2G, right column). This is reflected in

the broad spatial correlation coefficient of fluorescence in the foci

(Fig. 2F). The high degree of correlation indicates that RAD18-eGFP

in the foci cannot diffuse out of the confocal plane within the time

frame (2 min) of the serial raster images. The average overall diffu-

sion coefficient in cells examined 30 min after UV was 12.3 �m2/s

(Fig. 2G, middle column). At this early time point, a few cells were

found to have nuclear foci in which the protein was immobilized but

the majority of cells exhibited undamaged diffusion coefficients.

3.4. Fluorescence lifetime imaging microscopy (FLIM)

FLIM is a simple yet reliable technique used to measure flu-

orescence resonance energy transfer (FRET) between two closely

associated molecules. FRET from FLIM data is measured not by the

traditional method of exciting the donor at one wavelength and

measuring the increase in fluorescence of the acceptor at a separate

wavelength, but rather by examining the decrease in donor fluores-

cence lifetime in the presence of the acceptor. Recent advances have

resulted in an improved method to calculate FRET from FLIM data

using the phasor plot [22]. This is particularly useful when the life-

time of the donor is not a single exponential, which is the case for

the fluorescent proteins.

Fig. 3, column 1 (from top to bottom), shows a cell expressing

RAD18-CFP in the absence of the acceptor without UV irradiation,

the intensity image, the pixel’s selection (highlighted in pink) cor-

responding to the phasors selected by the black circle in the phasor

plot and the average lifetime (obtained by intercepting the univer-

sal circle with a line starting at the origin and passing through the

center of the selected phasor region [22]). Column 2 shows a cell

co-transfected with RAD18-CFP/RAD6-YFP before UV irradiation.

The black circle in the phasor plot selects these pixels in the image

shown in the selection row and corresponding to the black part of

the lifetime histogram. Column 3 shows a cell co-transfected with

the RAD6A-YFP construct after irradiation. The bright fluorescence

spots in the intensity image have a shorter lifetime as shown in the

phasor plot. The shortening of the lifetime is such that the decay is

shorter than the decay of the autofluorescence (data not shown),
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Fig. 4. (A) Western blot analysis of RAD18 levels in NF1604 cells and a derivative

clone that expresses antisense RNA to RAD18 (AS26). RAD18 protein levels in AS26

was only 15% of that in the parental line, normalized to �-actin. (B) Western blot anal-

ysis of PCNA 8 h after 15 J/m2 UV254 nm in NF1604 cells and RAD18-reduced AS26 cells.

Thirty micrograms of total cell lysate were loaded in both lanes. The higher molec-

ular weight band represents monoubiquitinated PCNA, which was undetectable in

AS26. Ubiquitinated PCNA was not detected in the absence of DNA damage in either

cell line.

indicating that FRET is occurring. To calculate the FRET efficiency

we used the method as described in Digman et al. [22]. Briefly, due

to the presence of the acceptor, the phasor of the donor can be

found along an ellipsoidal trajectory (black line in the column 2–3

inset) corresponding to FRET efficiency from 0 to 100%. The zero

point is found by using the linear combination of the phasor of the

(unquenched) donor with the phasor of the autofluorescence inde-

pendently measured in column 1. The FRET trajectory intersects the

cluster of phasors shown inside the red circle. The position of this

circle along the trajectory provides the FRET efficiency. For these

constructs we found that the FRET efficiency was 72%, which was

consistently observed in the analysis of foci in 20 cells.

Fig. 3, column 4, shows a representative image of a cell co-

transfected with the RAD18-CFP and pol�-YFP expression vectors,

in the absence of UV damage. FRET is not observed. Column 5 is

representative cells co-transfected with the same constructs, 4 h

after UV irradiation. In this case we observe FRET, and the analysis

of the FRET trajectory also gives a value of 72% for the efficiency.

This efficiency was consistently observed in 20 cells.

3.5. Construction of cell strains with reduced expression of RAD18

NF1604 cells transfected with an antisense RNA construct were

screened for RAD18 protein expression (Fig. 4A). The clone with the

lowest RAD18 protein levels was clone 26 (AS26), which had an 85%

reduction in protein. To ensure that this reduction was function-

ally significant, ubiquitination of PCNA (PCNA-ubi) was examined.

Table 1
UV-induced cytotoxicity and mutagenicity in synchronous populations of fibroblasts

irradiated at the beginning of S-phase.

Cell line UV dose %S Mut. clones

observed

# cells assayed

in 6-TG (×106)

Mut. Freq.

(×106)a

1604 0 J/m2 100% 0 1 <10

1604 8 J/m2 30% 32 1 146

AS26 0 J/m2 100% 0 1 <10

AS26 8 J/m2 10% 3 2 6

a The mutant frequency is defined as mutants per 106 clonable cells. The number

of observed mutants is corrected for cloning efficiency on the day of selection. These

values ranged from 22 to 26%.

Cells were irradiated with 0 or 15 J/m2 UV254 nm. Western analy-

sis (Fig. 4B) indicated that the parental cell line had a second band

induced by UV that has been shown to be PCNA-ubi [5,6]. In con-

trast, this band is greatly reduced in AS26 cells, consistent with a

lack of RAD18 function. AS26 was chosen for further examination

of the role of RAD18 in mutagenesis and recruitment of REV1.

3.6. Reduced expression of RAD18 results in greatly reduced

mutant frequencies induced in HPRT by UV

The cells with reduced RAD18 consistently exhibited moderately

enhanced sensitivity to UV compared with the parental cells, but

this did not achieve statistical significance. The UV fluence required

to reduce the survival to 37% of the unirradiated controls (i.e., LD37)

was 7.0 J/m2 for the parental cells and 5.5 J/m2 for AS26 (data not

shown).

In preliminary experiments, the mutant frequency induced in

the HPRT gene was determined in AS26 cells and compared with the

parental cell line NF1604. In asynchronously growing cells, muta-

tions induced by UV in AS26 cells were consistently reduced to

background levels. In order to minimize the effect of nucleotide

excision repair on the frequency of mutations [20], the cells were

synchronized and irradiated at the beginning of S-phase, then

assayed for the frequency of selectable mutations in HPRT. As pre-

sented in Table 1, the parental NF1604 cells and the derivative AS26

cells were irradiated with 8 J/m2 UV254 nm, which resulted in 30%

survival of colony forming ability in NF1604 cells and 10% survival in

the AS26 cells. In the NF1604 cells, we observed 32 mutant colonies,

yielding a mutant frequency of 146 mutants per 106 clonable cells.

In contrast, we observed only 3 mutant colonies in the AS26 pop-

ulation, which gave a mutant frequency of 6 mutants per 106 cells.

This is a background frequency, which in this context is significant

in light of the somewhat increased cytotoxicity the RAD18 knock-

down cells. Cytotoxicity induced by genotoxins is well-established

to be directly related to mutagenesis. The lowered survival of the

AS26 cells would be expected to have resulted in higher mutation

frequencies, but the opposite was observed. Similar experiments

using different DNA damaging agents such as BPDE [26] on NF1604

and AS26 cells also showed a marked decrease in their muta-

genic response. Repeated attempts to complement AS26 cells with

RAD18-eGFP were unsuccessful, presumably because the antisense

expression degraded the message. However, the reduction in UV

mutagenesis can be inferred to be specific to the reduction in

RAD18, since studies with clones that express the same construct

but with more modest reductions in RAD18 (15–50%) demonstrated

mutant frequencies equal to the parental cells.

3.7. RAD18 is required for REV1 accumulation in nuclear foci

We hypothesized that one of the principal functions of RAD18

in human cells is to regulate the assembly of proteins required
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Fig. 5. Focal nuclear localization of REV1 is dependent on RAD18. FRAP measurements were made as in Fig. 1H. Each data point is the mean fluorescence intensity of at

least 10 cells, and bars represent the standard deviation of the mean. The top line (�) is the recovery of REV1-eGFP in undamaged NF1604 cells, and represents the mobility

of the fusion protein in the nucleus. The REV1-eGFP is in a focal nuclear pattern in approximately 50% of NF1604 cells 6 h after UV. The REV1 fusion protein in such foci is

immobilized, indicated by the lack of recovery after photobleaching (bottom line, �). In contrast, REV1-eGFP did not form foci after UV in AS26 cells (top line, �), which

have greatly reduced levels of RAD18. The ratio of fluorescence recovery of nuclear REV1 (I/I0 = 0.09) in these cells is nearly identical from the ratio observed in NF1604 cells

that were undamaged (0.08) (middle line, ×). The ratio for REV1 in NF1604 cells after damage was 0.02. Undamaged AS26 cells show an identical fluorescent redistribution

pattern to that of the undamaged NF1604 cells (data not shown). A typical fluorescent image of REV1-eGFP localization in AS26 cells (top image) and 1604 cells (bottom

image) after UV exposure is also shown.

for translesion synthesis at blocked replication forks. If so, then

REV1, which forms damage-induced nuclear foci [13,19] and is

required for UV [17,27] and BPDE [19] induced mutagenesis, will

not relocalize in the absence of RAD18. We compared the mobility

of REV1-eGFP in cells with greatly reduced RAD18 (AS26 cells) to

that in wild-type NF1604 cells after UV damage. In cells expressing

normal levels of RAD18, REV1 forms foci that colocalize with RAD18

within 4 h of exposure to 10 J/m2 UV254 nm. REV1-eGFP within these

foci is completely immobile (Fig. 5, line �). Under the same condi-

tions, the percentage of RAD18 knockdown cells with REV1 foci did

not increase after UV. (Fig. 5, line �) and the recovery of fluores-

cence is similar to that of the undamaged NF1604 cells (Fig. 5, line

X). These results support the conclusion that RAD18 is required for

recruitment of REV1 to damage-induced nuclear foci.

4. Discussion

Current models of DNA replication posit that the proteins nec-

essary for this process are present in high local concentrations,

suggesting that nuclear structural elements are required for the

spatial and temporal coordination of these complicated processes

[28]. These molecular machines are associated with the nuclear

matrix, such that the DNA is pulled through the stationary com-

plex. The proteins that comprise these complexes are located

within preassembled replisomes, and as such represent subcellu-

lar organelles. In support of this concept, FRAP analysis of PCNA

in cells in S-phase indicates a residence time of 30 min to several

hours [29]. The question of whether Y-family DNA polymerases are

present in such complexes, or are recruited when the fork is unable

to bypass a helix-distorting lesion is an important one. Presumably

the access of error-prone Y-family polymerases to primer termini

is limited unless the fork is stalled. This would be accomplished

by recruitment mechanisms. Indeed, the residence time of pol� in

replication foci of cells that have not been damaged is very short

[30].

Foci are occasionally found in undamaged cells, but the nuclear

distribution of Y-family polymerases in such cells is overwhelm-

ingly diffuse. However, the distribution shifts to a focal pattern

following UV irradiation [13,17] or exposure to BPDE [19,26].

This is especially dramatic when the population is enriched for

cells entering S-phase [14], and the data presented here indicate

that damage-induce nuclear foci are strictly S-phase-dependent.

Damage-induced nuclear foci have been found to contain RAD18

and each of the Y-family DNA polymerases, including REV1 [9,19],

pol� [23,31,32], pol� [31] and pol� [33].

To examine the nuclear dynamics of damage-induced focus

formation, we studied the intracellular trafficking of RAD18 in

response to DNA damage in living cells using fluorescence tech-

nologies. The subcellular localization and identification of the

fusion protein in nuclear foci closely mimic the endogenous pro-

tein visualized with immunohistochemical techniques [26]. These

observations strongly argue that examination of the dynamics of

the fusion protein presents a valid model for studying the cell biol-

ogy of RAD18 in living cells.

Our data indicate that RAD18-eGFP in the great majority of

undamaged living human cells is found in the nucleus and the cyto-

plasm, and its nuclear distribution is diffuse in at least 95% of the

cells. Studies of the diffusion of this protein in such cells indicate

that most of the protein molecules are freely diffusible, as indicated

by the recovery of fluorescence after photobleaching. This argues

against the presence of RAD18 in large, preassembled DNA replica-

tion complexes. Obviously, we cannot exclude the possibility that

a small proportion of the molecules are present in such complexes,

as noted below.

Examination of the diffusion of the fusion protein in cells that

have been irradiated but do not demonstrate a focal pattern showed

that there was complete recovery of fluorescence that was indistin-

guishable from that in undamaged cells. Within 4 h of irradiation,

RAD18-eGFP relocalizes in a distinct focal pattern in the nucleus

in at least 70% of cells in populations that have been enriched for

S-phase. Strikingly, there is virtually no recovery of fluorescence

when the proteins in these foci are photobleached (Fig. 2). The dif-

fusion coefficient of the protein in both circumstances was analyzed

with sequential imaging of its movement in and out of a confocal
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plane using RICS technology. This methodology differs from FRAP

in that the cell is not perturbed with a high-energy laser pulse,

and the movement of the protein in and out of a confocal plane

can be quantified over time. The mobility of RAD18 within the foci

is reduced from ∼13 �m2/s to ∼3 �m2/s. These data are consis-

tent with estimates of diffusion-controlled processes within the

nucleoplasm and with that of constrained cellular proteins [25],

respectively. They support the hypothesis that RAD18 is recruited to

DNA replication forks that have been stalled by the presence of pho-

toproducts, and the protein becomes immobilized in the replication

machinery under those circumstances. An interesting question is

the function of the foci observed in the small percentage of cells

that have not been exposed to UV, or that were exposed to UV in

G1 and analyzed when the population is still in G1 is unclear. We

examined the fluorescence dynamics of the protein in this situa-

tion, and found that these parameters were indistinguishable in

spontaneous and damage-induced foci. This means that RAD18 is

immobilized and interacts with RAD6A and pol� in spontaneous

foci, as it does in damage-induced foci. This small percentage of the

cells that appear to have preformed replisomes that include RAD18

may represent cells that are in S-phase despite the synchroniza-

tion, which is determined to be 4% (Fig. 2A). It is possible that some

of these cells are responding to replication-blocking spontaneous

lesions, such as ethenoadenine.

The REV1 protein is a Y-family DNA polymerase with deoxy-

cytidyl transferase activity that is associated with translesion

replication and first identified in budding yeast [34]. In that organ-

ism, REV1 is required for DNA damage tolerance and is epistatic to

RAD18. The mechanism is poorly defined, but is independent of its

catalytic function since a mutation in the N-terminal BRCT domain

retains catalytic function but is deficient in mutagenesis. In human

cells REV1 is also required for mutagenesis by UV [17,27] or BPDE

[19] and the protein forms foci in the nuclei of cells that have been

exposed to DNA damaging agents [13,19]. These foci colocalize with

RAD18 and Y-family DNA polymerases, and are dependent on intact

ubiquitin binding motifs in the REV1 protein [8,35]. The molecu-

lar mechanisms remain obscure, but it has been postulated that

REV1 acts as a scaffold through interactions with other Y-family

polymerases and DNA polymerase �. The regions of REV1 that are

important for these interactions have been variously reported to

be the N-terminal BRCT domain [36], the extreme C-terminus [12],

or a region in the more proximal C-terminus [9]. Importantly, the

latter authors found that REV1 is not epistatic to RAD18 in chicken

DT40 cells, implying that they function independently.

To examine this question in human cells, we lowered RAD18

expression with the constitutive expression of antisense to RAD18

mRNA. Compared with parental wild-type cells, a derivative clone

was identified in which the level of the protein was reduced by

85%. We confirmed that this reduction was functionally signifi-

cant by examining UV-induced ubiquitination of PCNA and HPRT

mutant frequencies induced by UV. There was a modest enhance-

ment of cytotoxic responses and a significant reduction in the

frequency of mutations induced by UV in cells with reduced RAD18.

This is similar to mouse RAD18−/− ES cells [37], but differs from

DT40 RAD18−/− cells that are also sensitive to ionizing radiation

[38]. There was no difference in induced mutagenesis in cells that

expressed the antisense transcript but had a more modest reduc-

tion in RAD18 protein levels, arguing that the phenotype is not due

to a nonspecific antisense effect.

Comparison of the localization of REV1-eGFP in living cells that

had normal or reduced levels of RAD18 showed that RAD18 was

required for the accumulation of REV1 in nuclear foci. In wild-type

cells, REV1-eGFP forms foci after UV with frequencies that are simi-

lar to RAD18, and the proteins in these foci are immobile. In contrast,

we were unable to detect REV1-containing foci in UV-irradiated

cells that had reduced levels of RAD18. In those cells, nuclear REV1-

eGFP remains in a diffuse pattern and is fully mobile regardless of

UV-irradiation.

Examination of the association of RAD18 with RAD6A or

pol� with FLIM showed that energy transfer from RAD18-CFP to

RAD6A-YFP or pol�-YFP only occurred when the proteins were

in damage-induced nuclear foci. This supports the argument that

these proteins are not members of a preassembled replisome, but

associate in response to signaling mechanisms that presumably

derive from stalled replication forks. Watanabe et al. [23] made the

interesting observation that RAD18 has a domain in the carboxy

terminus that binds pol�, and that deletion of this region prevents

pol� from forming foci in cells entering S-phase with DNA dam-

age. These data raise the question of the relative importance of the

physical association of the polymerase with RAD18 at the site of

the stalled fork compared with the enhanced affinity of the poly-

merase for ubiquitinated PCNA. The FLIM data support a model in

which physical association of these proteins occurs subsequent to

DNA damage, but cannot address whether the association occurs

as a result of enhanced affinity for ubiquitinated PCNA or confor-

mationally altered RAD18, or both.

The unrestrained activity of error-prone DNA polymerases

would clearly contribute to genomic instability, and there is

considerable interest in the signaling mechanisms that control

polymerase switching events. The data reported herein support

a model in which RAD18 is recruited to stalled replication forks,

implying that it is not a part of the replicative complex. Downstream

events are presumed to involve signaling by RAD6-mediated ubiq-

uitination, with PCNA a likely target [5,23]. We favor a model in

which REV1 is recruited by ubiquitinated PCNA or other proteins,

and then in turn acts as a scaffold for other TLS proteins. This model

proposes that the principal role of RAD18 in human cells is to regu-

late TLS. The question of the requirement for RAD18 in homologous

recombination in human cells remains open. It is likely that higher

eukaryotes carry out RAD18-independent recombination, because

mouse ES cells and chicken DT40 cells that are deficient in RAD18

have increased levels of sister chromatid exchange after exposure

to mutagens. Rescue of blocked forks by strand invasion of the sister

chromatid in higher eukaryotes may explain the relatively mild sen-

sitivity of RAD18 knockouts to mutagen exposure compared with

yeast.
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The response of two carbide derived carbons (CDCs) films to NH3, N2O, and room air is investigated by four probe
resistance at room temperature and pressures up to 760 Torr. The two CDC films were synthesized at 600 (CDC-600)
and 1000 °C (CDC-1000) to vary the carbon morphology from completely amorphous to more ordered, and determine
the role of structure, surface area, and porosity on sensor response. Sensor response time followed kinetic diameter
and indicated a more ordered carbon structure slowed response due to increased tortuosity caused by the formation
of graphitic layers at the particle fringe. Steady state sensor response was greater for the less-ordered material, despite
its decreased surface area, decreased micropore volume, and less favorable surface chemistry, suggesting carbon
structure is a stronger predictor of sensor response than surface chemistry. The lack of correlation between adsorption
of the probe gases and sensor response suggests chemical interaction (charge transfer) drive sensor response within
the material; N2O response, in particular, did not follow simple adsorption behavior. Based on Raman and FTIR
characterization, carbon morphology (disorder) appeared to be the determining factor in overall sensor response, likely
due to increased charge transfer between gases and carbon defects of amorphous or disordered regions. The response
of the amorphous CDC-600 film to NH3 was 45% without prior oxidation, showing amorphous CDCs have promise
as chemical sensors without additional pretreatment common to other carbon sensors.

Introduction

A major goal in chemical sensor research is to develop a
device that acts as an “electronic nose”, differentiating between
chemicals by providing different (or traceable) responses to
different gaseous species in a complex mixture. For many
applications, a desirable sensor property would be room
temperature operation such that heating would not be required
for monitoring ambient conditions. Room temperature operation
would allow identification of organic species without thermal
degradation and safe monitoring of combustible gases. Room
temperature gas sensing has been demonstrated for carbon
materials, including carbon nanotubes (CNTs),1-7 conducting
polymers,8 and composites of conducting carbon black with

polymers9-13 or organic molecules.14 Although CNT and
polymer-based sensors provide advantages by operating at room
temperature, their operation may be subject to long-term drift,
a nonlinear response, and the requirement of significant heating
to regain performance after exposure to high analyte concentra-
tions. The latter is due to the strength of the gas-solid interaction.
NH3 adsorption on CNTs, for example, may be due to a
combination of chemical and physical adsorption;15 thus using
a carbon-based sensor for detection of NH3 generally requires
heating the sensor to elevated temperature after gas exposure.
It has been shown theoretically that the sensitivity of CNT based
sensors is due to partial charge transfer between the analyte and
the CNT even at room temperature.16

For CNTs, Kong et al. demonstrated a 100 fold change in the
electrical conductivity of individual single-walled nanotube
(SWNT) upon exposure to 2-200 ppm of NO2, and a three-
orders of magnitude change upon exposure to 0.1-1% of NH3

in Ar.5 Subsequent work with multiwalled carbon nanotubes
(MWNTs) indicated a tractable electrical response upon gas
exposure,6 providing the potential for a significant cost decrease
in the fabrication of CNT based sensors. Later work with CNT
based sensors indicated the morphological features and structure
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of the CNT played key role in the sensor response, including (1)
the nature of the carbon bonding and the number of graphitic
particles,17 the number of conducting electrons,18,19 and defects19

within the carbon structure, (2) the surface functionalities present
on the surface either due to synthesis or oxidative pretreatment,4,7

and (3) possible swelling of micropores upon gas adsorption.20

In general, the morphological features (point 1) of CNT are
difficult to control, particularly when synthesized in large-scale
where low yield may lead to the presence of significant amounts
of graphitic particles that affect sensor performance. The effect
of surface functionality (point 2) may change with increasing air
exposure; and aging effects on sensor performance have been
noted.21 These points may explain, in part, the variation in reported
values of CNT sensor response. For example, the sensitivity of
MWNT to NH3 at room temperature varies from 5-13%2,3 to
as high as 60%.1,6 However, in the latter case, it appears the large
response may be due in part to an interaction between the MWNT
and the sensor support.

Recent work in CNT sensor development includes doping
CNTs with metals to increase the selectivity.22,23 Incorporating
metals and metal oxides into CNT sensors exploit the inherent
sensing properties of the metal (or metal oxide) dopant, while
dispersing and stabilizing the dopant to increase the surface-to
volume ratio (hence the sensing properties) of the nanosized
metal (or metal oxide) particles. The metal (metal oxide) improves
not only the selectivity of the CNT-based gas sensor, but enhances
the sensitivity and the response time as well. For example, in
hydrogen sensing, group VIII transition metals like Ni, Pt and
Pd are mostly used due to the high affinity of the metal toward
hydrogen, which changes the properties of the metal due to the
formation of the metal hydride.24

The use of other carbon materials, such as activated carbon
and/or graphite derivatives, as chemical sensors (without added
metal) is very limited. Amorphous carbon black (CB) has been
added to nonconducting polymers9-13 to serve as the conducting
media for resistive sensing of organic vapors. In these studies,
the sensing mechanism is quite different from the CNT sensing
studies described above as the CB/polymer matrix is for vapor
sensing (rather than gas sensing of CNTs), and CB is generally
considered inert, as absorption occurs to the polymeric9-13 or
organic14 phase. Within the CB/polymer matrix, swelling of the
polymeric/organic phase disrupts the connectivity of the carbon
black, leading to a tractable response to the analyte.9 The electric
resistance has been found to correlate to adsorption, and has
been related to Freundlich adsorption isotherms.11 Decreasing
the carbon black fraction of the composite increases sensitivity,
but leads to a nonlinear sensor response.9

The structure of carbide-derived-carbons (CDCs), recently
developed by Gogotsi et al.,25-30 is dependent upon the metal
carbide precursor and the temperature of metal abstraction. At
high preparation temperatures, the CDCs become more ordered,
and may bear resemblance to carbon black. CDCs may also
contain nanographene ribbons,31,32 and thus bear a certain
resemblance to CNTs. Unlike CNTs or carbon black, CDCs
have a tightly controlled micropore structure that has shown
superior performance in gas storage29,33 and electrochemical
capacitance34,35 applications. The control of the tunable CDC
pore size may allow control of sensor response, as porosity is
related to gas adsorption.29,33 To the best of our knowledge,
there is no published work involving CDCs as chemical sensors
and the objective of this work was to explore the sensitivity of
CDC-based sensors to various gases. Here, we explore the room
temperature resistive response of B4C-derived CDCs to NH3,
N2O and ambient air at pressures up to 760 Torr. Preparation
temperature has a moderate effect on pore size distribution (PSD)
and specific surface area (SSA) for B4C-derived CDCs.26 At low
temperature (i.e., 600 °C), B4C can be completely extracted, but
XRD indicates the resulting carbon is completely amorphous. At
moderate temperatures (i.e., 800-1000 °C), SSA is increased
without sacrificing micropore volume, and graphitic layers start
to form as the material becomes more ordered. At higher
temperatures (i.e., 1200 °C), SSA and microporosity begins to
decrease as the carbon further aligns to form graphite. Our results
show a high potential of using the CDC as gas sensors.

Experimental Details
The basic procedure for CDC synthesis has been described

previously by Gogotsi et al.,25 whereby variations in chlorine
extraction conditions (time and temperature) led to variations in
pore size, pore volume and SSA. In brief, CDCs are synthesized via
metal abstraction with Cl2 from a metal carbide precursor25 at elevated
temperatures, typically ranging from 600 to 1200 °C. In this work,
3 g of B4C powder (Alfa Aesar, 99.4%, 1-7 μm) was treated at 600
and 1000 °C in a vertical furnace. In our laboratory, we have noted
that carbides extracted at the same reaction conditions lead to CDC
products with surface area and porosity that is within the experimental
error of the measurement. The vertical mounting position promotes
effective and uniform metal abstraction due to gas flow through the
bed. The system was purged with Argon for one hour and then
heated to 600 at 10 °C/min under argon flow. At 600 °C the flow
gas was switched to chlorine gas (Cl2) for 9 h, after which the system
was cooled down to room temperature under Argon flow. Another
sample was prepared at 1000 °C with 3 h Cl2 dwell time. The two
samples prepared by this process at 600 and 1000 °C will henceforth
be referred to as CDC-600 and CDC-1000, respectively.

Raman spectra were collected at room temperature in the
backscattering configuration using Renishaw inVia spectrometer

(17) Cantalini, C.; Valentini, L.; Lozzi, L.; Armentano, I.; Kenny, J. M.; Santucci,
S. Sens. Actuators, B 2003, 93, 333–337.

(18) Valentini, L.; Mercuri, F.; Armentano, I.; Cantalini, C.; Picozzi, S.; Lozzi,
L.; Santucci, S.; Sgamellotti, A.; Kenny, J. M. Chem. Phys. Lett. 2004, 387,
356–361.

(19) Kombarakkaran, J.; Clewett, C. F. M.; Pietrass, T. Chem. Phys. Lett.
2007, 441, 282–285.

(20) Kobayashi, N.; Enoki, T.; Ishii, C.; Kaneko, K.; Endo, M. J. Chem. Phys.
1998, 109, 1983–1990.

(21) Sayago, I.; E., T.; Aleixandre, M.; Horrillo, M. C.; Fernandez, M. J.;
Lozano, J.; Lafuente, E.; Maser, W. K.; Benito, A. M.; Martinez, M. T.; Gutierrez,
J.; Munoz, E. Sens. Actuators, B 2007, 122, 75–80.

(22) Star, A.; Joshi, V.; Skarupo, S.; Thomas, D.; Gabriel, J.-C. P. J. Phys.
Chem. B 2006, 110, 21014–21020.

(23) Espinosa, E. H.; Ionescu, R.; Llobet, E.; Felten, A.; Bittencourt, C.; Sotter,
E.; Topalian, Z.; Heszler, P.; Granqvist, C. G.; Pireaux, J. J.; Correig, X. J.
Electrochem. Soc. 2007, 154, J141-J149.

(24) Drake, C.; Deshpande, S.; Bera, D.; Seal, S. Int. Mater. ReV. 2007, 52,
289–317.

(25) Gogotsi, Y.; Nikitin, A.; Ye, H. H.; Zhou, W.; Fischer, J. E.; Bo, Y.;
Foley, H. C.; Barsoum, M. W. Nat. Mater. 2003, 2, 591–594.

(26) Dash, R. K.; Nikitin, A.; Gogotsi, Y. Microporous Mesoporous Mater.
2004, 72, 203–208.

(27) Erdemir, A.; Kovalchenko, A.; McNallan, M. J.; Welz, S.; Lee, A.; Gogotsi,
Y.; Carroll, B. Surf. Coat. Technol. 2004, 188-89, 588–593.

(28) Dash, R. K.; Yushin, G.; Gogotsi, Y. Microporous Mesoporous Mater.
2005, 86, 50–57.

(29) Dash, R.; Chmiola, J.; Yushin, G.; Gogotsi, Y.; Laudisio, G.; Singer, J.;
Fischer, J.; Kucheyev, S. Carbon 2006, 44, 2489–2497.

(30) Hoffman, E.; Yushin, G.; Gogotsi, Y.; Barsoum, M. Abstr. Pap.-Am.
Chem. Soc. 2006, 231.

(31) Yushin, G.; Dash, R.; Jagiello, J.; Fischer, J. E.; Gogotsi, Y. AdV. Funct.
Mater. 2006, 16, 2288–2293.

(32) Hoffman, E. N.; Yushin, G.; Barsoum, M. W.; Gogotsi, Y. Chem. Mater.
2005, 17, 2317–2322.

(33) Gogotsi, Y.; Dash, R. K.; Yushin, G.; Yildirim, T.; Laudisio, G.; Fischer,
J. E. J. Am. Chem. Soc. 2005, 127, 16006–16007.

(34) Chmiola, J.; Yushin, G.; Gogotsi, Y.; Portet, C.; Simon, P.; Taberna, P. L.
Science 2006, 313, 1760–1763.

(35) Chmiola, J.; Yushin, G.; Dash, R.; Gogotsi, Y. J. Power Sources 2006,
158, 765–772.
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equipped with a Peltier cooled RenCam dd-CCD. A Leica DM LM
confocal microscope with 100× objective was used to illuminate
the sample and collect the scattered light. It was set to operate at
∼1 μm diameter focal spot size at the plane of the sample. A HeNe
laser was used to excite the spectra, and the power at the sample
was ∼ 0.1mW measured using a miniature hand-held radiometer.
The spectra were collected in air under ambient conditions using
633 nm radiation. Both H and V polarized light were accepted in
the scattered radiation.

FTIR was collected using a BOMEM DA3+ FT spectrometer.
The carbide material was first ultrasonicated in 2-propanol then
deposited from solution onto ZnSe substrates maintained in air at
60 °C. The solvent from each drop was allowed to evaporate before
the next drop was added to build up a carbide film. Prior to
measurement, the film was heated at 100 °C for about 30 min, the
sample was exposed to ambient air upon transfer to the FTIR chamber.
The spectrum of the carbide film was obtained by removing the
reflection/adsorption losses from the ZnSe substrate. The spectral
resolution of IR measurements was 4 cm-1.

The SSA of CDC-600 and CDC-1000 was determined using the
BET equation with N2 gas at 77 K (Micromeritics ASAP 2020). The
samples were degassed at 300 °C under high vacuum (P ≈ 10-7 torr)
for 12 h prior to measurements. To obtain pore volume and PSD,
the density functional theory (DFT) model provided with the
equipment with slit-geometry model option was used. Total pore
volume was obtained at 95% of the saturation pressure. The total
micropore volume was determined from the DFT analysis, consider-
ing pores less than 20 Å, and used the incremental surface area
(ISA) as a function of pore width for the PSD. High resolution
transmission electron microscopy, or HR-TEM (JEOL 2010F), was
used to obtain morphological and structural information such as
fringe and graphitic order of the CDC samples.

To prepare a thin uniform CDC film of 5 mm × 5 mm area, the
CDC was first suspended in isopropyl alcohol (IPA) using Elec-
trowave aqua-sonicator model EW-24tEXP operated at 40 °C for
30 min. The IPA-CDC suspension was drip coated onto a clean
quartz substrate to form a thin film for the electrical measurements.
The film was allowed to dry in air. Four passivated copper leads (all
0.003 in. diameter Wires from Omega) were attached to the edges
of the 5 mm × 5 mm film with silver paste to measure the four probe
electrical resistance. Prior to measurement, the system was first
degassed at 100 °C in a 10-7 Torr vacuum for 6 h to cure the silver
paste and remove any residual IPA. The resistance measurements
were performed at room temperature in a standard van der Pauw
configuration36 via an integrated current source-DVM system
(Keithley; model 2400). The four probe resistance measure geometry
eliminates any contribution from silver paste and copper wire leads
to the overall measured resistance. Such technique has been widely
employed to interrogate the transport properties of carbon nano-
tubes.37-41 The resistive response, ΔR/Ro ) (R - Ro)/Ro, was
measured upon exposure to three gases: ambient air, N2O and NH3

(in that order), where R is the resistance at any time and Ro is the
initial resistance of the film. The initial resistance Ro depended on
the film thickness, however, the relative change in resistance (ΔR/
Ro) of different films from the same sample batch was independent
of film thickness. The inlet pressure of the gas was systematically
increased to 10, 50, 150, 250, 500, and 700 Torr. At each pressure
step, both the resistance and the change in pressure were monitored.
At the conclusion of each individual gas measurement, the system
was degassed again at 10-7 Torr and 100 °C to recover the initial
room temperature resistance. Several films of the same material

were tested in this manner, and reported error bars represent one
standard deviation of 2-3 measurements on different films of the
same material. The change in pressure over the course of the
experiment is proportional to the gas adsorbed on the sample. (The
relation between pressure drop and moles adsorbed is the basis for
the volumetric method of gas adsorption. In brief, the ideal gas
equation, PV ) nRT, demonstrates that at constant volume and
temperature ΔP ∝ Δn). The adsorption plots are not true isotherms
as equilibrium has not necessarily been reached even after the 10
min allowed at each pressure. In most carbon materials, longer times
are generally allowed for gas adsorption to reach equilibrium, but
the time is dependent upon the adsorbate-adsorbent pair, the initial
concentration, the adsorption temperature, and the adsorption
mechanism (i.e., physisorption vs chemisorption). For example, at
low temperature (i.e., 40 °C) ammonia adsorption on activated carbon
generally require 20-40 min for equilibrium to occur.42

Results

CDC Structure. The TEM of CDC-600 depicts a network
structure with no order (Figure 1a). It is purely amorphous in
nature as confirmed by the selected area diffraction (SAD inset,
Figure 1a). In CDC-1000 graphitic layers with interplanar distance
of ∼0.34 nm (‘1’, in Figure 1b) have begun to appear at the
edges of the material, but amorphous carbon (‘2’, Figure 1b) is
still present. Raman spectrum of the B4C precursor show distinct
features, all below 1100 cm-1 (Figure 2); these features are
completely absent in CDC-600 and CDC-1000. Instead, both
CDC-600 and CDC-1000 have the “D” (disorder) and “G”
(graphite) peaks characteristic of carbon materials at ∼1320 and
∼1590 cm-1, respectively (Figure 2). The pronounced D peak
is characteristic of highly disordered carbon for both materials.
Increasing the preparation temperature from 600 to 1000 °C has
decreased D:G: from 1.87 to 1.70 for CDC-600 and CDC-1000,
respectively, showing the disorder decreases slightly with
increased preparation temperature. The location of the G-peak,
at frequencies above 1580 cm-1 has been associated with ‘chain-
like’ sp2 carbon.43,44 Thus, the higher preparation temperature
of CDC-1000 provides a modest increase in carbon order relative
to CDC-600, and the increase in G peak frequency is an indication
that sp2 is more aligned in chain-like carbon structures for CDC-
1000.

Surface Area and Porosity. The BET SSA and the total pore
volume measured for CDC-1000 are 1286 and 0.5178 cm2/g,
respectively, compared to 978 and 0.4343 cm2/g for CDC-600

(36) Van der Pauw, L. J. Philips Res. Rep. 1958, 13, 1–9.
(37) Sumanasekera, G. U.; Pradhan, B. K.; Romero, H. E.; Adu, K. W.; Eklund,

P. C. Phys. ReV. Lett. 2002, 89.
(38) Sumanasekera, G. U.; Pradhan, B. K.; Adu, C. K. W.; Romero, H.; Eklund,

P. C. Abstr. Pap. Am. Chem. Soc. 2004, 228, U681–U681.
(39) Sumanasekera, G. U.; Pradhan, B. K.; Adu, C. K. W.; Romero, H. E.;

Foley, H. C.; Eklund, P. C. Mol. Cryst. Liq. Cryst. 2002, 387, 255–261.
(40) Adu, C. K. W.; Sumanasekera, G. U.; Pradhan, B. K.; Romero, H. E.;

Eklund, P. C. Chem. Phys. Lett. 2001, 337, 31–35.
(41) Sumanasekera, G. U.; Adu, C. K. W.; Fang, S.; Eklund, P. C. Phys. ReV.

Lett. 2000, 85, 1096–1099.

(42) Rodrigues, C. C.; de Moraes, D.; da Nobrega, S. W.; Barboza, M. G.
Bioresour. Technol. 2007, 98, 886–891.

(43) Ferrari, A. C.; Robertson, J. Phys. ReV. B 2001, 64, 075414.
(44) Ferrari, A. C.; Robertson, J. Phys. ReV. B 2000, 61, 14095–14107.

Figure 1. (a) HRTEM of CDC-600 shows the carbon structure is
noncrystalline but with some texture. The insert SAD indicates the
amorphous structure of the CDC. (b) HRTEM of CDC-1000 shows the
presence of a mixture of graphitic layers of interplanar distance of 0.34
nm (arrows labeled 1) and a noncrystalline amorphous structure (arrow
labeled 2).
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(Table 1). Expected to dominate in the adsorptive gas response,
the micropore volume is 0.41 cm3/g for CDC-1000 and 0.30
cm3/g for CDC-600 (Table 1). Thus, a significant microporosity
remains in our material despite using pure Cl2 in the extraction
process. (High Cl2 concentration may lead to carbon etching and
large pores as observed in zirconium carbide-derived CDCs.28)
The PSD of CDC-600 and CDC-1000 are qualitatively similar,
yet CDC-1000 has a greater area attributable to pores of width
between ∼0.5 and ∼0.8 nm (Figure 3). However, the width of
the 0.5 nm peak in the PSD is broader for CDC-600, with CDC-
600 having greater SSA in the range of ∼0.6 nm to just below
2 nm (Figure 3, inset). CDC-1000 has greater pore area for pores
greater than 2 nm (see Figure 3 inset). The results are consistent
with previous studies for B4C-derived CDCs,26 in which moderate
increase in preparation temperature (from 600 to ∼900 °C) led
to increase in micorpore volume, whereas high preparation
temperature (i.e., 1200 °C) led to coalescence of micropores to
form mesopores.

Surface Chemistry. FTIR was used to characterize surface
chemistry, with assignment based on multiple references.45-48

The surface chemistry of both CDC-600 and CDC-1000 is
complex and heterogeneous, thus our focus in interpretation is
highlighting the main features and differences between the two
materials. We also restrict candidate groups to elements present
from the precursor (B, C), the gases used in synthesis (Ar, Cl2

trace H2O, O2), ambient air exposure (N2, O2), and residual IPA
from the suspension. A pronounced peak at 3230-3245 cm-1

for both CDC-600 and CDC-1000 is likely due to water adsorption
that occurred during sample transfer and exposure to ambient air
(Figure 4). The high frequency shoulder on this peak is in the
range of alcohols, (3400-3640 cm-1) and amines (3310-3500
cm-1). Amines can be ruled out as their vibrations tend to be less
intense than alcohols and oxygen functional groups are much
more prevalent in activated carbon materialsstrace O2 in the
gases used for preparation will lead to the formation of the C-O
bonds at the synthesis temperatures, as demonstrated with X-ray
absorption near-edge structure spectroscopy.29 Furthermore, any
dangling bonds present after synthesis will be rapidly oxidized
upon air exposure during sample handling. For CDC-1000, a
broad and subtle peak at ∼2650 cm-1 indicates carboxylic acids
(2500-3100 cm-1) and a broad peak at 2200 cm-1 indicates
triple bonds (2000-2500 cm-1). Both CDC-600 and CDC-1000
have vibrations associated with carbonyls (1670-1780 cm-1;
region ‘v’), and the carbonyl vibration is more pronounced for
CDC-1000. Aromatic carbons have a characteristic vibration in
the range of 1500-1600 cm-1 (region ‘vi’), and this is more
pronounced in CDC-1000. However, CDC-600 has a shoulder
on this aromatic peak at ∼1450 cm-1, an indication of aliphatic
bending, a sign of greater disorder for CDC-600. Low frequency
vibrations in the “fingerprint region” of FTIR show the most
pronounced differences between the two samples. In the range
expected for the carbon-oxygen bond for alcohols (1050-1150
cm-1), CDC-600 has two features whereas CDC-1000 has one.

(45) McMurry, J., Organic Chemistry, 3rd ed.; Brooks/Cole Publishing
Company: Pacific Grove, CA, 1992; pp 429-437.

(46) Mayo, D. W.; Miller, F. A.; Hannah, R. W., Course Notes on the
Interpretation of Infrared and Raman Spectra; Wiley-Interscience: New York,
2004.

(47) Gomez-Serrano, V.; Acedo-Ramos, M.; Lopez-Peinado, A. J.; Valenzuela-
Calahorro, C. Fuel 1994, 73, 387–395.

(48) Laboratories., S. R., The Sadtler handbook of infrared spectra; Simons,
W. W., Ed. Sadtler Research Laboratories: 1978.

Figure 2. Raman spectra for (a) the B4C precursor, (b) CDC-600, and
(c) CDC-1000. The D:G ratios (based on peak area) are 1.87 and 1.70
for (b) and (c), respectively.

Table 1. BET Surface Area and Total Volume of Pores of
CDC-600 and CDC-1000

sample
BET surface
area (m2/g)

micropore
volume (cm3/g)

total pore
volume (cm3/g)

CDC-1000 1287.0 0.41 0.52
CDC-600 978.2 0.30 0.43

Figure 3. Pore size distribution, calculated from N2 adsorption for CDC-
600 (dashed line) and CDC-1000 (solid line) shows preparation conditions
alter the pore structure. The inset is a zoom of the macropore and mesopore
regions.

Figure 4. FTIR spectra for (a) CDC-600 and (b) CDC-1000. Regions
of interest include (i) alcohol O-H stretching; (ii) adsorbed water (O-H
stretching); (iii) carboxylic acids O-H stretching; (iv) triple-bond
stretching; (v) carbonyl CdO stretching; (vi) aromatic stretching; (vii)
alcohol C-O stretching; (viii) C-H out of plane bending; (ix) C-Cl
stretch.
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With such heterogeneous samples, it is difficult to assign
specifically the surrounding chemistry associated with these
alcohol functionalities, but it is of note that the features in CDC-
600 are much more pronounced. In the low frequency range,
CDC-600 has several features not present for CDC-1000: peaks
below 900 cm-1 can be associated with out-of-plane C-H bending
and peaks in the range of 600-800 cm-1 are associated with
C-Cl vibrations. To the best of our knowledge, FTIR has not
previously been used to assess the surface chemistry of CDCs.
Although X-ray absorption near-edge structure spectroscopy
provided evidence for carbonyls in CDCs, which was attributed
to oxygen contamination during synthesis.29 This group mentions
Cl2 trapped during synthesis,29,33 but makes no mention of
halogenated carbons being formed.

Comparison of CDC-600 to CDC-1000. The differences
between CDC-600 and CDC-1000 are subtle. Graphitic regions
are starting to form at the edges of the CDC-1000 material (Figure
1), but this is a localized phenomenon and the bulk of CDC-1000
remains highly disordered, as reflected in the high D:G ratio.
Structurally, the two materials have a qualitatively similar PSD,
though CDC-1000 has a greater number of micropores in the
range of 0.5-0.6 nm (Figure 3), and CDC-600 has a greater
number of micropores in the range of ∼1-2 nm (Figure 3, inset).
The large number of micropores in the range of 0.5-0.6 nm for
CDC-1000 leads to increased SSA. The differences in surface
chemistry are also extremely subtle, with only minor inflections
for carboxylic acids and triple bonds in CDC-1000, and possible
trace chlorine in CDC-600. CDC-1000 appears to have a more
intense carbonyl vibration, but the functional groups within CDC-
600 are more diverse with multiple peaks..

Chemical SensingsResistive Response. The sensors were
exposed to the various gases sequentially in the following order:
ambient air, N2O, NH3. Despite prior gas exposure, the sensor
response returned to its initial resistance, Ro, with the interim
treatment at 10-7 Torr vacuum at 100 °C, as illustrated by the
absolute resistance, R, in Figure 5 at the first pressure point for
each gas. At 10 Torr, the response (ΔR/Ro) of CDC-600 was
∼11% for NH3, 1% for N2O, and ∼0.5% for room air (Figure
5a). For CDC-1000, ΔR/Ro was 2%, 0.4%, and 1%, for NH3,

N2O, and room air, respectively (Figure 5b). The higher sensitivity
to NH3 continues at pressures up to 700 Torr for both CDC-600
and CDC-1000 (Figure 6). In the subsequent discussion, the rate
of response data (i.e., Figure 5) will be distinguished from the
overall response data after 30 min (i.e., Figure 6).

Discussion
Response Time Follows Kinetic Diameter, Tortuosity and

Porosity. The rate of response of both CDC-600 (Figure 5a) and
CDC-1000 (Figure 5b) for the various gases follows the trend
predicted by kinetic diameter: the materials respond first to NH3

(2.56 Å), second to N2O (3.26 Å), and then to air (O2, 3.46 Å
and N2, 3.64 Å). The effect is more pronounced for CDC-1000
thanCDC-600.This isa likelyeffectofcarbonmorphologysTEM
and Raman suggest CDC-1000 is more ordered. The formation
of graphitic layers appear at the edges of the material and likely
restricts access of probe gases to the innermost portion of the
CDC material. Thus, the response for all gases is delayed in
CDC-1000 relative to CDC-600. Despite greater overall micropore
volume, the PSD for CDC-1000 drops rapidly in the range of
1-2 nm (Figure 2, inset) suggesting narrow channels within the
CDC-1000 do not taper off, and may have limited access. The
smallest probe molecule, NH3, has a sluggish response to the
tortuous CDC-1000 material and has not saturated even after 10
min (Figure 5b). The CDC-1000 and NH3 interaction has a
seeming two-phase response, suggesting there is an initial
penetration into easily accessible channels followed by a
secondary further penetration of the NH3 into tightly knit,
molecular size pores. The effect is less pronounced for larger
gases: in CDC-1000, N2O plateaus after ∼3.5 min and air plateaus
after ∼5.5 min.

Gas Adsorption not a Predictor of Overall Resistive
Response. Sensor response has been correlated to adsorption,11

as gas-surface interaction is a prerequisite step for a change

Figure 5. Initial resistive response, R, (at P ) 10 torr) to NH3 (squares),
N2O (circles) and room air (triangles) versus time of (a) CDC-600 and
(b) CDC-1000.

Figure 6. Response (ΔR/Ro) versus equilibrium pressure (Pe) of NH3

(squares), N2O (circles) and room air (triangles) for (a) CDC-600 and
(b) CDC-1000. The gases are plotted on two scales to accommodate
large differences in response. Error bars represent one standard deviation
of 2-3 measurements on different films of the same material.
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in the electrical properties of a chemical sensor. The superior
performance of CDCs in gas adsorption29,33 and electrochemical
applications34,49 is attributable to their high SSA and tunable
porosity. The former maximizes the area available for interaction
between the gas and solid, whereas the latter increases the
accumulation of the probe gas at the surface due to increased
surface potential. However, with all gases studied and at all
pressures studied, the sensor response of CDC-600 is greater
than that of CDC-1000 (Figure 6), despite the decreased SSA
and micropore volume of CDC-600 relative to CDC-1000.

To consider this matter further, we consider pseudoad-
sorption isotherms (Figure 7). As plotted, the linear dependence
on this log-log scale suggests the adsorption follows the generic
Freundlich power-law adsorption isotherm. All gas-carbon
combinations follow the Freundlich isotherm, except N2O, which
is discussed separately below. Comparison of the pseudo
adsorption isotherm (Figure 7) to the resistive response (Figure
6) shows no correlation between adsorption and sensor response.
For example, NH3 adsorption is comparable (ratio of adsorption
to CDC600 to CDC100 varies from 0.75-1.12 over the entire
pressure range) in both materials, but resistive response is
significantly greater for CDC-600 compared to CDC-1000 (ratio
varies from 2.8-4.3 from 0-760 Torr). The other gases vary
more widely between materials. The lack of correlation between
the adsorption and sensor response is a likely indicator that the
strength of interaction plays a role in sensor response, a factor
that would not be probed by simple adsorption isotherms. The
lack of correlation between SSA and sensor response is another
indication that a chemical interaction (i.e., charge transfer)
between the probe molecule and the sensor materials dictates
sensing response in both CDC-600 and CDC-1000. In other words,
the sensing response is not determined by the number of sites
available for interaction (else CDC-1000 would have a greater
response), but rather, the strength of interaction. The subsequent
two sections consider the gases individually.

Chemical Interactions with NH3. NH3 is a common probe
gas to assess the response of carbon-based sensors, and has led
to the greatest response for both CDC-600 and CDC-1000 at all
pressures. We note that the sensitivity of the CDC-600 sensor
to NH3 (ΔR/Ro ≈ 45%) is large when compared to results for
CNT-based sensors, which typically range from 5-13%.2,3 The
high response is without intentional oxidation, which is generally
required to elicit a response to NH3 in graphitic (hydrophobic)
activated carbon and defect-free CNTs.50 FTIR indicates oxygen
groups are inherent to the CDCs, a likely result of the Cl2 extraction
process and the creation of unstable/dangling bonds that are
readily oxidized.

At 300 K and 1 atm, N2 and O2 present in room air can be
considered inert. At these conditions, the relative response to
NH3 vs room air was 8.4-fold for CDC-600 and 4.7-fold for
CDC-1000 (see Figure 6). NH3 is an electron-pair donor and
is thus a Lewis base, adsorption of NH3 implies interaction with
surface acid groups of the CDC. (NH3 adsorption is a standard
test for surface acidity, as demonstrated in ref 51.) Lewis acid
functional groups on CDC-1000 include carboxylic acids
(2500-3100 cm-1, Figure 4) and electron-deficient triple bonds
(2000-2500 cm-1, Figure 4). Candidate Lewis-acid functional
groups on CDC-600 are not apparent from FTIR, with most
detectable functional groups being of an electron-rich nature
(i.e., C-Cl, C-OH). The greater response of CDC-600 to NH3

compared to CDC-1000 must therefore be due to increased
interaction with disordered carbon rather than specific electron-
deficient functional groups. The functional groups attributable
to disordered carbon (e.g., defects in the graphitic plane, aliphatic
carbons, carbon chains, etc.) are difficult to detect in FTIR, yet
still make a significant contribution to overall surface chemistry.

Interactions with N2O. The response to N2O was unique
when compared to the other probe gases, and is considered
separately. Relative to air, the N2O response was 85% for CDC-
600 and 8.1% for CDC-1000 at 760 Torr (see Figure 6). N2O
has a negative formal charge, and thus also expected to interact
with Lewis-acid sites. However, N2O has 1/10th the response of
NH3 in interacting with CDC-600 and ∼1/60th the response in
interacting with CDC-1000. Furthermore, interaction of N2O
with CDC-1000 is the one gas-surface pair in which sensor
response did not monotonically increase with pressure (Figure
6b). The response of CDC-1000 increased initially with N2O
pressure, then began to decline at ∼P ) 150 Torr. Also, N2O
did not follow the generic Freundlich power-law adsorption
isotherm (Figure 7), an indication of activated adsorption, slow
adsorption equilibrium, or a sign of chemical reaction. The latter
would be unexpected at room temperature without catalyst.

Summary and Conclusions

This work explores carbide derived carbons as room tem-
perature gas sensors. Both the response time and overall response
of the sensors were related to the carbon morphology, which can
be altered by varying the CDC preparation conditions. Specif-
ically, higher CDC preparation temperatures led to the formation
of external graphitic layers that impeded the sensor response
time. Gas adsorption, including both standard measurements of
surface area and porosity (using N2 BET and DFT analysis) and
quantification of the direct adsorption of the probe gas, did not
follow the trends in the sensor response, suggesting charge transfer
between the probe gas and the CDC led to the resistive response.
CDCs provide a strong response to NH3 without additional surface
modification or chemical functionalization. Sensing materials
with increased carbon order had a decreased resistive response,
despite more sites for interaction. The results suggest the probe

(49) Chmiola, J.; Yushin, G.; Dash, R.; Gogotsi, Y. J. Power Sources 2006,
158, 765–772.

Figure 7. Log-log plot of the pressure drop upon gas exposure versus
equilibrium pressure (Pe) for (a) CDC-600 and (b) CDC-1000 upon
exposure to NH3 (squares), N2O (circles) and room air (triangles) over
the entire pressure range up to 760 Torr. Pressure drop, ΔP is proportional
to gas adsorbed, thus the figure is a pseudoadsorption isotherm (see
text).
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gases interact with disordered carbon (e.g., defects in the graphitic
plane, aliphatic carbons, carbon chains, etc.) which do not have
a strong FTIR fingerprint but are reflected in the Raman
spectroscopy and TEM characterization.
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Fluorimetric Nerve Gas Sensing Based on Pyrene
Imines Incorporated into Films and Sub-Micrometer
Fibers

By Jeremy M. Rathfon, Zoha M. AL-Badri, Raja Shunmugam, Scott M. Berry,

Santosh Pabba, Robert S. Keynton, Robert W. Cohn, and Gregory N. Tew*

1. Introduction

Organophosphates are toxic compounds found in chemical-
warfare agents, such as Sarin and Soman, as well as pesticides.
Highly active, volatile chemical-warfare nerve agents cause rapid
and severe inhibition of serine proteases, most markedly
acetylcholinesterase, which is vital to nerve function. This
inhibition is often fatal. Nerve agents were used in the 1995
terrorist attack in a Tokyo Subway[1] and on Kurdish communities
in Iraq.[2] The ease of manufacturing and dispensability, as well as
available, inexpensive starting materials make these agents a
weapon of choice for criminal terrorist attacks. Thus, the rapid
sensing of these nerve agents has become an increasingly
important research goal, especially aimed towards practical ‘‘in the
field’’ devices. Concerns for national security as well as large

stockpiles of aging and currently leaking
weapons containing nerve agents in the
United States make the problem of nerve
agent sensing even more imperative.[3]

There have been a number of
approaches for the detection of chemical-
warfare agents including colorimetric,[4–6]

fluorimetric,[7–12] photoacoustic spectro-
scopy,[13] gas chromatography-mass spectro-
metry,[14] enzymatic assays,[15] andmolecular
imprinting coupled with lanthanide lumi-
nescence and fiber optics.[16] Although all
of these methods have advantages and
disadvantages, no gold standard has
emerged and many approaches are either
complex, non-sensitive, non-selective, or
do not sense in real time. Continued
improvements in the detection of warfare

agents are critical. Key attributes of a practical sensing system are
sensitivity, selectivity, timely detection, and portability along with
operational simplicity. An extremely facile method of chemical
sensing is the creation of an optical event, such as a color change
or fluorescence, upon exposure to an analyte, referred to as ‘‘turn
on’’ sensors.[5–7,9,12,17,18] The very high sensitivities of fluores-
cence based sensing molecules make this mode of detection
particularly attractive.[7,18]

This report shows the fluorimetric detection of nerve agent
surrogates in both solution and functional micrometer and sub-
micrometer fibers (Fig. 1). The pyrene imine molecules (Fig. 2)
used for sensing are weakly luminescent in the UV region, but
upon exposure to a nerve agent mimic the molecules fluoresce
strongly in the visible spectrum. The sensing scheme is simple
and robust, being able to detect nerve agent mimics in the vapor
phase from a solid support. The sensitivity and selectivity of the
pyrene imine and how these properties change in the solution
and bulk polymer films as well as fibers are discussed.

Recent studies have shown the use of nanofibers and other
nanoobjects as useful architectures for many applications such as
tissue engineering, photonics, catalysis, electronics, optics,
scaffolds for microfluidics,[19–21] and, most pertinently, sen-
sing.[22–25] There are a few accessible techniques to manufacture
polymer nanofibers including electrospinning.[26] Recently, Cohn
and associates produced multiple oriented, suspended polymer
nanofibers in parallel via a facile direct drawing approach.[20,27]

The creation of fibers increases detection surface area and thus
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The chemical sensing of nerve gas agents has become an increasingly

important goal due to the 1995 terrorist attack in a Tokyo subway as well as

national security concerns in regard to world affairs. Chemical detection

needs to be sensitive and selective while being facile, portable, and timely. In

this paper, a sensing approach using a pyrene imine molecule is presented

that is fluorimetric in response. The detection of a chloro-Sarin surrogate is

measured at 5 ppmv in less than 1 second and is highly selective towards

halogenated organophosphates. The pyrene imine molecule is incorporated

into polystyrene films as well asmicrometer and sub-micrometer fibers. Using

both a direct drawing approach and electrospinning, micrometer and

nanofibers can be easily manufactured. Applications for functional sensing

micrometer and nanofibers are envisioned for optical devices and photonics

in addition to solution and airflow sensing devices.
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could lead to an increase in response time and sensitivity.[25,28] In
addition to increased sensitivity, fibers can also be incorporated
into devices for sensing applications. This report will discuss the
sensitivity and selectivity of polymer fibers created both by
electrospinning and the direct drawing approach.

Because of the health hazards involved with nerve agents,
surrogates are commonly used and were chosen for the detection
experiments reported here; diethyl chlorophosphate, chloro-Sarin
surrogate (SAS-Cl), was chosen as a structural and functional
mimic for the nerve agent Sarin, likewise pinacolyl methylphos-
phonate, Soman surrogate (SOS), was used as amimic for Soman
(Fig. 3).[6,7,10–12] Also shown in Figure 3 are various organopho-
sphates and acetyl chloride (AcCl) which were chosen to test the
selectivity of 1 for nerve agents versus compounds with similar
structure and functionality.

2. Results and Discussion

The norbornene pyrene imine monomer (1) was synthesized in
the pursuit of creating polymeric based sensors.[11,29] Monomer 1
was subjected to ring-opening metathesis polymerization
(ROMP) yielding a homopolymer of densely packed pyrene
functionalities, with the idea of using these polymers to directly

draw fibers. However, these polymers exhibited
the well-known excimer emission common to
pyrene, so they only served as ‘‘turn-off’’
indicators in the presence of SAS-Cl. The
‘‘turn off’’ event is a decrease in intensity of
emission and is more difficult to measure or
see optically than the creation of a unique
optical event. Further complicating the matter,
the homopolymer of 1 has issues with solubility
in many solvents. In order to create drawn
fibers from polymers of molecular weight
around 100 kDa, solutions at a minimum of
15wt % need to be used to prevent fiber
breakup.[30] The homopolymer is only mini-
mally soluble (less than 1wt %) in suitable,

high vapor pressure drawing solvents such as toluene,
chlorobenzene, and CHCl3. To circumvent these difficulties we
considered the direct use of monomer 1 itself. This structure
proved to be a valuable ‘‘turn on’’ sensor as presented below.

2.1. Solution Properties of 1 and 2

Due to these complications with the homopolymer, the solution
and bulk properties of the small molecule 1 were studied. This
monomer was found to have much better sensing properties and
capabilities with the creation of a unique ‘‘turn on’’ optical event,
rather than the difficulties involved with a ‘‘turn off’’ sensing
probe where a small decrease in a large signal must be detected.
In addition, 1 can also be easily incorporated into polymer
solutions for the purpose of drawing micrometer and sub-
micrometer fibers. Studying the solution and bulk properties of 1
gave more insight on its sensing properties, and allows for the
incorporation of 1 into future polymer compositions and
architectures. To be sure the pyrene imine was essential for
fluorimetric detection of nerve agents a model compound (2),

www.afm-journal.de

Figure 1. Detection scheme of a nerve agent mimic with the pyrene imine 1. Fibers were formed

from 15wt % PS in toluene, containing 0.1 wt % 1, before (left) and after (right) exposure to SAS-

Cl.

Figure 2. Chemical structures of the sensing molecules 1, which is able to

be polymerized, and 2, a model compound.

Figure 3. Chemical structures of the nerve agents Sarin (GB) and Soman

(GD), the nerve agent mimics diethyl fluorophosphates (fluoro-Sarin

surrogate (SAS-F)), diethyl chlorophosphate (chloro-Sarin surrogate

(SAS-Cl)), and pinacolyl methylphosphonate (Soman surrogate (SOS)),

as well as triethyl phosphate (TEP), tributyl phosphate (TBP), phenyl

dichlorophosphate (PDCP), and acetyl chloride (AcCl).
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containing an alkyl group in place of the norbornene function-
ality, was also investigated.

The sensitivity and selectivity of both the norbornene pyrene
imine (1) and the alkyl pyrene imine (2) were determined.
Solutions were made of 1� 10–4 wt % 1 and 2 in toluene.
Fluorescence (FL) (Fig. 4) and UV-Vis (Fig. S1, Supporting
Information) spectra were taken of both before and after exposure
to a large excess (20mL) of SAS-Cl. The FL and UV-Vis spectra of 1
and 2 are essentially identical. This equality in the spectra of 1 and
2 shows that the norbornene functionality has no effect on the
optical properties of the pyrene imine group. Upon exposure to
SAS-Cl, a red shift is seen in both the absorption and emission of
the pyrene imine compounds. Most importantly, the emission of
1 shifts from a characteristic non-visible, UV pyrene emission to
an intense visible green emission at approximately 490 nm
instantaneously, allowing for the timely detection of SAS-Cl via a
fluorimetric route.

NMR experiments were performed in order to further
understand the interaction of SAS-Cl with the pyrene imine
compounds. It is proposed that the interaction involves a primary
nucleophilic attack of the imine nitrogen on the SAS-Cl
phosphorous, followed by rearrangement to form a carbon-
phosphorous bond at the imine group carbon. This proposed
reaction is supported in other reports.[31] Monitoring this reaction
with 1H NMR, a decrease in the imine proton peak intensity
(8.44 ppm) is seen which corresponds to the loss of this proton
during the reaction. Expected shifts of the b-pyrene proton
(8.89 ppm) as well as the proton adjacent to the imine (methylene
in 1, 4.01 ppm, and methyne proton in 2, 3.12 ppm) confirm the
phosphorylation of the imine. The corresponding 1H NMR
spectrum of the reacted pyrene imine is given in the Supporting
Information (Fig. S14). The resultant phosphorylated imine bond
is conjugated with the pyrene ring resulting in the observed red-
shift in the fluorescence.

To further investigate the importance of the imine in the
reaction with SAS-Cl, the UV-vis and FL spectra of 1-
pyrenecarboxaldehyde, the aldehyde precursor to 1, were also
taken before and after exposure to SAS-Cl (Fig. S2). The spectra of
the 1-pyrenecarboxaldehyde upon exposure to SAS-Cl, shows no
observed decrease in the characteristic pyrene peaks and no green
emission in the 490 nm range as observed with the reaction of
SAS-Cl and 1. This lack of detection on the part of 1-

pyrenecarboxaldehyde shows that the reactive
imine of 1 is crucial in the detection of SAS-Cl.
The UV-Vis and FL spectra of 1, before and
after exposure to SAS-Cl, were also taken in
DMSO and CHCl3 and are similar to the
toluene spectra in Figure 4.

The sensitivity of 1 in solution was deter-
mined by adding specific amounts of SAS-Cl
and measuring the subsequent emission (Fig.
5). The green emission at approximately
490 nm can be detected both by the naked
eye under a handheld UV lamp and through FL
at an exposure of 40 parts per million volume
(ppmv) SAS-Cl in both toluene and CHCl3 (Fig.
S3) at a concentration of 1� 10–4 wt % of 1. As
more SAS-Cl is added, the characteristic pyrene
peaks decrease and the green emission

increases. The sensitivity of 2 (Fig. S4) was similar to that of
1, however 2, due to its lower molecular weight, had a slightly
higher mole percent in solution, thus was slightly more sensitive
at the same concentration (0.1wt %).

2.2. Bulk PS Film Properties

In order to investigate the detection of nerve agents in the solid
state and eventually in polymeric fibers, films were created of 1
dispersed in PS. The films and fibers were cast from a 15wt %
solution of PS in toluene containing 0.1wt % 1. The sensitivity
and selectivity of these PS films were studied to determine their
sensing properties. The green emission, and thus the sensitivity
of 1, in the PS film can be easily detected via FL or by the naked
eye under a handheld UV lamp at an exposure of 5 ppmv SAS-Cl
(Fig. 6). The detection of SAS-Cl in the PS films was fast,
occurring in less than one second upon exposure and almost an
order of magnitude greater than in solution (5 ppmv vs. 40 ppmv,
respectively).

The solution sensitivity of 1 may have been affected by the
equilibrium between the imine functionality and the correspond-
ing hydrolyzed amine and pyrene aldehyde products. In the solid

www.afm-journal.de

Figure 4. FL spectra of 1 (A) and 2 (B) in toluene before and after exposure to a large excess

(20mL) of SAS-Cl.
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form 1 is stable, having a shelf life of at least one year, as checked
by NMR; however, the equilibrium of 1 with the hydrolyzed
amine could be more pronounced in dilute solutions. This
hydrolyzed amine would react with SAS-Cl to effectively lower the
threshold sensitivity of 1; amine would react with SAS-Cl,
requiring more SAS-Cl to be added to the solution in order to
detect the green emission, therefore the sensitivity of 1 in solution
would be decreased. Previous work, illustrated by Stern-Volmer
constants, showed that diethyl fluorophosphate (fluoro-Sarin
surrogate (SAS-F)) was much more reactive than SAS-Cl
suggesting that the activity of the organophosphate directly
affects the sensitivity of the sensor, thus 1 would be more
sensitive to SAS-F versus SAS-Cl.[11] In turn, 1 would be even
more sensitive to Sarin itself.

Fluorescence optical microscopy (FOM) of cross-sections of
exposed PS films were taken. Interestingly, at lower exposures
(less than 20 ppmv SAS-Cl), emission only occurs at the film
surface, indicating that the emission of 1 when reacted to SAS-Cl
is diffusion dependent (Fig. S5). Sensitivity could be increased if

surface area versus the amount of 1 was increased, implying the
use of smaller objects such as micrometer and nanofibers would
allow for increased sensitivity.[25,28]

The selectivity of 1 in the PS films was determined by exposure
to a large excess of various organophosphates and acetyl chloride,
with similar structure and functionality to Sarin and its mimic
SAS-Cl (Fig. 7). These films containing 1 were determined to be
insensitive towards alkyl phosphates (TEP and TBP) or the Soman
surrogate (SOS). The selectivity of 1 towards an acid chloride
(AcCl) and a dichlorophosphate (PDCP) was also measured. A
small response was seen from exposure to AcCl and PDCP,
indicating that the increased reactivity of SAS-Cl is significant and
why no response was observed upon addition of SOS. The
selectivity of 1 in solution was similar to the selectivity in the bulk
PS films.

2.3. Fibers: Properties and Applications

Micrometer and sub-micrometer fibers were manufactured using
two approaches, direct drawing and electrospinning. As stated
earlier, micrometer and nanofibers have great potential for
applications in devices for tissue engineering, photonics,
catalysis, and sensing. Functional fibers can be electrospun into
mesh mats, able to be placed in solutions or airstreams, for
applications in sensing systems.[24,25] Suspended, ordered fibers
could be incorporated into optical devices for use in electronics,
photonics, optics, and sensors[19,20,23] or as scaffolds for
microfluidic devices.[20] In addition, fibers have increased surface
area and thus have increased exposure to the sensing environ-
ment. If sensing in the solid is diffusion limited, smaller objects
with increased surface area may prove to be more sensitive.[25,28]

Suspended, ordered micrometer and sub-micrometer fibers
were manufactured by a direct and facile approach developed by
Cohn and associates.[20,27] As Cohn, McKinley, and coworkers
have shown, the drawn fiber diameter can be tailored by the
modulation of solution properties including viscosity and surface
tension, which are changed by varying the solution concentration

and the MW of the polymer.[30,32] In this
report, drawn fibers were created from a
toluene solution of 15wt % PS
(Mn¼ 400 kDa), containing 0.1wt % 1, to
form fibers with various diameters from less
than 1mm to approximately 40mm (Fig. 8).
These unexposed fibers (Fig. 8A) were then
exposed to SAS-Cl vapor to measure their
sensitivity. The green emission of 1 could be
easily detected at 2.5 ppmv exposure to SAS-Cl
by FOM (Fig. 8B and C) and at 5 ppmv by the
naked eye under a handheld UV lamp. The
‘‘turn on’’ optical detection event is easily seen
in the difference between the unexposed fibers
in Figure 8A and the same fibers exposed to
SAS-Cl in Figure 8B.

Electrospun fibers were created by spinning
a DMF solution of 20wt % PS (Mn¼ 400 kDa)
solution, with 0.13wt % 1, flowing at
0.01mLmin�1 across a distance of 12 cm with

www.afm-journal.de
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an applied voltage of 16 kV. This concentration of PS and 1
maintains the same composition of PS to 1 in the dried
electrospun fibers, as used previously in the PS films and direct
drawn, oriented fibers. The resultant fibers formed a mat and
have an average diameter of approximately 360 nm with no
observed beading (Fig. 9A). As shown in the literature,
electrospun polystyrene fiber diameter and morphology can be
tuned by molecular weight of the polymer and concentration of
the solution (Fig. S6).[26] The sensitivity of the electrospun fibers
was examined and the green emission of 1 was detected at
10 ppmv exposure to SAS-Cl as measured by FL (Fig. S7) and
5 ppmv by both FOM (Fig. 9B) and the naked eye under a
handheld UV lamp. The high density of fluorescent fibers in the
electrospun mat account for the bright green background in the
FOM picture of Figure 9B. The slight decrease in sensitivity of the
electrospun fibers as compared to the solid and suspended,
oriented fibers could have occurred due to slight solvation of the
smaller electrospun fibers by the acetone used as a diluent for
SAS-Cl.

3. Conclusions

A novel approach for the fluorimetric sensing
of nerve agents has been presented. The
approach is facile, timely, and easy to interpret
via the change from no response to a green
emission. The sensitivity of the sensing
molecule in solution versus PS films and
micrometer and sub-micrometer fibers was
found to be 40 and 5 ppmv, respectively. This
increase in sensitivity in the solid and fiber
states can be attributed to increased local
concentration of sensing species in the solid as
well as increased surface area and thus
exposure to the sensingmolecules. The pyrene
imine based sensing molecule was found to be
selective towards a Sarin surrogate versus
other organophosphates, acid chloride, a
hydroxyl Soman surrogate (SOS), and less
reactive halogenated phosphates. This sensing
scheme has the potential to be incorporated
into a functional fluorimetric device. The
application of this detection into functional
micrometer and nanofibers will allow it to be

utilized with optical devices and photonics as well as solution and
airflow sensing devices.

4. Experimental

Materials: All chemical reagents were purchased from Aldrich,
Alfa Aesar, Fisher, Cambridge Isotopes Aldrich, VWR, or Acros Organics
and used without further purification unless otherwise stated. Polystyrene
(PS) standards of number average molecular weight (Mn) of 400 kDa and
polydispersity index (PDI) of 1.06 were purchased from VWR and used for
all films and fibers.

[2-(3,5-dioxo-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)-ethyl]-carbamic
Acid tert-Bbutyl Ester : Di-tert-butyl dicarbonate (16.0 g, 73.3mmol) was
added to a solution of ethanol amine (3.96mL, 66.6mmol) in dioxane
(400mL) and allowed to stir at room temperature for overnight. The
solvent was then removed under reduced pressure and the crude product
was redissolved in dichloromethane (200mL) and washed, consecutively,
once with 1% HCl solution (200mL), twice with a saturated NaCl solution
(2� 100mL), and once with water (200mL). The final solution was treated
withMgSO4 and the solvent was removed under reduced pressure to afford
the (2-hydroxy-ethyl)-carbamic acid tert-butyl ester in 98% yields (10.5 g) as
colorless oil. (2-Hydroxy-ethyl)-carbamic acid tert-butyl ester (4.00 g,

24.8mmol) was then added to a round-bottom flask
charged with 10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-
3,5-dione (3.73g, 22.6mmol) and triphenylphosphine
(6.51 g, 24.8mmol). Tetrahydrofuran (200mL) was then
added to the flask to dissolve the mixture. The flask was
immersed in an ice bath upon which diisopropyl
azodicarboxylate (4.8mL, 24.8mmol) was added drop-
wise. The ice bath was then removed and the reaction
mixture was allowed to stir at room temperature for
12 h. The solvent was later removed under reduced
pressure. The pure product, [2-(3,5-dioxo-10-oxa-4-aza-
tricyclo[5.2.1.02,6]dec-8-en-4-yl)-ethyl]-carbamic acid
tert-butyl ester, was isolated by crystallization from
anhydrous diethyl ether (5.58 g, 80% yield). 1H NMR
(300MHz) and 13CNMR (75MHz) spectra were obtained
using a Bruker DPX-300MHz NMR spectrometer. 1H
NMR (300MHz, CDCl3, d): 6.48 (s, 2H), 5.22 (s, 2H), 4.80

www.afm-journal.de

Figure 8. Optical microscopy of PS fibers containing 1 (from a solution of 15wt % PS

and 0.1wt % 1 in toluene) in bright field illumination with no exposure (A) and in fluorescence

after exposure to SAS-Cl (B). FOM of fibers with an average diameter of 4.9mm after exposure

to SAS-Cl (C).

Figure 9. Electrospun PS fibers containing 1 (from a solution of 20wt % PS and 0.13wt % 1 in

DMF) imaged by SEM (A) and FOM after exposure to SAS-Cl (B).
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(br s, 1H), 3.61–3.57 (m, 2H), 3.29–3.23 (m, 2H), 2.82 (s, 2H), 1.37 (s, 9H);
13C NMR (75MHz, CDCl3, d): 176.26, 155.87, 136.41, 80.93, 79.65, 47.33,
38.71, 38.42, 28.27.

1: [2-(3,5-Dioxo-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)-ethyl]-car-
bamic acid tert-butyl ester (2.00 g, 18.0mmol) was dissolved in a 2.5 M HCl
solution of dioxane (10.0mL). The solution was allowed to stir at room
temperature for 6 h. The product was filtered and washed three times with
20mL diethyl ether and dried under vacuum to afford 2-(3,5-dioxo-10-oxa-
4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)-ethyl-ammonium chloride as a white
powder (1.40 g, 80% yield). To a round-bottom flask charged with 2-(3,5-
dioxo-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)-ethyl-ammonium chlor-
ide (1.40 g, 14.4mmol), 1-pyrenecarboxaldehyde (3.98 g, 17.3mmol),
absolute ethanol (50mL), and triethylamine (4.0mL, 28.8mmol) were
added. The reaction mixture was refluxed for 30min and the product
crystallized upon cooling the solution to room temperature. The product, 4-
{2-[(pyren-1-ylmethylene)-amino]-ethyl}-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec
-8-ene-3,5-dione (1), was isolated by filtration as yellow crystals (5.45 g,
90% yield). 1H NMR (300MHz, CDCl3, d): 9.16 (s, 1H), 8.89 (d, J¼ 9.3Hz,
1H), 8.44 (d, J¼ 7.9Hz, 1H), 8.21–7.98 (m, 7H), 6.38 (s, 2H), 5.16 (s, 2H),
4.01 (s, 4H), 2.79 (s, 2H); 13C NMR (75MHz, CDCl3, d): 176.26, 162.10,
136.38, 131.14, 130.56, 129.83, 128.61, 128.32, 127.39, 126.75, 126.05,
125.79, 125.58, 124.86, 124.71, 124.54, 122.82, 80.75, 59.14, 47.35, 39.62.

2: To a round-bottom flask charged with 1-pyrenecarboxaldehyde
(2.00 g, 8.69mmol), absolute ethanol (50mL) and 1-ethylpropylamine
(1.51 g, 17.4mmol) were added. The reaction mixture was refluxed for
30min and the solvent was removed under reduced pressure. The
unreacted 1-ethylpropylamine was removed at 100 8C under vacuum. The
viscous brown oil was dissolved in dichloromethane, passed through a
short silica plug, and dried under vacuum to afford (1-ethyl-propyl)-pyren-1-
ylmethylene amine (2) as a yellow solid (2.21 g, 85% yield). 1H NMR
(300MHz, CDCl3),d): 9.25 (s, 1 H), 8.86 (d, J¼ 9.3Hz, 1H), 8.39 (d,
J¼ 7.9Hz, 1H), 8.22–7.99 (m, 7 H), 3.12 (m, 1H), 1.84–1.75 (m, 4H), 0.96
(t, J¼ 7.2Hz, 6H); 13C NMR (75MHz, CDCl3, d): 158.08, 132.54, 131.26,
130.26, 129.69, 129.20, 128.53, 128.33, 127.51, 126.41, 126.09, 125.77,
125.53, 124.98, 124.75, 122.80, 76.10, 29.03, 11.22.

Sensitivity and Selectivity Measurements: All UV-Vis spectra were
obtained with a PerkinElmer Lambda 2 series spectrophotometer with
PECSS software, below an absorbance value of 1.0 to obey the Beer-
Lambert law. Fluorescence (FL) measurements were performed on a Jobin
Yvon Fluorolog-3 fluorimeter, using samples of absorbance values less
than 0.1 to avoid aggregation phenomena. Samples were excited at
lex¼ 350 nm and emission was measured from lem¼ 365–650nm at a
right angle to the excitation.

Sensitivity measurements of the 1 in solution were taken at 1� 10-4 wt
% in dimethylsulfoxide (DMSO), chloroform (CHCl3), and toluene. Specific
amounts of SAS-Cl diluted with the corresponding solvent were added and
the response was measured via FL. All sensitivities were measured in parts
per million volume (ppmv) using corresponding volumetric amounts of
SAS-Cl versus the volume of the container used. For film sensitivity of 1,
0.1 wt % of 1 was added to toluene. This solution was then added to PS to
form a 15wt % solution. The PS/1 solution (20mL) was dropped onto a
quartz slide and toluene was allowed to evaporate to form a film. The slide
was placed in a closed cuvette, with known volume, and positioned in the
fluorimeter to have excitation and emission at 45 degrees to the surface.
Specific amounts of SAS-Cl, diluted in acetone as a carrier agent, were
added to the cuvette and the response was measured via FL. The selectivity
of 1 in solution and film was measured in the same manner except a large
excess (20mL), as compared to molecules of 1, of each reagent was added
to the cuvette. All sensitivity and selectivity measurements were normalized
to the intensity at l¼ 392 nm of their corresponding spectra with no
exposure of any reagent.

Fiber Drawing: Direct drawing was performed by Drawing 20mL of
15wt % PS and 0.1wt % 1 dissolved in toluene, applied to a glass cover
slip, over a glass array of 200� 200mm square pillars with 200mm spacing.
Electrospinning of PS was performed using 10mL syringe equipped with an
18 gauge (inner diameter¼ 0.838mm) blunt-tipped needle. An aluminum
foil collector (� 10� 10 cm) was placed at a separation distance of 12 cm.
Fibers were spun using a flow rate of 0.01mL/min with applied voltages of

12, 16, and 20 kV. Fibers were drawn using two solutions, 15wt % PS and
0.1wt % 1 as well as 20wt % PS and 0.13wt % 1 dissolved in N,N-
dimethylformamide (DMF). Surface morphology, diameter, and fiber
morphology (beading) were checked via scanning electron microscopy
(SEM).

Microscopy: All optical microscopy images were taken using an
Olympus BXS1 upright microscope equipped with a HBO-100Hg lamp.
Fluorescence optical microscopy (FOM) images were taken using a
lex¼ 420–480nm excitation filter and a lem¼ 520–800nm emission filter.
SEM was performed on a JEOL 6320 FXV Field Emission SEM with JEOL
Orion software.
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Thin film metal oxide coatings have been used commercially as

electromagnetic filters from the UV to infrared regions for over

half a century. Deposition onto a substrate has typically been

accomplished using vapor deposition techniques[1–3] and more

recently sol–gel methods.[4–7] These coatings provide very good

optical and mechanical performance when applied to substrates

with similar thermal and mechanical properties. When conven-

tional metal oxide coatings are applied to flexible, relatively soft

substrates such as polymers, mismatches in mechanical proper-

ties can reduce interfacial adhesion or accelerate mechanical

failures.[8,9] The authors recently showed that a thin filmpolymer

nanocomposite can be applied to a polymer substrate and

maintain adhesion even under high strains.[10] This paper

describes the first time demonstration of an IR mirror using a

relatively inexpensive method to apply complicated thin film

dielectric stacks to a polymer substrate that can function

effectively in high strain systems.

Ultrathin layers of polymer nanocomposites can be used to

develop electromagnetic filters, with improved mechanical

performance, on compliant substrates such as polymers.

Self-assembled polymer nanocomposite thin film layers

composed of UV-cured acrylates and metal oxide nanopar-

ticles were developed as antireflective coatings for ophthalmic

lenses.[11,12] The primary failure mode in this application is

associated with intrinsic stresses introduced during processing

and thermal cycling of the plastic. Nanocomposite coatings

outperform ceramic coatings on plastic substrates because the

primary failures are ductile, limiting secondary cracks

propagating from abrasions and thereby reducing haze.[10]

Ceramic thin films in similar studies exhibited brittle fracture,

which led to secondary cracks and higher haze measure-

ments.[8,9] The use of nanoparticles at high packing densities,

up to sixty percent by volume, in a polymer allows for effective

refractive index engineering of discrete layers extending from

the visible to infrared spectrum.

Anti-reflective coatings for the visible range are relatively

simple designs of several dielectric layers and are used in

many consumer products. These same materials can also be

used to create mirrors in the IR region, but the layer counts

increases to tens of layers resulting in more complexity in the

process. For processes involving dielectric materials, these

increased interfaces increase the vulnerability of the coatings

to cracking when it is applied to a flexible substrate. A simple

thin filmfilter design utilizes a stack of¼wave thickness layers

of alternating high and low refractive index materials for

which the reflection off a surface is given by Equation 1.

R ¼ ðn0 � YÞ
ðn0 þ YÞ

� �2

(1)

whereR is reflection, n0 is index of refraction of air, andY is
admittance of the surface.[13] The admittance of a reflective
stack of i alternating ¼ wave high and low refractive index
layers is expressed in Equation 2.

Y ¼ n
ðiþ1Þ
high

nsubn
ði�1Þ
low

(2)

This simple relationship allows the determination of the

filter response at a specified wavelength (l) having layer

thicknesses equal to 0.25 l/d (d is the optical thickness, which is
the product of the refractive index and thickness of the film).

The nanocomposite thin films will require more layers than

those produced by vacuum deposition since the ratio of

refractive indices is less because of the organic binder used in

this system.

Reproducible optical response of multilayer filters is only

accomplished through precise control of the refractive index

and thickness of each layer. In general, preferred layer

characteristics include uniform thickness over surface con-

tours, low surface roughness relative to its thickness for sharp

differences in refractive index across the layer interfaces, and

the highest possible difference in refractive index between

adjacent layersmaximizing the admittance of the surface. The

nanocomposite thin films consist of essentially sphericalmetal

oxide nanoparticles with narrow size distributions dispersed

in a continuous matrix of UV-cured acrylate polymer. High

transparency and low scattering for each layer require that the

nanoparticles are not agglomerated and are significantly

smaller in diameter than the waves to be altered. The

functional materials and processes described here have

allowed our group to achieve the necessary volume densities

of nanoparticles without agglomerations.

The packing of the nanoparticles was pushed toward to the

theoretical limit of 73% for hexagonal close packing of spheres

in order to generate the largest possible refractive index

difference between layers. For our set of processing conditions

and materials, volume packing of 60% yielded highly

reproducible mechanical performance (Figure 1), which is

confirmed elsewhere.[14] At this ratio we would expect the

refractive index of the layers to follow the rules for

nanoparticle–polymer mixtures.
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A thin-film stack was designed to have a reflectance of

greater than 90% at a wavelength of 1060 nm; the stack based

on the two nanocompositematerials required fifteen layers. (A

conventional TiO2/SiO2 CVD stack would require nine

layers.) The corresponding ¼ wave thicknesses of these films

are 180 nm and 140 nm for the low and high refractive index

layers. The resulting reflectance from the surface is shown in

Figure 2 and compares very well with the predicted response.

Thin cross-sectionsof the stackonapolycarbonate substrate

were used to verify layer thickness and interlayer adhesion.

Thecoatedpolycarbonatesubstrateswereshavedwithamicrotome

to produce 50–150 nm thin cross-sections, which were analyzed

by transmission electron microscope TEM (JEOL 2010F

TEM). Figure 3 shows that the total thickness is

approximately 2.4 mm, which agrees with the

stack design of eight layers at 140 nm and seven

layers at 180 nm. The insert in Figure 3 shows

individual nanoparticles.

The micrograph also shows that the coating

performs well at points of high stress, as is

evident from the nature of the tearing of the

sample that occurs during the microtome

process. In the torn areas, there is no evidence

of failure along the interlayer surfaces, confirm-

ing good interfacial adhesion within the stack. In

addition, there is one tear that terminates at the

substrate, where it is likely that the propagation

is along the substrate–nanocomposite interface.

Elemental mapping (electron energy-loss

spectroscopy (EELS); JEOL 2010F TEM) was

conducted on a two-layer nanocomposite of low- and high-index

nanocomposites. Figure 4 shows that the separation between the

high-and low-index layers is well defined and confirms the

existence of the polymer in the nanocomposite layers.

The modulus of PVD and sol–gel coatings is well matched

to glass, but significantly larger than a polymer substrate such

as polycarbonate or PMMA,[3,15,16] whereas the polymer

nanocomposite is mechanically well matched. The metal oxide

nanoparticles embedded in the film increase the elastic

modulus, providing a thin ‘‘hard’’ coat over the softer

material, while maintaining the ratio of mechanical properties

communications

Figure 1. Reducedmodulus of elasticity of a nanocomposite TMPTA film

at different SiO2 packing densities, exhibiting a maximum at about

60 vol % nanoparticle loading.

Figure 2. Measured and predicted reflectance spectrum of the 15 layer

stack. Figure 3. Cross-section TEM image of the nanocomposite infrared filter,

where the dark section is the TiO2 and the lighter section is SiO2. Inset is

a closer view (approximately 10�magnification) showing the nano-

particles embedded in the polymer matrix.

Figure 4. Elemental mapping of a two-layer stack conducted using three elements:

titanium, silicon and carbon. Each element is mapped by the ratio of the signal

strength (counts) to the maximum signal for that element expressed as a percent.
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to those of the polymer substrate close to unity. This closely

matched strain domain limits the stress-induced cracks that

occur under large deformations.

We have shown that polymer–nanoparticle-composite

thin films can be used effectively to produce infrared mirrors

using a simple, scalable, and inexpensive process. Addition-

ally these films have better strain capabilities making them

suitable for plastic and flexible substrates and for systems that

undergo thermal cycling. In addition, the spin process allows

for higher layer stack designs to be successfully applied to

curved substrates without affecting the performance. The

nanocomposite coatings have been successfully demonstrated

for the ultraviolet through to the near-infrared range

using nanoparticles of metal oxides. This method could

also be used with other nanoparticles which would have

better properties in the infrared spectrum, such as metals and

nitrides of metals.

Experimental Section

Ultrathin nanocomposite films were manufactured by spin-coating

onto a plastic substrate using a dispersion containing nanopar-

ticles, monomer, initiator, and solvent. Spin-coating controls the

layer thickness by balancing the centrifugal forces on a spreading

thin film with the viscous forces that increase as evaporation

takes place, yielding very good repeatability.[17,18] The layer is

then partially cured using a pulse Xenon UV source lamp, creating

a polymer nanoparticle composite. Monomer conversion in the

uppermost layer is controlled to be less than 100%, so that

monomers in the following layer will crosslink across the

interfacial zone, improving interlayer adhesion. Good interfacial

adhesion between layers formed by such processing has been

shown by nanoindentation studies.[19]

The spin-coater used was manufactured by Optical Dynamics

and is capable of spinning a substrate at 1000 to 2000 rpm. The

environment is a temperature-controlled HEPA air space set

between 25 8C and 35 8C and includes a coating chamber that is

equipped with an exhaust blower to enhance solvent evaporation

and minimize defects. In addition the apparatus includes a

high-pressure cleaning station and a 1600 W s pulse Xenon

strobe in the curing station. The machine has a robotic arm that is

designed to move 4–80 mm round substrates through a multi-

step coating process that includes cleaning, coating, and curing.

The low-index film is composed of an acrylate monomer

nanoparticle silica dispersion received from Hansie-Chemie

Industries (XP270) and combined with a silica colloid as supplied

by Nissan Chemicals (IPA-ST). The colloid improves the bonding

between the silica nanoparticles and the acrylate, increases the

packing density of nanoparticles, and improves the mechanical

performance of the final film. The monomer is a trimethylol

propane triacrylate (TMPTA). The photoinitiator is a benzoyl

cyclohexanol supplied by Ciba as Irgacure 184. n-propanol

(Sigma–Aldrich) was used for its compatibility with the colloid

and to minimize defects caused during the spin process.

The high-index film was a nanocomposite composed of anatase

titania, TMPTA (Sartomer 351), a photoinitiator (Ciba Irgacure 184)

and solvent (n-propanol Sigma–Aldrich). The titania was made in

our laboratory using a hydrothermal process.[20] The titania

nanoparticles (D	20 nm) were functionalized to improve their

dispersion in the coating solution, and to improve their adhesion

to the polymer matrix. In both cases the solids are added to the

solvent dropwise under stirring.

Using the apparatus and solvent systems described above req-

uires between 3% and 10% solid concentrations to create layers

of the order of 100 and 200 nm, respectively. The fine tuning of

the thicknesses was handled by adjusting the spin speeds

between 1000 and 2000 rpm. The thickness of the thin films

was established using a contact profilometer model XP2 by

Ambios Corporation measuring the step height of the film scraped

from a glass substrate.

The spectral response of the films was characterized using a

Beckman Coulter Model 800 spectrophotometer in the range of

800–2000 nm. The refractive index of each of the two layers was

determined to be 1.48 for the low-index layer and 1.88 for the

high-index layer, which is lower than expected for high-index

layers and could result from impurities or insufficient packing. The

refractive index was established from the measured thickness and

the reflectance spectrum, then by using TFCalc by Software

Spectra, Inc. to compute a refractive index. In some cases several

layers are required in order to get an accurate refractive index

measurement.

Keywords:

infrared . nanocomposites . refractive index . thin films
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Abstract The stability of tungsten trioxide (WO3)

suspensions in various common polar solvents such

as water, acetone, isopropanol (IPA), ethanol, 1-

methoxy-2-propanol (1M-2P) and N,N-dimethylfor-

mamide (DMF) was investigated. The morphology of

WO3 aggregates formed by irregular nanoparticles

(d * 40 nm, with 1 lm nominal diameter compact

aggregates) and by nanowires of different types

(uneven, single or bundled in diameter) and dimen-

sions (nominal lengths of 2, 4, 6, and 10 lm) were

described by means of the small angle static light

scattering and the elliptically polarized light scatter-

ing (EPLS) techniques. Aggregation of low aspect

ratio (bundled) 2 lm nanowires monitored through

the change in spatial extent of the aggregate was

found to be minimal (i.e., radius of gyration, Rg *
1.8–2.2 lm in 1-methoxy-2-propanol), with a min-

imal change in aggregate structure (i.e., fractal

dimension, Df * 1.8–1.9 in 1-methoxy-2-propanol)

in a time period of about 1 week. Fractal dimension

was found to be the lowest for the low aspect ratio

nanowires when suspended in N,N-dimethylforma-

mide (Df * 1.4). Aggregates of very high aspect

ratio single nanowires (L/D * 250 with 10 lm
nominal length) were also observed to form stable

dispersions in a period of about a week. Aggregate

structures that would lead to observed fractal dimen-

sions were proposed. Information on how well

inorganic nanowires are dispersed in various solvents

is based singly on the time consuming and intrusive

advanced microscopy analyses (such as SEM and

TEM) in the literature, and without any reference to

the underlying structures. To our knowledge, this

study is the first attempt for in-situ description of the

underlying causes, such as aggregate morphologies,

aggregation rates and solvent types, of the observed

dispersion and sedimentation behaviors of inorganic

nanowires that were not subjected to any surface

treatment or functionalization.

Keywords Nanowire � Aggregation � Colloid
stability � Fractal dimension � Small angle static

light scattering � Elliptically polarized light

scattering � Theory � Experiment

Introduction

Dispersion of nanoparticles in a variety of solvents is

important for applications involving cosmetics, phar-

maceuticals, paints, inks, composites and catalysts.

However, this can be extremely difficult as nanopar-

ticles tend to agglomerate fairly quickly, especially

without some type of a dispersing agent (Hou et al.
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Department of Mechanical Engineering, University of

Kentucky, Lexington, KY 40506, USA

e-mail: menguc@engr.uky.edu

J. Thangala � R. Bogale � M. K. Sunkara

Department of Chemical Engineering, University of

Louisville, Louisville, KY 40292, USA

123

J Nanopart Res (2008) 10:599–612

DOI 10.1007/s11051-007-9290-y

Reference No 118

563



2006). Nanomaterial powders are dispersed in sol-

vents by breaking their agglomerates using

mechanical milling or ultrasonication, and are stabi-

lized using surfactants, polymer coatings or by the

use of pH (Lee et al. 2003; Saltiel et al. 2004). The

stability of these colloidal systems is generally

described by the DLVO-type electric double layer

repulsion counteracting against the van der Waals

attraction (Bushell et al. 2002). Recently, there has

been significant progress in the synthesis of one

dimensional nanowires, the cylindrically shaped

materials with high aspect ratios. Typical diameters

of these nanowires range between 1–100 nm and

lengths range between 1–10 lm. Due to their high

aspect ratios, the agglomeration behavior of nano-

wires within solvents is expected to be different than

that of spherical nanoparticles. Only recently, a few

studies discussed the dispersion of nanowires in polar

solvents (Nicolosi et al. 2005; Deepak et al. 2006).

The process of aggregation is integral to how

colloid systems evolve, and it is important to

understand the structure and properties of the result-

ing clusters to better control many important

industrial processes (Sorensen 2001; Filippov et al.

2000). Extensive in-situ agglomeration studies are

available on particles, which consist of a number of

small, nearly spherical particles (called spherules,

primary particles or monomers) which join together

to form tenuous clusters (called floccules, flocs or

aggregates). Such geometries usually cannot success-

fully be approximated as dense porous spheres or

other simple shapes and conventional geometrical

tools, but are statistically described in terms of the

concepts of fractal geometry (Filippov et al. 2000;

Brasil et al. 1999). The research on fractal aggregates

formed by primary particles in shapes other than

spheres, however, is scarce.

Characterization of colloidal particles can be

achieved using advanced microscopy techniques,

such as SEM, TEM or AFM. However, off-line

analysis techniques such as SEM have the potential

risk of modifying aggregate structure during handling

or biasing aggregate orientation on a slide. The small

angle static light scattering technique, on the other

hand, is a powerful in-situ characterization tool that

can produce accurate results rapidly (Bushell et al.

2002; Sorensen 1997). Static light scattering tech-

nique samples large numbers of aggregates at the

same time, and provides a statistical average of the

aggregate mixture. Elliptically polarized light scatter-

ing (EPLS) techniques are also based on static light

scattering and provide more details about the size,

size distribution, shape and structure of particles or

their agglomerates. Details of the EPLS technique

used in this study can be found in (Govindan et al.

1995; Mengüç and Manickavasagam 1998; Aslan

et al. 2006).

In the present study, we studied the effect of

geometry of nanomaterials on the stability of the

dispersions in various commonly used polar solvents

such as water, ethanol, 1-methoxy-2-propanol

(1M-2P) and N,N-dimethylformamide (DMF). Tung-

sten trioxide (WO3) nanomaterials were used to

compare the dispersion behavior of nanowires with

that of irregular nanoparticles. The morphology of

WO3 aggregates formed by irregular nanoparticles and

nanowires were determined by means of the small

angle static light scattering and the EPLS techniques.

Scattered light intensities were used to describe spatial

extent (or radius of gyration, Rg) of the aggregates,

their fractal dimension (Df), and the change in

aggregate structure as a function of time and solvent

type. The shapes of irregular nanoparticles and

nanowires were also verified using SEM images.

Theory

Statistical scaling law

Fractal aggregates are scale invariant, i.e., within

limits they appear the same when viewed over a

range of scales (Sorensen 2001). The mathematical

description of a fractal aggregate is simple and can be

expressed as

N ¼ kgðRg=roÞDf ð1Þ
where N is the number of primary particles, Rg is the

radius of gyration of the aggregate, ro is the radius of

primary particles, kg is the structure pre-factor and Df

is the fractal dimension of the aggregate.

Aggregates of fine particles, such as nanowires

used in this study, are not fractals in the strict sense of

the word. Since their scaling is only observed over a

finite range of length scales, these aggregates should

be called ‘‘natural fractals’’ (Bushell et al. 2002). In a

rare study of aggregates formed by non-spherical

primary particles, fractal nature was established for a
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system of large carbon rods (*140 lm long, 35 lm
in diameter) confined to a two dimensional surface

using image analysis (Vincze et al. 1997). Fractal

behavior was also observed for aggregates of carbon

nanotubes (Chen et al. 2004; Saltiel et al. 2005).

Determination of structure from light scattering

experiments is based on the Rayleigh-Gans-Debye

(RGD) theory. The basic approach of RGD theory

is to model the scattering body as a collection of

Rayleigh scatterers that do not interact with each

other. If also the suspension is sufficiently dilute,

the interaction between aggregates can be described

as independent scattering (Modest 1993), and the

scattered intensity is proportional to naN
2, where na

is the number density of aggregates in the solution

(Sorensen 2001). Even in cases where the Rayleigh

scatterers are too close to be independent and the

primary particles are not small compared to the

wavelength of incident light, RGD theory still

provides conservative limits for the fractal analysis

of scattered intensity profiles given the fact that Df

is determined on a log-log plot of scattered

intensity as a function of scattering angle, from

the slope of the scattering curve rather than of its

absolute value.

Although, real processes that form natural fractals

may impose more limitations, in a real physical

process, fractal dimension for most aggregates

assume a value within the range (Bushell et al. 2002)

1�Df � 3 ð2Þ
The 1.8\Df\ 2.1 range is universally agreed in

the literature for cluster–cluster type aggregations

(CCA) (Bushell et al. 2002). Higher fractal dimen-

sions are also reported in the literature e.g. for

hematite aggregates in the range 2.3\Df\ 2.9

(Raper and Amal 1993). The lower end corresponds

to diffusion limited aggregation and the upper end to

reaction limited aggregation processes in this and in

the universal cluster-cluster aggregation range men-

tioned above. However, there is no ‘‘universal’’

agreement on the limits of particle–cluster aggrega-

tion (PCA) mechanism. The most commonly

referred value is Df = 2.5 for diffusion limited

PCA, although higher values have also been

reported (Brasil et al. 2001). Polarizable clusters,

on the other hand, were shown to have linear

aggregates with much lower fractal dimension

values (Df * 1.4) (Jullien 1986).

Determining aggregate morphology from the

angular scattered intensity pattern

In the case of small angle static light scattering

experiments, overall variation at small q is entirely

due to aggregate structure effects S(q), hence I(q) �
S(q). The aggregate structure factor, in the case of

RGD scattering has the following form

SðqÞ / q�Df ð3Þ
where q given by

q ¼ q~j j ¼ 4pn
k0

sin
h
2

� �
ð4Þ

is the magnitude of the scattering wave vector, and n

is the refractive index of the dispersion medium, ko is
the in vacuum wavelength and h is the angle at which

the radiation is scattered (Bushell et al. 2002). The

overall variation in intensity at large q, however, is

due to primary particles and scattering is described by

the Porod regime. In this region the length scale of

scattering experiment (ko � q–1) can resolve the size

of individual monomers (Sorensen 1997)—a topic we

have investigated in another study (Kozan and

Mengüç 2007).

The above proportionality for S(q) can be used to

determine Df from the negative slope of the linear

region of a log-log plot of I versus q measurement in

the range (Bushell et al. 2002)

1

Rg
 q  1

r0
ð5Þ

Rg is best determined from analysis of scattering in

the Guinier regime, where qRg\ 1, which corre-

sponds to I(0)/I(q)\ 4/3 according to the Guinier

equation expressed as (Sorensen 2001)

Ið0Þ
IðqÞ ffi 1þ 1

3
R2
gq

2 ð6Þ

Although the plot of I(0)/I(q) versus q2 remains linear

(the slope yields Rg
2/3) well beyond these limits for

systems with polydispersity in aggregate size (Soren-

sen 2001), this relation should be used cautiously and

only when there is sufficient amount of measurements

at low q.

An important note on experiments based on the

small angle light scattering techniques is that they

inadvertently detect scattering from an ensemble of
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cluster sizes. The polydispersity in the cluster size

causes the shape of the structure factor to be different

than that for a single cluster size (Sorensen 2001). A

narrow size distribution causes a rapid transition,

whereas a wide size distribution causes a slow

transition to the fractal scattering region (Bushell

et al. 2002). The scattered light intensity, Ivv, when

plotted against scattering vector, q, hence gives an

effective structure factor for the ensemble, Seff. The

Rg measured by the experiment is then the average

radius of gyration, Rg

� 	
(Sorensen 2001). Polydis-

persity in primary particle size, on the other hand,

causes the sharp ripples observed in the Porod regime

to fade away, however the q–4 dependency originat-

ing from the Lorenz-Mie spheres remains (Sorensen

1997; Dimon et al. 1986).

The intensity and polarization state of light can

also be described by four Stokes parameters in the

form of a column vector [K] (Govindan et al. 1995;

Mengüç and Manickavasagam 1998; Aslan et al.

2006). These four parameters can be obtained by

using a set of filters in front of the beam. The incident

and scattered Stokes vectors are related through the

amplitude scattering matrix [S].

K½ �s ¼ S½ � K½ �i ð7Þ
Elements of the scattering matrix Sij provide infor-

mation about the randomly oriented particles in the

scattering media. EPLS is a powerful tool to identify

particle morphology and is used to determine particle

size and shape for conventional, as well as fractal

geometries.

Experimental determination of fractal dimension

from EPLS using scattering matrix elements has been

illustrated in a recent work (Saltiel et al. 2004).

Structure factor is expressed in terms of two of the

scattering matrix elements

SðqÞ ¼ S11 � S12 ð8Þ
The fractal dimension is then determined in a similar

manner from the negative slope of the linear region of

a log-log plot of S11–S12 versus q measurement. This

was also shown to be a viable method in determining

the fractal dimension of aggregates of one dimen-

sional geometries, such as single and multi-walled

carbon nanotubes (Chen et al. 2004; Saltiel et al.

2005).

Nanowire synthesis and sample preparation

Bulk synthesis of WO3 nanowires was carried out in a

Hot Filament CVD reactor shown in Fig. 1 using a

procedure described in (Vaddiraju et al. 2003). A

detailed outline of the setup and the synthesis

procedure is reported elsewhere (Thangala et al.

2007). Briefly, two different sets of experimental

conditions were used for synthesis of nanowires, i.e.,

‘‘with’’ and ‘‘without’’ heating the quartz tube by

means of a furnace around it. In the first set of

experiments, the tube furnace was heated to 800 �C.
Argon and air gas mixtures at a ratio of 100/0.4 sccm

were used. Also, the tungsten filament was heated to

a temperature of about 1690 �C. In the second set of

experiments, no furnace heating was used. In this

case, the radiation from the tungsten filament

(1690 �C) heated the quartz tube to temperatures

around 500–600 �C. Air was used as feed gas at a

flow rate of 11 sccm. These experiments typically

resulted in the deposition of ‘‘bundled’’ nanowires;
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Fig. 1 Schematic of the

scale up Hot Filament CVD

reactor with tungsten

filament inside the vacuum

chamber
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whereas by heating the furnace walls more uniform

‘‘single’’ nanowires or nanowires with large

‘‘uneven’’ diameters (Fig. 2) were obtained as a

result of different substrate temperatures and gas flow

rates. In Fig. 2 we also suggest some possible

aggregate structures based on our discussions below.

Table 1 presents a summary of experimental condi-

tions used in all three sets.

WO3 nanowires that resulted on quartz slides

placed inside the boats (in complete contact with the

quartz boat) were carefully scrapped off without

scratching the surface of the substrate. The nanowire

powder thus obtained was dispersed into different

solvents. Once the nanowires or irregular nanoparti-

cles were combined with the selected solvent,

ultrasonication (UP200S Ultrasonic Processor) was

used to disperse the nanomaterial in the solution.

High power ultrasonication using an ultrasonic horn

(24 kHz, 200 W) was performed for about 2 min

followed by the use of a low power ultrasonic bath

for about 15 min to further disperse the nanowires. In

the case of bundled nanowires, solutions were left on

the shelf in glass vials for a few hours after the

ultrasonication process. Thicker wires and their

agglomerates sedimented and the well-dispersed

portion of the solution was taken out into a new

glass vial. The sediment was collected and the weight

percent of the dispersed nanowires in the solution was

calculated.

Solutions containing single nanowires which had a

nominal diameter of about 40 nm were then sub-

jected to high power ultrasonic horn for different

ultrasonication periods to obtain nominal lengths of

4, 6, and 10 lm. Nanowires with large uneven

diameters (*200 nm) were *2 lm in length. Nano-

wire bundles prepared without heating the reactor

walls, on the other hand, were found to be about

100 nm in diameter with a nominal length of about

2 lm. Irregular nanoparticle solutions were prepared

using commercially available 40 nm diameter WO3

nanoparticles (Aldrich, Inc.).

Experimental setup

The experimental setup used for EPLS measurements

in this study was first proposed by (Govindan et al.

1995; Mengüç and Manickavasagam 1998) and later
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Fig. 2 Classification used

in this study is based on

appearance of nanowires

and their aggregates,

structures shown here are

with approximate

dimensions (not to scale)

Table 1 Summary of synthesis and dispersion conditions of WO3 nanowires and nanoparticles

Sample Nominal Dia., (nm) Synthesis conditions Solvent

2 lm wires 200 (uneven) Ts = 900 �C; 1.5 sccm O2 ; 100 sccm Ar; Tf = 1690 �C EtOH

2 lm wires 100 (bundled) Ts = 600 �C; 11 sccm air; Tf = 1690 �C 1M-2P, DMF, H2O

4, 6, 10 lm wires 40 (single) Ts = 800 �C; 0.4 sccm air; 100 sccm Ar; Tf = 1690 �C Acetone, IPA

Nanoparticles 40 Commercial powder EtOH, Acetone
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modified and improved by (Aslan et al. 2006). The

setup was used to measure scattering matrix ele-

ments, but was modified to also carry out the

vertically polarized incident and detected light (Ivv)

measurements. Of the six scattering elements avail-

able, only S11 and S12 elements were utilized in this

study to demonstrate the capability of the system in

determining the fractal dimension. For the Ivv mea-

surements the quarter wave plate located after the

polarizer in the path of the incident beam, and the

quarter wave plate located before the polarizer in the

path of the scattered beam were removed.

In-situ agglomeration characterization procedure

Just as for light scattering for the purpose of particle

sizing, small angle static light scattering is only good

for rather dilute samples (Bushell et al. 2002), where

the interaction between particles can be described as

independent scattering (Modest 1993). The samples

which arrived as suspensions of WO3 irregular

nanoparticles and WO3 nanowires were diluted to

volume fractions in the order of fv = 10–6 to ensure

independent scattering behavior. Measurements per-

formed on single nanowire suspensions in ethanol,

propanol, and acetone were performed while the

diluted sample was stirred gently with a small size

stirrer set at a low rpm. The paddle type stirrer (IKA

model RW11) was immersed in the liquid away from

the path of the laser beam close to the liquid surface.

Ivv measurements were first performed for suspen-

sions of WO3 (q = 7.16 g/cm3, m = 1.98 + i0.009)

nanoparticles and uneven WO3 nanowires in ethanol

(q = 0.789 g/cm3, n = 1.36). Samples were carefully

drawn out of their bottles with a Fisherbrand

Finnpipette and transferred into sample holder con-

taining 100 mL of the solvent used. After gently

stirring the suspension, the sample cell was placed in

the experimental setup. Although the samples were

dispersed, or broken to desired length by means of

ultrasonication in the synthesis and sample prepara-

tion stage, no ultrasonication was used on any WO3

samples during light scattering measurements. Mea-

surement of Ivv intensity was performed starting from

scattering angle h = 3�. Measurements on single

WO3 nanowires with higher average lengths of 4

and 6 lm in propanol (q = 0.804 g/cm3, n = 1.377)

and of 10 lm in acetone (q = 0.791 g/cm3,

n = 1.357) were performed following the same

procedure.

Continuous plots are the average of two measure-

ments for all figures given below unless otherwise is

stated. Continuous measurements were performed at

a low sweeping speed with PMT readings of

10 counts/s. The majority of experiments were per-

formed between h = 3�–90� and lasted for 174 s,

except for the two experiments with ethanol (for

irregular nanoparticles and uneven nanowires) where

measurements between h = 3�–145� lasted for 284 s.

All samples except these two experiments with

ethanol were also subjected to measurements at

discrete scattering angles, with 1� increments up to

about h = 10� and higher increments thereafter.

Incremental measurements on single nanowires of

all lengths (4, 6, and 10 lm) were taken for 15 s (150

readings at each point) at discrete scattering angles

and for 10 s (100 readings) on bundled nanowires.

For the incremental measurements, the readings

fluctuated evenly around a mean intensity at each

discrete angle. Relative variance at low q, where

detected intensities were the highest was negligible—

especially on a log-log plot—but increased consider-

ably at the last few data points of very high q. A

similar behavior, i.e., higher noise at high q compared

to that at lower values of q, was also observed for

continuous measurements.

EPLS measurements as well as Ivv measurements

were performed with bundled WO3 nanowires sus-

pended in three different solvents: 1-methoxy-2-

propanol (q = 0.921 g/cm3, n = 1.403), distilled

water (q = 1.0 g/cm3, n = 1.333), and N,N-dimeth-

ylformamide (q = 0.948 g/cm3, n = 1.428) with

0.1 wt.%. These samples were prepared from their

respective concentrated suspensions of 0.7 wt.%,

0.5 wt.%, and 0.4 wt.%. As for the Ivv measurements

for uneven nanowires and irregular nanoparticles, all

samples were diluted to volume fractions of the order

of fv = 10–6 to ensure independent scattering behav-

ior. EPLS measurements were carried out with 5�
increments between h = 25�–145�, and for six dif-

ferent combinations of polarizer and retarder angles.

EPLS and Ivv measurements on the diluted samples of

bundled nanowires were performed without any

stirring.

Good experimental practices demand the standard-

ization of the measurements from this more elaborate

setup by calibrating it using known results. This was
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done by preparing a suspension of 450 nm average

diameter latex spheres in distilled water, and com-

paring experimentally measured scattering matrix

elements with those from the Lorenz-Mie scattering

theory for homogeneous spheres of the same size and

optical properties (Kozan 2007). Latex sample was

carefully drawn from its bottle (Duke Scientific

5,045A, q = 1.05 g/cm3, n = 1.59) with a Fisher-

brand Finnpipette and diluted to a volume fraction of

fv = 1.1 · 10–6 followed by ultrasonication at a

moderate power for several minutes.

Results and discussion

SEM images showing aggregates of irregular WO3

nanoparticles and bundled nanowires are given in

Fig. 3. Compact spherical aggregates formed by

irregular WO3 nanoparticles are seen in Fig. 3a. The

primary particles forming the compact spherical

aggregates seem to have different shapes and some

size distribution, however, can safely be approxi-

mated as spherules for all general purposes with a

radius of ro = 20 nm. Using the procedure men-

tioned above, commercial WO3 nanoparticle

powders were suspended and ultrasonicated. SEM

images of particles sedimented from the dispersion

were taken. Some compact spherical aggregates seen

in the figure were probably formed during the

commercial production stage. Initially, their size

was much lower (as obtained powders) and the

shapes were not as spherical as shown in Fig. 3a, as

observed from SEM analyses. This implies the

continuation of an aggregation process in which

spherical clusters continue to grow (e.g., as irregular

nanoparticles or clusters stick on the surface). We

never tried to re-disperse these aggregates; although,

our previous experience with commercially obtained

titania powders is that the aggregates could be

broken into smaller clusters with prolonged

ultrasonication.

Bundled WO3 nanowires seen in Fig. 3b also have

a wide distribution in diameter and length. SEM

images given in Fig. 4 for single WO3 nanowires of

10, 6, and 4 lm average length (ro * 20 nm for all)

were obtained by using the ultrasonic horn for a

period of 5, 20, and 60 min, respectively. Figure 4d

corresponds to the nanowires of uneven diameter.

Different process conditions during chemical synthe-

sis yield different nanowires (e.g., uneven or

bundled), and depending on the power of ultrasoni-

cation used to prepare the nanowires, their aggregates

can break up and then re-aggregate in the suspension.

The 2 lm average length bundled WO3 nanowires,

therefore, are expected to form different aggregate

structures than uneven nanowires of a similar average

length. For both nanowire samples as well as for

irregular nanoparticles, ko = 632 nm and ro = 20 nm

were used in the Ivv versus qro plots to consistently

compare all measurements.

Figure 5a shows the Ivv versus q measurements

corresponding to the compact spherical aggregates of

WO3 nanoparticles and aggregates of uneven WO3

nanowires, both suspended in ethanol at fv = 1.1 ·
10–6. Initial concentration of both suspensions was

1.0 wt.% before dilution. Experimental plots are the

average of two measurements performed for scatter-

ing angles between h = 3�–145�. Measurements are

normalized by the highest intensity attained at h = 3�
for comparative purposes.

Ivv intensity profile for WO3 nanoparticles in

Fig. 5a perfectly follows the behavior of a fractal

aggregate. The constant intensity observed in Ray-

leigh regime is followed by the transition into the

Guinier regime which ends at about qro = 0.023

corresponding to scattering angle h = 5�. The linear

behavior in the fractal scattering region continues

until qro = 0.124 or h = 27�, after which point the

Fig. 3 SEM images of

aggregates of (a) irregular
WO3 nanoparticles and (b)
bundled WO3 nanowires of

2 lm average length
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first ripples is observed reminiscent of the Porod

regime, which is also due to increased noise.

However, polydispersity in the suspension causes

the rapid variations in intensity at high qro to be

smoothed out. There is a wide linear region in this

and the rest of the figures in this study (including

incremental measurements) that we confine our

fractal analysis to regions away from the onset of

these ripples in the continuous measurements. Df =

2.59 was found from the slope of the fractal

scattering region by making a linear fit on data

points between h = 5�–25�. As we will discuss

below, continuous scattered intensity profiles tend

to result in slightly higher Df estimates, and should be

used cautiously. This is due to PMT saturation at

smaller angles (higher scattered intensity) which

cause an overshoot in readings at subsequent angles.

A similar behavior is observed for uneven WO3

nanowires of 2 lm average length, opening the door

for a fractal description of the nanowire aggregates.

The transition from Guinier region to fractal scatter-

ing region as well as the onset of Porod region

corresponds to about the same scattering angles as for

WO3 nanoparticles. Df = 2.32 was found from the

slope of the fractal scattering region for WO3

nanowires by making a linear fit on data points

between h = 5�-35�.
The fractal dimension observed for the irregular

WO3 nanoparticle sample in Fig. 5a is close to the

value of 2.5 mentioned above for the PCA mech-

anism, but the SEM picture of the sediment phase

comprises mainly of compact spherical aggregates

(clusters) and very few particles. Our observations

via the SEM images have implied an increase in

size and sphericity of the compact spherical aggre-

gates in time, as discussed for Fig. 3a above, due

possibly to sticking of irregular nanoparticles on the

cluster surface. A more precise description of the

underlying mechanism during which compact spher-

ical aggregates were formed by nanoparticles,

however, warrants further research (e.g., by use of

well defined spherical nanoparticles as in (Raper and

Amal 1993)). The fractal dimension for uneven

WO3 nanowires, on the other hand, is slightly higher

than the value of 2.1 realized for reaction limited

(slow) CCA mechanism. We provide further anal-

ysis which substantiates the slow aggregation rate of

uneven nanowires by investigating their shelf life in

(Kozan and Mengüç 2007). Nevertheless, it should

be noted that the lower slope of uneven nanowire

aggregates as opposed to that of irregular nanopar-

ticles is expected since the nanowire aggregates do

not form compact spherical structures as seen from

the SEM images.

A plot of Iref/I(q) versus q
2 is given in Fig. 5b for

the same aggregates of irregular nanoparticles and

uneven nanowires in ethanol. Using the Guinier

equation above, the linear fits between h = 6�–14�

Fig. 4 SEM images of

aggregates of single WO3

nanowires (d * 40 nm)

with 10, 6, and 4 lm
average length as a result of

(a) 5 min, (b) 20 min, and

(c) 1 hour of

ultrasonication,

respectively. (d) Uneven
nanowires with *2 lm
average length (d * 200

nm)
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yield Rg = 3 lm and Rg = 2.3 lm for nanoparticles

and uneven nanowires, respectively. Here we have

adopted the use of Iref representing the value at

Ivv(h = 3�) to consistently compare results of scatter-

ing from all aggregates investigated in this study. An

important concern with Fig. 5b is the apparent

exponential behavior of the curves at first few q data

points. This, again, is related to the PMT saturation at

smaller scattering angles encountered in continuous

measurements, which delays the precipitous decline

in I(q) relative to Iref. Guinier analyses based on

incremental measurements on the same samples at

later times (not shown) were always situated above

the continuous measurements (e.g., see Fig. 7b

below), and have shown linear behaviors extending

to the low q values. The plots in Fig. 5b should not be

considered as the most proper way of determining Rg,

but still serve as valuable indication of relative sizes,

and provide practical information.

It is also possible to ensure a linear behavior at

small q values in Iref/I(q) plot, and even extend it to

higher q by using samples with slightly higher

particle concentrations (e.g., fv * 10–5, not shown)

in the light scattering measurements. This will result

in higher scattered intensities at side angles (isotropic

scattering) due to increased number of particles at the

small end of particle size distribution. However, we

present here the results corresponding to volume

fractions in the order of fv * 10–6 for better

comparisons between different measurements.

EPLS measurements on bundled WO3 nanowires

in three different solvents all with 0.1 wt.% nanowire

content were performed after the calibration of the

setup. Samples from 1-methoxy-2-propanol, distilled

water and N,N-dimethylformamide suspensions were

diluted to volume fractions fv = 0.6 · 10–6, 0.8 · 10–

6, and 0.7 · 10–6, respectively. Measurements of S11–

S12 normalized by the highest value at h = 25� versus
qro for the three samples are plotted in Fig. 6. To find

the slope a linear fit was performed on incremental

measurement data points between h = 25�–50�,
h = 30�–65� and h = 30�–70�, which yielded fractal

dimensions of 1.80, 1.77, and 1.35 for WO3 nano-

wires in 1-methoxy-2-propanol, distilled water and

N,N-dimethylformamide, respectively.
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Fig. 5 (a). Determination of fractal dimension using small

angle static light scattering. Aggregates of WO3 irregular

nanoparticles (lower curve) and uneven nanowires (upper

curve) in EtOH. (b). Rg for aggregates of irregular WO3

nanoparticles and uneven nanowires in EtOH. Linear fits (dash-

dot) are for data points between h = 6�–14�
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Fig. 6 Determination of fractal dimension using elliptically

polarized light scattering. Aggregates of 2 lm average length

bundled WO3 nanowires in 1-methoxy-2-propanol (1M-2P),

water and N,N-dimethylformamide (DMF) on Day-1. Linear fit

is for incremental data points between h = 25�–50�, h = 30�–
65� and h = 30�–70�, respectively
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The difference in fractal dimensions is the evidence

to the effect of solvent rheological properties on

aggregation behavior of WO3 nanowires. All three

suspensions were prepared from the products of the

same nanowire synthesis. It should be emphasized,

however, that due to the polydispersity of the

nanowires and the consequent errors in pipetting, the

samples might very well be biased towards a certain

size distribution in one suspension than the other.

Therefore, rather than using the absolute values of

the fractal dimensions reported above, their relative

values should be emphasized as an indication of the

effect of solvent type. The comparison of fractal

dimensions clearly favors the use of N,N-

dimethylformamide to obtain relatively open, linear

aggregates of WO3 nanowires. N,N-dimethylforma-

mide has increased the stability of WO3 nanowires in

the suspension by reducing their tendency to form

entangled, high fractal dimension aggregates. A

similar value of fractal dimension (Df = 1.42) found

through numerical simulations was attributed to

polarizable clusters as a result of aggregation on tips

of aggregates (Jullien 1986).

Another important point that should be noted is that

there is almost a 1-week time difference for bundled

WO3 nanowires between the time suspensions were

prepared and any light scattering analysis were

performed, which might have affected fractal dimen-

sion to some extent. This, however, is expected to be a

minor effect, sinceWO3 nanowires tend to have a slow

aggregation rate even in extended periods of time as

discussed in (Kozan and Mengüç 2007). Measure-

ments on bundled WO3 nanowires were repeated to

detect possible changes in aggregate morphology with

time. Themeasurements in Fig. 6 are labeled asDay-1.

Figure 7a shows normalized Ivv versus q measure-

ments for bundled WO3 nanowire aggregates in 1-

methoxy-2-propanol at fv = 0.6 · 10–6 carried out

2 days (labeled as Day-3) after the first measurements

shown in Fig. 6. Solid lines corresponds to the

average of two continuous measurements performed

for scattering angles between h = 3�–90�. Experi-

ments between the same scattering angles were

repeated by performing the measurements at discrete

scattering angles. It is apparent in Fig. 7a that the

incremental measurement follows the trends of the

continuous measurement except for a shift in inten-

sity readings to lower values. Continuous

measurements provide a good indication of the onset

of different regimes, however, using incremental

measurements provide more reliable estimates, and

will be used when available.

On Day-3, Df = 1.82 was found from the slope of

the fractal scattering region by making a linear fit on

data points between h = 6�–20�, a negligible increase
within a 2 day period. Guinier analysis of the same

measurements produced Rg = 2.2 lm from the linear

fit between h = 6�–18� as shown in Fig. 7b. Df =

1.92 found on Day-6 from the slope between h = 6�–
20� as shown in the same figure proves that there

is only a slight increase in fractal dimension of

nanowire aggregates during the 6 day time span.

Guinier analysis of the same measurements produced
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Fig. 7 (a). Determination of fractal dimension using small

angle static light scattering. Aggregates of 2 lm average length

bundled WO3 nanowires in 1-methoxy-2-propanol (1M-2P) on

Day-3 (solid line, solid circle) and Day-6 (dotted line, open

circle). Linear fits (dash-dot) are for incremental data points

between h = 6�–20�. (b). Rg for aggregates of 2 lm average

length bundled WO3 nanowires in 1-methoxy-2-propanol (1M-

2P) on Day-3 (solid line, solid circle) and Day-6 (dotted line,

open circle). Linear fits (dash-dot) are for data points between

h = 6�–18� and h = 5�–16�, respectively
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Rg = 1.9 lm from the linear fit between h = 5�–16�
as shown in Fig. 7b. The slight decrease in Rg

corresponds to a negligible change in spatial extent of

nanowire aggregates in the same time period.

The increase in Df does not necessarily point to the

existence of a tendency of WO3 nanowires to

aggregate, but confirms the presence of restructuring

of the aggregates in the suspension. Note that even

though no shearing forces to complicate the structure

were present for suspensions of bundled nanowires,

restructuring may still have occurred due to van der

Waals attraction. Rg, on the other hand, is an

indication of the emergence of larger particles formed

by aggregation and should be observed along with

any increase in absolute values of forward scattered

intensities to follow an aggregation process. Bundled

WO3 nanowire aggregates in 1-methoxy-2-propanol

therefore seem to breakup at the outer branches to a

small extent and turn into slightly more compact

aggregates.

A similar test was done on bundled WO3 nanowire

aggregates in water with a higher initial suspension

concentration of 0.5 wt.%. Two samples of WO3

nanowire aggregates in water at fv = 1.3 · 10–6 were

prepared on Day-3 and Day-7 of the measurements,

and the results are given in Table 2. On Day-3,

Df = 2.63 was found from the slope of the fractal

scattering region and an increase to Df = 2.74 was

observed on Day-7. Guinier analysis of the same

measurements produced Rg = 3.1 lm and Rg = 3.5

lm on Day-3 and Day-7, respectively. Unlike 1-

methoxy-2-propanol, more compact aggregates were

attained through an increase in size, i.e., aggregation,

for bundled WO3 nanowires in water.

Results of two other measurements performed on

samples diluted from more concentrated suspensions

on Day-3 are also tabulated in Table 2. Measure-

ments performed for bundled WO3 nanowire

aggregates in 1-methoxy-2-propanol diluted to fv =

0.9 · 10–6 was prepared from its suspension with an

initial concentration of 0.7 wt.%. The sample in N,N-

dimethylformamide diluted to fv = 1.0 · 10–6 was

prepared from its suspension of 0.4 wt.% initial

concentration.

As mentioned before, even in the absence of

shearing forces, van der Waals forces will ensure that

particles will bond one another when brought close

enough thus restructure the aggregate. In fact, high

concentration suspensions reported above are

potentially at a higher risk of undergoing restructur-

ing due to increased probability of bonding.

However, the higher initial suspension concentration

does not seem to have a major effect on bundled WO3

nanowires when 1-methoxy-2-propanol was used as

the solvent. Df = 1.86 and Rg = 1.8 lm on Day-3

(0.7 wt.%) given in Table 2 are very close to the

results given in Fig. 7 (0.1 wt.%) on the same day.

Similarly, linear structure of WO3 nanowire aggre-

gates were maintained with a higher storing

concentration (0.4 wt.%) in N,N-dimethylformamide,

with Df = 1.43 on Day-3 compared to Df = 1.35 in

Fig. 6 (0.1 wt.%). Therefore, storing bundled WO3

nanowires at higher suspension concentrations pre-

sented in this study does not universally cause an

increase in fractal dimension or aggregate size. Note

that, although fractal dimension for nanowire aggre-

gates was the lowest in N,N-dimethylformamide, the

aggregate size (Rg = 2.6 lm) was between those

Table 2 Summary of fractal properties of WO3 nanoparticle

and nanowire aggregates

WO3 Sample Solvent Initial

wt.%

Df

(or Slope)

Rg,

lm

Nanoparticle Ethanol 1.0 2.59 3

2 lm (Uneven) Ethanol 1.0 2.32 2.3

2 lm (Bundled) Day-1+ 1M-2P 0.1 1.80 –

2 lm (Bundled) Day-3+ 1M-2P 0.1 1.82 2.2

2 lm (Bundled) Day-6+ 1M-2P 0.1 1.92 1.9

2 lm (Bundled) Day-3+ 1M-2P 0.7 1.86 1.8

2 lm (Bundled) Day-1+ DMF 0.1 1.35 –

2 lm (Bundled) Day-3+ DMF 0.4 1.43 2.6

2 lm (Bundled) Day-1+ Water 0.1 1.77 –

2 lm (Bundled) Day-3+ Water 0.5 2.63 3.1

2 lm (Bundled) Day-7+ Water 0.5 2.74 3.5

4 lm (Single) Isopropanol 0.1 –7.48 –

6 lm (Single) Isopropanol 0.1 –6.63 –

Nanoparticle Day-1 Acetone 0.5 2.52 3.7

Nanoparticle Day-2 Acetone 0.5 2.58 3.9

Nanoparticle Day-3 Acetone 0.5 2.62 3.8

Nanoparticle Day-6 Acetone 0.5 2.57 3.7

10 lm (Single) Day-1 Acetone 0.5 –6.28 –

10 lm (Single) Day-2 Acetone 0.5 –7.94 –

10 lm (Single) Day-3 Acetone 0.5 –6.75 –

10 lm (Single) Day-6 Acetone 0.5 –5.23 –

+ Measurements performed approximately one week after

suspension was prepared
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obtained with 1-methoxy-2-propanol or water as

solvents.

Figure 8 shows Ivv versus q measurements per-

formed for single WO3 nanowires of 4, 6, and 10 lm
average length between h = 3�–90�. Measurements

for 2 lm average length nanowires of Fig. 5a are also

plotted on the same figure for comparison. The 4 and

6 lm WO3 nanowires were diluted with isopropanol

to fv = 0.6 · 10–6 and 0.3 · 10–6, respectively, and

had an initial concentration of 0.1 wt.% before

dilution. 10 lm WO3 nanowires were suspended in

acetone at fv = 1.1 · 10–6. Initial concentration was

0.5 wt.% before dilution.

A linear fit performed on incremental data points

for 4 lm WO3 nanowires gives Slope = –7.48

between h = 7�–10�, for 6 lm WO3 nanowires gives

Slope = –6.63 between h = 6�–9�, and for 10 lm
WO3 nanowires gives Slope = –6.28 between

h = 5�–8�. Continuous measurements give similar

slopes within similar ranges of scattering angle:

Slope = –7.54, –6.84, and –5.52 (between h = 6�–
10�, h = 6�–10�, and h = 5�–12�) for 4, 6, and 10 lm
WO3 nanowires, respectively. Aggregates of WO3

nanowires of high aspect ratios (those with average

lengths that are longer than 2 lm) do not lend

themselves to experimental determination of the

fractal dimension and radius of gyration.

Measurements were also performed to detect

possible changes in aggregate morphology of single

WO3 nanowires of 10 lm average length with time.

Table 2 presents results of measurements carried out

in a span of 6 days between h = 3�–90� on aggregates
of these nanowires and a second sample of irregular

WO3 nanoparticles (Aldrich, Inc.), both suspended in

acetone at fv = 1.1 · 10–6. Initial concentrations of

both samples were 0.5 wt.%. Our measurements

show only minor differences scattering profiles in

the span of 6 days of measurements. Note that, the Df

(*2.6) and Rg (*3.8 lm) for irregular nanoparticle

aggregates were found through incremental measure-

ments and can be used with greater degree of

confidence. We believe these observations demon-

strate the presence of a low level of aggregation of

the 10 lm nanowires, along possibly with a slight

change in fractal geometries due to restructuring

induced by stirring of the suspensions. We used

analytical and quasi-experimental models to deter-

mine the fractal dimensions of aggregates of 4, 6, and

10 lm nanowires in (Kozan and Mengüç 2007).

Conclusions

We have shown quantitatively that the solvent

rheological properties result in different aggregation

characteristics for the bundled WO3 nanowires stud-

ied. Of all the three solvents used to suspend bundled

WO3 nanowires, N,N-dimethylformamide produced

the most linear structure, although the aggregates

were intermediate in size (in terms of Rg) when

compared to those obtained with water and 1-

methoxy-2-propanol. 1-methoxy-2-propanol, too,

created an open structure (though not as linear as

with N,N-dimethylformamide), but provided the

smallest aggregate size, indicating a small tendency

for aggregation. Water causes dramatically more

compact aggregates and the highest aggregate size,

and as such would not provide well-dispersed, stable

suspensions.

The aggregate structures created by 1-methoxy-2-

propanol could be visualized as to be in the form of

snow flakes. In a suspension the snow flakes coag-

ulate with one another (cluster-cluster aggregation) to

create a somewhat high Df (*1.80 on Day-1 to

*1.92 on Day-6, no stirring). The increase in fractal

dimension shows that these bonds are fragile so as to

break, for example, during sampling. Thus the size of

nanowire aggregates decreases (Rg * 2.2 lm on

Day-3 to *1.9 lm on Day-6).
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Fig. 8 Small angle static light scattering measurements for

aggregates of 2, 4, 6, 10 lm WO3 single nanowires. Linear fits

(not shown) for incremental data points between h = 7�–10�, h
= 6�–9�, and h = 5�–8� give Slope = –7.48, Slope = –6.63, and

Slope = –6.28 for 4, 6, and 10 lm nanowires, respectively
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The aggregate structures created by N,N-dimeth-

ylformamide could be visualized to consist of bundles

of wires like a bunch of pencils (but not all are

perfectly aligned). The Df is small (1.35–1.43), and

the cluster looks linear as a result of aggregation on

tips of aggregates which could be attributed to

‘‘polarizable’’ nanowire clusters. Rg is relatively high

(*2.6 lm), as the bundle is large in extent. The

closed structures formed in water, on the other hand,

do not break up easily. They are more entangled and

round, and in time clustered together to form even

larger Rg. However, storing the nanowires at higher

suspension concentrations for the values presented in

this study does not universally cause an increase in

fractal dimension or aggregate size.

We have also shown quantitatively that the

different primary particle geometries of irregular

nanoparticles and nanowires result in different aggre-

gation characteristics. Aggregates of WO3

nanoparticles are more compact and almost spherical

in shape (Df * 2.6), whereas the aggregates of 2 lm
average length WO3 nanowires with large uneven

diameters (*200 nm) are more open, although still

with a considerably high fractal dimension (Df *
2.3). Similarly, comparing the extent of the aggre-

gates, the initial Rg were considerably larger for

nanoparticles (*3.8 lm) than for uneven nanowires

(*2.3 lm).

Although measurements on aggregates of 10 lm
single WO3 nanowires did not allow experimental

determination of Rg and Df, experimental slopes

revealed a low level of aggregation in the same

period of time. Similar limitations were encountered

for other nanowires longer than 2 lm, however,

distinct scattering intensity profiles were observed for

aggregates formed by single WO3 nanowires of 4, 6,

and 10 lm average length.
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Abstract
This paper presents a simple approach for forming anti-reflective film stacks
on plastic substrates employing aqueous colloidal dispersions of metal oxide
nanoparticles. Results demonstrate that it is possible to fabricate a polymeric
thin film of continuously tunable refractive index over a wide range by
loading the film with varying concentrations of metal oxide nanoparticles.
Specifically, the refractive index for the polymer film was tuned from 1.46 to
1.54 using silica nanoparticle loadings from 50 to 0 wt% and from 1.54 to
1.95 using ceria nanoparticle loadings from 0 to 90 wt%, respectively. The
low and high refractive index layers are then combined to create an
anti-reflective coating which exhibits a reflectance spectrum, abrasion
resistance, haze and transmission values that compare well with those
produced using state-of-the-art vacuum based techniques. Furthermore, the
results show that it is possible to begin with aqueous dispersions and then
dilute them with organic solvents for use in a spin coating method to prepare
the polymer–metal oxide nanoparticle composite films.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recent developments in the understanding of materials on the
nanometre scale have allowed engineers to create new hybrid
composites with enhanced mechanical, electrical, and optical
properties over their undoped counterparts [1–4]. These
new composites allow traditional plastic resins to be doped
with a wide range of nanoparticles, wires, or tubes, thereby
introducing the advantageous properties of the bulk particle
while still maintaining the processability and low cost of the
plastic at the macroscopic level. By careful selection of
the nanoparticle dopant, the mechanical strength, electrical
conductivity, optical refractive index, and countless other
physical properties of the bulk resin can be controlled.

Of particular interest is a multi-layered thin film coating
exhibiting lower spectral reflectance compared with the surface
of the uncoated substrate. These anti-reflective coatings have

3 Present address: Department of Chemical Engineering, Massachusetts
Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139,
USA.
4 Author to whom any correspondence should be addressed.

applications in ophthalmic lenses, solar cells, data storage,
and other optical devices that require a reduced reflectance
for an increase in optical efficiency. Oliviera et al were able to
produce an anti-reflective effect using a sol–gel derived coating
with tunable refractive indices and improved mechanical
performance [5]. Belleville et al also reported using sol–
gel coatings in high damage applications where anti-reflective
coatings are necessary to maximize light intensity [6, 7]. Many
of these sol–gel processes require either a thermal curing
step or a chemical cure in the presence of NH3 to carry out
the necessary condensation reaction. These procedures add
time and cost in the form of heat or chemical waste to the
deposition process. The resulting sol–gel films often lack
abrasion resistance as well. Early attempts to engineer anti-
reflective coatings from a nanoscopic level resulted in fragile
surfaces [8], but recently researchers have begun to develop
thin film coatings using nanoparticles to enhance the abrasion
resistance [1]. However, demand exists for a simplified
coating method yielding good optical efficiency and abrasion
resistance.

The spin coating method for depositing hybrid polymer
nanoparticle composites has been widely studied [9–12] and
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allows for a simple low cost deposition of thin films. Yu et al
produced thin films of the order of several microns using a
colloidal silica and acrylic monomer cured in the presence of
heat [13]. Thicker films, i.e. of the order of several microns,
present a greater degree of light scattering, often hampering
their use in optical applications. Thin films less than half a
micron thick, on the other hand, are difficult to keep uniformly
thick, and in turn sacrifice mechanical strength. It is therefore
necessary to find a way to deposit thin nanocomposite films
that do not exhibit the light scattering seen in their thicker
counterparts but still maintain the modified refractive index
and mechanical strength. Spin coating presents a way to
uniformly deposit sub-100 nm thick films, but it is unclear
whether aqueous based dispersions can be utilized in such
a process.

The goal of this work was to study whether one can form
sub-100 nm thin films of specific refractive index by varying
the metal oxide nanoparticle loading in aqueous colloidal
solutions. Also addressed is the question of whether one
can engineer these films to form an anti-reflective stack on
a plastic substrate. The mechanical and optical performances
of the resulting anti-reflective films were evaluated. The work
described here specifically uses silica and ceria nanoparticle
dispersions and a UV-curable monomer to illustrate the
applicability of nanoparticle dispersion chemistry in making
anti-reflective films. However, the results could easily be
extended to aqueous dispersions of other metal oxide systems.
To the researchers’ knowledge, there has been no prior report
describing the use of colloidal dispersions of metal oxides
entirely to form thin, anti-reflective films on any substrates
at room temperature.

2. Experimental details

A spin coating technique was chosen for its simplicity and its
efficiency in depositing thin, uniform films across a substrate.
This technique is well understood and the thickness of the film
is controlled primarily by the spin-off speed and the solution
viscosity [14]. The repeatability of the thickness is high as long
as the coating environment is controlled so as to not interfere
with the evaporation of the volatile solvents. In this application
a liquid phase colloidal suspension of metal oxide particles
could be formed in a bulk solvent, which would also dissolve
the chosen monomer sufficiently that the final viscosity of the
solution is appropriate for spin coating to take place.

Several metal oxide nanoparticles are commercially
available as colloidal suspensions in water. Among these,
cerium dioxide, or ceria, and silicon dioxide, or silica,
nanoparticles were chosen for their refractive indices. Cerium
dioxide, which is available as a colloidal suspension from
Sigma-Aldrich (Product No 289744), has a reported refractive
index of 2.18 at 500 nm [15], and silicon dioxide, also
available as a colloidal suspension from Sigma-Aldrich under
the tradename LUDOX (Product No 420832), has a refractive
index of 1.46 at 500 nm [15]. Using methods described
by Macleod, a simple two-layer anti-reflective stack can be
designed, such that a minimum of zero reflection can be
achieved at 500 nm wavelength if the ratio of refractive indices
is 0.8 [15].

In the case of the colloidal ceria, the mean particle
diameter is 10–20 nm, which is sufficiently small not to scatter
light in the visible region. However, the bulk solvent in the
suspension is water. The water, which has been added to
the solution, dissociates the acetic acid into acetate anions
and hydronium cations. These acetate ions are attracted
to the positive surface of the ceria particles, which creates
the repulsive force necessary to stabilize the double-layer
phenomenon around each colloid. Unfortunately, water is a
very difficult solvent to use in a spin coating process because
of its relatively low vapour pressure (0.0313 atm). The low
vapour pressure makes it difficult to thoroughly evaporate the
water present and can lead to a porous film. The acetate
stabilized aqueous colloid is therefore introduced into a solvent
with a greater vapour pressure such as methanol (0.128 atm) or
ethanol (0.078 atm). Even though the bulk solvent is no longer
water, the colloid particles are still stabilized by an electrical
phenomenon because the water was never removed. Removal
of the water reverses the acetic acid dissolution reaction which
removes the stabilizing acetate anions from solution and results
in agglomeration of the nanoparticles.

Diluting the aqueous solution with another solvent
actually ‘salts in’ the colloid by gradually reducing the net
concentration of stabilizing ions, increasing the net energy
barrier described by the Derjaguin, Landau, Verwey, and
Overbeek (DLVO) theory [16, 17]. It was found that only
highly polar solvents, which most closely resemble water
from a molecular standpoint, allow the colloid to remain
stable. Therefore, methanol, with a dipole moment of 1.7 D
(vapour pressure 0.128 atm), ethanol, with a dipole moment
of 1.69 D (vapour pressure 0.078 atm), and 1-propanol, with
a dipole moment of 1.68 D (vapour pressure 0.043 atm),
were found to be successful bulk solvents. 1-butanol, with a
dipole moment of 1.66 D [18], was marginally successful but
required considerable ultrasonication to prevent the colloids
from agglomerating. Ethanol, with its high availability and
low toxicity, was selected as the solvent.

Monomer, along with an appropriate photoinitiator,
is then added to the bulk ethanol solution containing
the colloidal ceria. Several acrylic monomers including
dipentaerythritol pentaacrylate (available from Sartomer as
SR-399), polyethylene glycol diacrylate (available from
Sartomer as SR-344), and an ethoxylated trimethylolpropane
triacrylate (available from Sartomer as SR-415) were tested.
The pentafunctional monomer was selected for its strength
and high degree of cross-linking, which is necessary for
highly doped films containing very little monomer. It can be
efficiently radiation cured using 2–4 wt% of Irgacure 184.

The solution was then spun onto an acrylic substrate and
subsequently cured using an Optical Dynamics Corporation
Table Top AR coater shown in figure 1. This apparatus
consists of a HEPA clean air space surrounding a coating bowl,
curing chamber, and cleaning bowl, and is designed to move a
substrate through a complete coating process with no operator
intervention. The coating bowl is equipped with a heated air
inlet to minimize environmental effects and an outlet blower to
enhance solvent evaporation. The self-contained environment
is specifically designed to limit the contaminants that can be
deposited onto the substrate during processing. The spin-off
speeds are controlled to within 5 rpm for accurate repeatability.
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Figure 1. A photograph of the spin coating apparatus utilized in this
research. The system eliminates most air-borne contamination by
enclosing the entire casting process in a HEPA clean air space.

The curing bowl uses a low wattage UV germicidal bulb
and an inert carbon dioxide atmosphere to minimize oxygen
inhibition.

It is slightly more difficult to dilute the colloidal silica
solution with an organic solvent because of the manner in
which the colloid is stabilized. Silica particles have negatively
charged surfaces, so they must be stabilized with an appropriate
cation. In most cases, the cation is sodium. If a sodium
stabilized solution is dispersed in an organic alcohol, the
sodium ions will be consumed by the alcohol in the form of
an organic alkoxide. In ethanol, for example, the sodium will
react to form sodium ethoxide removing the stabilizing ions
from solution. It is for this reason that a larger, more stable
cation such as the ammonium cation must be used. Even
then, the commercially available colloidal silica must first be
diluted with water from 30 wt% to approximately 15 wt%.
This process gradually decreases the net concentration of
ammonium ions in solution and increases the net energy barrier
stabilizing the colloids from agglomeration. This intermediate
equilibrium allows the colloid to then be introduced into the
bulk ethanol without loss of stability. Appropriate amounts of
monomer and photoinitiator can then be added.

3. Results

Two parameters need to be defined in order to discuss the
observed results effectively. The percentage of solids in the
solution will be defined as the total weight of metal oxide
nanoparticles and monomer divided by the total weight of
the solution and is the ratio of nonvolatile substances to total
weight. Since it is the competition between centrifugal forces
and viscous forces that governs the spin coating process, the
film thickness is strongly affected by the solution viscosity.
The second parameter is the weight ratio of nanoparticles to
total nonvolatile substances, which influences the optical and
mechanical properties of the film. This ratio also plays an
important role in the thickness of the film.

The percentage of ceria in the film will be defined
as the weight of nanoparticles divided by the total weight
of nonvolatile solids (i.e. nanoparticles, monomer, and
photoinitiator) present after spin coating. This ratio should
directly control the refractive index of the film (as it is directly
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Figure 2. Linear relationship between the weight percentage of ceria
particles in the film and the resulting refractive index observed at a
wavelength of 550 nm. The observed linearity across a broad range
supports the conclusion that the refractive index is, in fact, tunable.

related to the volume ratio). To test this hypothesis, eight
solutions were formulated by varying the percentage of ceria
in the film, and holding the percentage of solids in the solution
constant at 3 wt%. Each film was deposited on a three-inch
silicon wafer and cured with ultraviolet radiation. The film
thickness was measured using a Dektak Profilometer. This
thickness was then used in conjunction with a reflectance
spectrum measured by a Filmetrics F20 Spectrometer to
calculate the refractive index. These films were also cast onto
optically clear lenses, and the measured clarity of the coated
substrate was not changed as measured using a BYK Gardner
Hazegard.

As hypothesized, the relationship in figure 2 is linear with
an interpolation R2 value of 0.98. If this linear relationship
is extrapolated, the limit at 100% loading would correspond
to a refractive index of 1.95, which is less than the reported
bulk refractive index of ceria. However, the aqueous ceria
solution has been treated with a mild acid, and its surface
properties have undoubtedly been affected by this procedure.
Even with this residual organic acid present, the refractive
index is continuously tunable from the refractive index of the
pure polymer (1.54) to the refractive index of the treated ceria
particles (1.95).

Figure 3 shows the observed influence of ceria loading on
the thickness of the thin films. The percentage of solids in each
of the formulations was held constant at 3 wt%. Therefore, an
increase in the loading of ceria particles in the film must be
accompanied by a decrease in monomer added to the solution.
The exchange of rigid ceramic particles for tacky monomer
molecules has an acute effect on the viscosity of the monomer
solution to be spin coated. As the viscosity of the solution
increases, i.e. at lower ceria loadings and higher monomer
loadings, the balance of viscous to centrifugal forces changes
yielding thicker films.

It was also speculated that an increase in the nanoparticle
loading in the film would increase the mechanical strength
of the film. Introducing ceramic nanoparticles, noting that
ceria has a Mohs’ scale hardness of 6, into the polymer matrix
should increase the abrasion resistance of the film considerably
since the nanoparticles will also act as a binder. Six of
the previous formulations were coated onto acrylic substrates
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Figure 3. Observed relationship between the weight percentage of
ceria particles in the film and the thickness of the film. The curve
clarifies the condition that the percentage of solids was held constant
at 3 wt%. The exchange of solid particles for tacky monomer
molecules has a profound effect on the viscosity of the solution.
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Figure 4. Observed relationship between the weight percentage of
ceria particles in the film and the abrasion resistance of the film.
Simply a measure of how strongly the particles and monomer matrix
hold together, the failure of the film is quantified by measuring the
degree to which the film becomes scratched.

and subjected to a physical abrasion test used in the optical
industry [19]. This tumble test was chosen as opposed to the
Taber abrasion test, which would be too aggressive and would
be influenced too much by the plastic substrate. The tumble test

Figure 5. Transmission electron micrographs taken from cross sections of two differently doped thin films. The darker grey region is the
plastic substrate, the black layer is the doped film and the light grey region is the epoxy into which the sample was embedded for
cross-sectioning. The ceria distribution appears to be homogeneous across the polymer matrix.

simulates abrasive wear on AR coated samples and measures
the increase in haze (light scatter caused by scratches on the
surface). Lenses exhibiting more scratches have a higher haze
value. The test is sensitive, but can quickly sample a large
population of lenses, so a large sample size was chosen for
each formulation.

Using a BYK Gardner Hazegard the light scattered from
an incident beam was measured before and after administering
the test. The increase in scattered light, measured in the form of
haze, was then recorded in figure 4. As expected, the increase
in nanoparticle dopant increased the abrasion resistance of the
film, appearing as a decrease in added haze. This increase
in abrasion resistance reaches an optimum point, however,
around 90 wt% loading in the film. Beyond this loading
there is simply not enough monomer available with which
to form a continuous matrix around the nanoparticles. The
nanocomposite properties are lost and a decrease in mechanical
strength is noticed.

The two cross-sectional micrographs shown in figure 5
were taken with a transmission electron microscope.
Therefore, the atomically heavier ceria particles appear darkest
in the images because they affect the transmitted intensity the
most. Two films of different thicknesses, controlled by varying
the percentage of solids in the bulk solvent, have been created.

In both cases the dispersion of ceria particles is uniform
across the matrix. The particles do not appear to have
condensed near the substrate interface, but have formed
a homogeneous nanocomposite. On evenly distributing
nanoscale particles homogeneously throughout the film, the
wavelength of the incident light is great enough that the
light is not affected by individual particles. The light is
not scattered but effectively ‘sees’ only a single phase with
constant refractive index rather than patches of low index and
patches of high index. This allows the film to maintain its
macroscale applications and processability, while tuning its
physical properties such as refractive index and mechanical
strength on the nanoscale.

The curves displayed in figure 6 present an ideal
application of these tunable nanocomposite films. By coating
an acrylic substrate with a high index ceria doped thin film,
followed by a low index silica doped thin film, it is possible
to create a two-layer anti-reflective coating which can now be
tuned for optimal performance. By varying the percentage
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Figure 6. Reflected intensity across wavelengths in the optical
spectrum taken from two different coated substrates. The minimum
has been shifted by manipulating the thicknesses and refractive
indices of the high and low index doped films.

of solids in each layer the thicknesses can be controlled, and
by varying the nanoparticle loading the refractive indices can
be controlled. The following reflectance spectra were taken
from two acrylic substrates coated with such an anti-reflective
coating.

By manipulating the thickness and refractive index of
the high and low index layers, it is demonstrated that the
minimum wavelength can be tuned to a desired value. This
manipulation changes the reflected colour and intensity of light
from the lens. Using only two layers these samples exhibit
a 96.3% and 97.6% transmission, an increase from the 90%
transmission achieved from an uncoated acrylic substrate. In
the optical lens industry thin film coatings are subjected to a
series of standardized tests meant to objectively measure the
ability of the coatings to withstand mechanical abrasion as
well as extreme humidity [20]. The industry benchmark for
an acceptable coating is a score of 3.25 out of 5.0. Coatings
deposited in the previously described method routinely score
above 4.0, thereby comparing very favourably with films made
in more expensive and complex vacuum based systems.

4. Conclusions

This research presents a method for making optically
transparent polymer nanocomposite thin films from liquid
colloidal solutions. Specifically, the results show that the index
of refraction of the polymer films can be tuned from 1.46 to
1.54 using silica nanoparticles and from 1.54 to 1.95 using
ceria nanoparticles. Combining the high and low refractive
index films in layers creates an anti-reflective coating whose
performance is comparable to or better than those produced
using sol–gel and vacuum based techniques. The procedure
described in this work provides an inexpensive and safe method
of effecting AR coating compared to others that require an
evacuated environment or high temperatures.

The method of surface treatment to stabilize the colloids
followed by addition of an organic solvent for eventual spin
coating and photocuring can easily be adapted for several
other metal oxide nanoparticles. Results also indicate that
it is not necessary to begin with organic dispersions of
nanoparticles when creating polymer nanocomposites. It is
possible to begin with aqueous solutions, taking advantage of

the colloidal phenomenon to stabilize the nanoparticles, and
modify them to maintain the efficiency in spin coating observed
with organic solvents. This opens many doors for future
research. Similar techniques may be used to incorporate other
interesting materials into nanocomposites. Aqueous colloidal
suspensions of titania, alumina, zirconia or zinc oxide could
be reliably cast using this procedure, broadening the range of
refractive indices further and improving the reflectance spectra
obtained in this work using ceria and silica.
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We report the synthesis and characterization of a new electrode material consisting of nanocrystalline graphite �NCG� deposited
onto Pt via microwave plasma chemical vapor deposition. This material exhibits stable and quasi-reversible electrochemistry for
a uniquely wide range of model compounds including Fe�CN�6

4−, Ru�NH3�6
2+, and selected catechols and quinones. Raman

spectroscopy and electron nanodiffraction were used to confirm the presence of nanocrystals of graphite and support the hypoth-
esis that NCG exhibits electrochemical activity similar to that of edge planes of crystalline graphite. The as-synthesized NCG
material did not require any electrochemical pretreatment; however, occasionally, a one-time anodic oxidation did improve the
kinetics for the catechol- and quinone-related electron transfer reactions. The electrochemical response of the electrodes was stable
even after one year of storage time. The electrodes yielded clearly resolvable peaks in the voltammograms for the analytes at
concentration levels similar to those in extracellular neural fluids and suggest that the electrode material may be useful for in vivo
biological applications.
© 2005 The Electrochemical Society. �DOI: 10.1149/1.1870772� All rights reserved.
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Over the last few years, there has been increasing interest in
carbon-based electrodes for sensing neurological compounds. Spe-
cifically, nano-1-3 and microcrystalline4,5 forms of diamond and car-
bon nanotubes6-10 have been investigated as alternatives to conven-
tional pretreated glassy carbon �GC� and carbon paste materials.
Thus, boron-doped microcrystalline diamond �MCD� has been
shown to offer advantages over other carbon materials with respect
to its low capacitance background current, wide working potential
window for most solvents and electrolytes, and stable electrochemi-
cal activity without any pretreatment.11-15 However, these properties
of MCD are accompanied by a general decrease in the electrochemi-
cal reaction rates for some analytes such as catechols, compared to
GC and other materials.16 In carbon nanotubes, interesting electro-
chemical behavior, especially for dopamine and other biomolecules
important for in vivo sensing applications, has been demonstrated;10

and these materials certainly hold promise for electroanalysis. How-
ever, for carbon nanotubes, rapid electron transfer kinetics seems to
require the presence of defect states within the graphene sheets.
Hence, GC has still been attractive for the analysis of compounds
such as catechols and quinones. It has been shown that the surface
preparation of GC is crucial to its electrochemical performance. In
particular, the surface preparation procedure, which varies widely,
affects the observed electron transfer kinetics.17 Furthermore, the
activity of the prepared GC surface may also be short-lived, leading
to degradation in performance and necessitating frequent reactiva-
tion. Graphite, on the other hand, is an anisotropic material, with
highly reactive edge planes and nearly inert basal planes. Conse-
quently, graphite could serve as an attractive electrode material pro-
vided that one could make predominant use of the edge planes over
the basal planes. Nanocrystalline graphite �NCG� offers such a pos-
sibility. There have been a few attempts to obtain NCG using high
energy laser-pulses,18 mechanical milling,19 ball-milling for 8 h,20

and thermal chemical vapor deposition �CVD� from methane/
hydrogen precursors.21 However, there is little information about the
possible structure of three-dimensional graphite nanocrystals; and
no information has been reported so far regarding the electrochemi-
cal behavior of graphite crystals at the nanoscale.

Recently, we reported the synthesis and some preliminary obser-
vations on the electrochemical properties of a new nanocomposite

carbon material prepared in a microwave plasma CVD reactor.22

The synthesis differs from traditional CVD of diamond in that plati-
num wires used as substrates were placed directly into the dense
plasma region to capture a high proportion of graphite and diamond
nuclei. Although carbon deposition onto flat substrates using similar
conditions typically yields MCD films, the high density of radicals
and high temperatures �in excess of 1500 K� present at the Pt wire
tip in this configuration promote the formation of NCG and diamond
phases without forming amorphous sp2 carbon. Interestingly, the
electrode exhibited nearly reversible electrochemical behavior for
the redox reactions of dopamine in KCl solutions.22 However, the
origin of the observed reversible electrochemical behavior was
not clear. To understand the origin, extent, reproducibility, and sta-
bility of the NCG electrodes, we have synthesized a number of NCG
electrodes, characterized their structure using Raman spectroscopy
and nanodiffraction, and analyzed their electrochemical behavior
using cyclic voltammetry �CV� with a variety of model redox
compounds.

Experimental
The nanocomposite carbon films were deposited onto Pt wire

substrates using a microwave plasma CVD reactor �1.5 kW ASTeX
5010�. The details of the synthesis method have been described
previously.22 Figure 1 shows the schematic of the experimental
setup. The platinum wires were placed vertically in the plasma with
a 1-2% dilution of CH4 in H2 as the feed gas. Because the substrate
is metallic, the entire plasma tended to discharge at the wire tip,
creating very high temperatures �near the Pt melting point, 1770°C�
accompanied by a high local density of gas phase species. After
24 h, nanocomposite carbon films up to 1 mm thick were deposited
at the tips of the platinum wires.

These films were analyzed by micro-Raman spectroscopy with
laser excitation wavelengths of 785, 514.5, and 488 nm. They were
also analyzed by electron diffraction, X-ray photoelectron spectros-
copy �XPS�, and X-ray diffraction �XRD�.

Surface compositional analysis of the electrodes was performed
with XPS using Al K� X-rays �� = 8.34 Å� and a spectrometer pass
energy of 50 meV. The small size of the electrode tips necessitated
bundling three electrodes together to obtain adequate sampling sig-
nal. A fresh plasma-cleaned Si�100� surface served as a support for
the bundle, and a spectrum of identically treated Si�100� was used as
a blank to account for carbon and/or oxygen contri-
butions from the support. The C�1s� and O�1s� spectral windows
from the blank were subtracted from the observed C�1s� and O�1s�
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features of the supported electrodes. In this way, the XPS data ob-
tained were representative of only the nanocomposite carbon
surfaces.

CV experiments were carried out with a Bioanalytical Systems
model CV-50W Voltammetric Analyzer equipped with a single-
compartment, three-electrode cell with Ag/AgCl �3 M KCl� refer-
ence and Pt wire auxiliary electrodes. The area �geometrical and
electrochemical� varied with each electrode and was determined ap-
proximately. In some CV experiments, GC and MCD electrodes
were employed for comparison purposes. GC electrodes were ob-
tained from Bioanalytical Systems �model MF-2012, 3.0 mm diam-
eter�, while MCD electrodes were prepared in our own lab. CVs
of the nanocomposite diamond deposits were obtained by immer-
sing the head of the electrode �ball-shaped� into the solution while
blanking the rest of the electrode with an insulating enamel to en-
sure the electrochemical response originated only from the nano-
composite material. Most of the analytes, serotonin �5-hydroxy-
tyramine�, uric acid, ascorbic acid, dopamine, potassium ferricya-
nide �K3�Fe�CN�6��, catechol, 4-methyl catechol, and ruthenium
hexamine hydrochloride, were obtained from Sigma-Aldrich. CVs
were usually run in 0.10 M KCl electrolyte, but a 0.20 M phosphate
buffer solution was used occasionally to maintain a pH of 7. Deaer-
ating the solutions with N2 had little effect on the observed CVs.
Room-temperature electrode impedance spectroscopy �EIS� was
performed with a model 273A Princeton Applied Research
Potentiostat/Galvanostat in 0.10 M KCl solution.

�e��lt�an��i�����i�n

�aterial characterization.� Multiple platinum wires were
placed vertically into the CVD growth system with only the tips
immersed in the dense plasma region, as illustrated in Fig. 1. After
24 h of deposition, a dense ball-shaped deposit of carbon formed at
the tip. This deposit, which was characterized with surface spectros-
copy and electrochemistry as described below, was the primary fo-
cus of this investigation. Note that when similar platinum wires
were placed horizontally in the low-temperature region of the
plasma, a uniform MCD deposit was formed on the platinum wire as
expected.

Raman spectra taken at different wavelengths on the nanocom-
posite material are presented in Fig. 2. A number of studies have
indicated that the presence of the two peaks, one around 1350 cm−1

and the other around 1580 cm−1, is clearly indicative of D and G
bands of graphite, respectively.23 An additional peak at 1620 cm−1 is
indicative of the D�-band.24 The D and D�-band arise due to disor-
der in the graphite, i�e�, perfect graphite sheets would yield only the

G band.23 Interestingly, the Raman spectrum �785 nm excitation�
shown in Fig. 2 exhibits peaks matching each of these band loca-
tions. However, the broad shoulder between 1350 and 1550 cm−1

that is normally attributed to the amorphous sp2 carbon phase25-28 is
clearly absent in our spectra.

Raman spectroscopy is very sensitive to the presence of sp2 car-
bon in comparison to sp3 carbon.29 In particular, both the position
and the intensity of the D-band depend on the crystallite size and the
laser excitation wavelength. With decreased excitation wavelength,
D-bands shift to higher wave numbers and decrease in intensity.30

Thus, for materials potentially containing both diamond and graph-
ite crystalline phases, short laser wavelengths ��244 nm� must ide-
ally be used to distinguish between the diamond signature at
1332 cm−1 band and the D-band close to 1350 cm−1.31 In this study,
we expanded upon our earlier Raman observations by using excita-
tion wavelengths of 785, 514, and 488 nm as shown in Fig. 2. De-
creasing the wavelength from 785 to 488 nm shifts the D-band from
1313 to 1376 cm−1, while the G-band at 1583 cm−1 remains rela-
tively constant, consistent with other reports for sp2 graphite.23,30-32

On this basis, we believe that our earlier assignment22 of the
1314 cm−1 peak to nanocrystalline diamond was incorrect.

According to Knight�s formula, the relation between the ratio of
the D/G band intensity and the graphite cluster size23,30,32 is

�a = �IG/ID� �1�

where �a is the graphite cluster size, IG and ID are the G- and
D-band intensities, and C is a wavelength dependent term. If one
were to use the linear dependence of C on wavelength suggested by
Matthews et al�30 in the range 400-785 nm, the value of C for a
wavelengths of 633 and 785 nm would be �83 and �133 Å, re-
spectively. The integrated intensity ratio �IG/ID� calculated for our
nanocrystalline material at laser excitation wavelengths 633 nm was
1.147 �data not shown� and at 785 nm was 0.68.22 �sing Knight�s
formula, the crystallite size obtained for our nanocomposite material
can be estimated as less than 10 nm. We obtained a similar crystal
size for 514 and 488 nm laser wavelengths. As the expected pen-
etration depth for a Raman laser with wavelength 785 nm is less
than 1 �m, this indicates that at least the surface of the nanocom-
posite material is dominated by nanocrystals of graphite.

Nanodiffraction studies were also performed on 1 nm regions of
the ball-shaped tip of the CVD-deposited material. When such a
bulb was taken intact and mounted on a grid, scanning tunneling
electron microscopy �STEM� observations indicated that the bulb
was relatively smooth, with small hills on it, and gave graphite
diffraction patterns consistent with the basal plane oriented roughly
parallel to the surface. The dark field images of the nanocrystals
along with their corresponding electron nanodiffraction patterns
�taken from 1 nm regions� are shown in Fig. 3. These images show

�i��re 1�A schematic of the synthesis of multiple electrodes containing the
nanocomposite material.

�i��re 2�Micro-Raman spectra taken from the bulb-shaped nanocomposite
deposit using different laser excitation wavelengths of 785, 514.5, and
488 nm.
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that the graphite crystals were often only as small as 10 nm in di-
ameter and had sharp edges. Also, the diffraction patterns showed
abrupt changes in lattice orientation between the crystallites. These
observations regarding the graphite crystallite size and structure
were in substantial agreement with the Raman analysis presented
above.

The right hand inset in Fig. 3 shows only strong first order re-
flections that are indicative of the presence of very small distorted
crystals. This may be due to the presence of many exposed graphite
edge planes. When the samples were crushed and the resulting bulk
material was analyzed by STEM, almost a third of the crystallites
appeared to be graphitic. In addition, there was a significant amount
of amorphous material but only a very small proportion of diamond
phase present. Furthermore, the diamond crystals present were
mostly embedded within the amorphous matrix and therefore were
not deemed likely to be responsible for any of the observed electro-
chemical behavior. As a check, XRD �not shown� was performed on
the material scraped from the surface of the electrode. The XRD
revealed a clear feature associated with the �002� graphite plane with
a size estimate �using full-width at half-maximum� again on the
order of 10 nm.

Our conclusions based on the Raman, electron nanodiffraction,
and XRD studies was that the surface of our nanocomposite material
is dominated by NCG with a crystallite size of �10 nm.

Electrochemical studies.� It is generally accepted that the edge
plane of graphite is much more reactive towards electron transfer
and adsorption than the basal plane. In view of the fact that our
as-synthesized material contains substantial NCG and should there-
fore have an unusually high proportion of edge planes, we expected
that it might be an interesting electrode material with especially
good electron transfer characteristics. Our initial communication22

confirmed that this was the case for dopamine oxidation and encour-
aged us to explore the voltammetry of a broad range of redox com-
pounds at an NCG electrode.

Figure 4a-f shows the CVs obtained using the NCG material for
a series of model electroactive analytes. 0.10 M KCl was used as the
electrolyte because this has been frequently reported in the literature
for these compounds with GC and MCD electrodes. The specific
peak separation values ��Ep� seen in this figure for NCG are listed

in Table I and compared with those obtained under identical solution
conditions for untreated GC and MCD. In comparison to the near-
reversible response seen at the NCG electrode, both untreated GC
and MCD gave much less reversible behavior for most of the ana-
lytes. These results illustrate that NCG clearly represents an inter-
esting electrode material for electroanalytical applications.

A series of tests were employed on several electrodes to gain
more insight into the electrochemical activity of the NCG. The elec-
trodes were tested with regard to stability, nature of surface sites,
and selectivity in mixtures of analytes. In all these tests, we used
dopamine as the model analyte which, due to its physiological im-
portance, has been extensively studied on several types of carbon-
based electrodes.33,34

As shown in Fig. 4f, the as-synthesized NCG electrodes typically
showed a quasi-reversible peak separation for dopamine without any
pretreatment with �Ep � 100 mV in 0.10 M KCl. However, a few

�i��re ��Dark field image taken from the intact bulb-part of the electrode.
The surface show low hills of graphite nanocrystals. The electron nano-
diffraction patterns �insets� are taken approximately from regions about 1 nm
within the areas indicated.

�i��re ��CV of 1 mM �a� 4-Methyl catechol, �b� Ruthenium hexamine
hydrochloride, �c� Catechol, �d� Ferricyanide, �e� Hydroquinone, and �f�
Dopamine in 0.1 M KCl solution at 100 mV/s scan rate. Electrode area is
0.03 cm2.

�a�le ����mpari��n ��t�e �Ep �al�e���taine� ��in������r
�i��erent anal�te�at �ntreate����� �� an�t�e ��� ele�tr��e
material�a

Compounds GC MCD NCG

4-Methyl catechol 0.49 V 1.06 V 0.13 V
Ru�NH3�6

2+ 0.07 V 0.09 V 0.08 V
Catechol 0.55 V 1.02 V 0.14 V
Fe�CN�6

3+ 0.5 V 0.65 V 0.08 V
Hydroquinone 0.55 V 1.2 V 0.21 V
Dopamine 0.65 V 1.0 V 0.12 �0.02 V
Ascorbic Acid 1.2 Vb 1.6 Vb 0.21 Vb

a �Ep values were obtained for 1.0 mM concentrations in 0.10 M KCl
solution at a potential scan rate of 100 mV/s.

b Oxidation was irreversible at all electrode materials; therefore, values
shown here are the Ec potentials seen for ascorbic acid oxidation at
each electrode.
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of the electrodes ��1 in 5� required anodic oxidation at +2.0 V in
0.5 M H2SO4 to reduce the �Ep for dopamine in 0.1 M KCl from
350 mV to a nearly reversible 100 mV �see Fig. 5�. Interestingly,
this decrease in peak separation was also accompanied by a general
increase in the background current, which was mainly due to an
increase in the active surface sites �as explained below�. Most im-
portant, these electrodes, after the one-time anodic oxidation treat-
ment, and the remaining electrodes, without any treatment, exhibited
stable and reversible response with usage over the entire period of
this study, i�e�, over a year. �Ep of about 10 electrodes for 1 mM
dopamine in 0.10 M KCl was 0.12 V �0.02 V. Additionally, the
plot of the anodic current vs�the square root of the scan rate gave a
linear dependence over a wide range �figure not shown�. This indi-
cates that the overall electrochemical process for dopamine at the
NCG electrodes is diffusion-controlled.

EIS measurements indicated that the capacitance of the as-
synthesized NCG material was about 5.5 �F for 0.03 cm2 electro-
chemical area or roughly 180 �F/cm2 which is substantially greater
than that reported for MCD �0.05-5 �F/cm2�,11 GC �25
-30 �F/cm2�,11 and edge-plane graphite �70 �F/cm2�.35 The effec-
tive electrochemical area of the NCG electrodes was calculated from
the slope of the cathodic peak current �diffusion-limited current� vs�
square root of scan rate for a 1 mM solution of K3Fe�CN�6. The
high value for the specific capacitance of NCG could presumably be
due to the higher concentrations of graphite edge planes on the
electrode surface. Significant presence of graphite edge planes can
lead to faster kinetics and hence increased accumulation of surface
charge.

McCreery�s pioneering studies demonstrated that the electron
transfer kinetics increases with increasing adsorption of catechols on
GC surfaces.36 There are several ways by which dopamine can ad-
sorb on the surface of carbon electrodes. One adsorption pathway is
through oxygen functionalization of the surface, e�g�, the formation
of -COOH or -C = O due to anodic oxidation on the surface of
diamond13 or GC34 and the subsequently increased interactions be-
tween these groups and the catechol compound. Electron transfer
then occurs from the species in the solution to a surface already
saturated with adsorbed redox species.36 The second pathway of
increased adsorption of catechols is by means of surface defect sites
on graphite.37 Therefore, surface spectroscopy was used to identify
surface functionalities in order to determine which of the above
pathways was primarily responsible for the quasi-reversible behav-
ior seen for dopamine at NCG.

XPS analysis was performed both on as-synthesized NCG elec-
trodes that provided an immediate reversible response to dopamine

and on nonideal NCG electrodes �before and after electrochemical
anodization� that showed slight irreversibility when used as synthe-
sized. The C�1s� XPS spectra for such electrodes is presented in Fig.
6. Of course, absolute quantification of oxide functionalities on the
surface was difficult due to the extremely small area of the electrode
in comparison to the region over which each spectrum was taken;
and a simple Gaussian deconvolution model was used to analytically
extract spectral features. As shown in Fig. 6, the three main features
seen following deconvolution consisted of peaks at 284.9, 286.4,
and 288.3 eV, which have been interpreted elsewhere as C-C graph-
ite carbon ring, C-OH, and C = O, respectively.38,39 These results
are summarized numerically in Table II where it can be seen that the
amount of carbonyl functional group increased significantly follow-
ing the oxidation treatment �column �b� vs��c�� as has been previ-
ously reported for GC,40 graphite,35,41 and diamond.12,42 However,
the electrodes that showed good initial performance before any elec-
trochemical treatment exhibited a smaller proportion of oxygen-
containing functional groups than either of the other surfaces �col-
umn �a� vs��b� and �c��. Hence, the oxygen-containing surface
species clearly did not seem to be directly associated with the re-

�i��re 5�The CV of 1 mM Dopamine in 0.1 M KCl at 100 mV/s scan rate
before and after acid treatment. Acid treatment consisted of scanning the
electrode from −2.0 to + 2.0 V vs�Ag/AgCl in 0.50 M H2SO4 for two
cycles.

�i��re ��XPS spectra taken on the �a� as-synthesized well-working NCG
electrode �b� as-synthesized NCG electrode with irreversible behavior �c�
after anodic oxidation of �b� in 0.5 M H2SO4 at 2.0 V, indicating an increase
in groups corresponding to 284.9, 286.4, 288.3 eV.
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versible electrochemical behavior observed for the NCG material.
Interestingly, the estimated electrochemical area nearly doubled

after electrochemical anodization. Further, the capacitance of the
material, determined using EIS, also increased dramatically from
�5.5 to � 80 �F for the same electrode after two successive an-
odic oxidations �but did not increase significantly further�. Also,
successive anodic oxidations did not decrease further the �Ep value
for dopamine redox couple. Thus, we speculate that the NCG elec-
trodes displaying poor performance on initial CV experimentation
may have had larger grain sizes or perhaps had edge planes that
were bent and hence not directly exposed to the solution. Thus, they
did not give a very reversible response for dopamine initially. Pre-
viously, McCreery showed that oxidation of the surface by electro-
chemical treatment creates defects on graphite,37 which may in turn
increase the reactivity as noted earlier. The observed increases in
capacitance and electrochemically active surface sites lend support
to the hypothesis that the electrochemical anodization here creates a
large number of such surface defect sites. In comparison, when
MCD was anodically treated, an increase in oxygen containing func-
tional groups on the surface has likewise been reported.4 However,
the diamond surface, which is comparatively inert to adsorption,
continued to give a highly irreversible peak for the dopamine redox
processes even when terminated by oxygen-containing functional
groups after anodization.4,43

The NCG electrode performance, with or without electrochemi-
cal pretreatment, was quite stable over a long period of time. One
electrode was tested with daily usage over a month and the resulting
CV performance with dopamine is presented in Fig. 7. As shown by
Fig. 7, the �Ep had a negligible change over this period. The back-
ground and peak current did change, while maintaining the same
signal-to-background ratio, because the exposed electrode area

could not be kept exactly the same each time the CV was taken. This
stable behavior is similar to that seen for MCD but is seems much
better than GC, which requires frequent reactivation of the surface
to overcome sluggish kinetics.

�eurotranmitter applications.� In the in vivo neural environ-
ment, the extracellular fluid that serves as the sample matrix con-
tains an excess of ascorbic acid and comparatively small amounts of
dopamine, DOPAC, serotonin, etc. Therefore, it is desirable to have
an electrode material that can clearly resolve the peaks for all the
analytes present in this mixture. Also, as the pH of the neurological
environment is close to 7 and the oxidation potential of dopamine is
quite sensitive to pH, it was appropriate to carry out subsequent CV
experiments in buffered solution �in this case, 0.20 M pH 7 phos-
phate buffer�. Interestingly, CV with the as-synthesized NCG elec-
trodes, lacking acid pretreatment, could not distinguish between
ascorbic acid and dopamine as both compounds gave oxidation
waves at �0.2 V �vs�Ag/AgCl� under these conditions. However, a
single anodic treatment in 0.5 M H2SO4 produced the CV shown in
Fig. 8 where two readily distinguishable oxidations can be seen for
ascorbic acid and dopamine. This occurred because the anodic oxi-
dation treatment shifted the irreversible ascorbic acid oxidation pro-
cess to lower potentials but did not change the position of the nearly
reversible dopamine redox couple. A similar effect has been ob-
served for anodically oxidized graphite-epoxy electrodes44 and for
vacuum heat-treated GC.45 Contrary to this result, at the surface of
MCD, the oxidation peak for ascorbic acid shifts to higher potentials
upon anodic pre-treatment.4 In addition, comparing the results in
Fig. 4f obtained using unbuffered 0.1 M KCl solution �pH 5-6� to
those obtained with pH 7 phosphate buffer, the anodic peak position

�a�le ��� �e��n��l�te� ��1�� �pe�tr�m an� per�enta�e
��mp��iti�n

Peak position/
assignment

�a� Electrode
with reversible

response

�b� Electrode
with irreversible

response

�c� Electrode
�b� anodically

oxidized

284.9 eV-graphitic
�C=C�

76.4 71 62

286.4 eV-alcoholic
�-OH�

16.7 22.8 25.3

288.3 eV-carbonyl
�-C=O�

6.9 6.2 12.7

�i��re ��CV of 1 mM dopamine in 0.1 M KCl at 100 mV/s scan rate on
the same electrode over a period of 1 month when the electrode was being
used regularly.

�i��re ��CV obtained after anodic oxidation during continuous scanning at
100 mV/s at pH 7 phosphate buffer solution containing �a� 10 mM of Ascor-
bic acid, 0.10 mM dopamine mixture, and �b� 10 mM ascorbic acid.
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shifted by 0.2 V and the peak separation decreased for the buffered
system. This phenomenon is consistent with a prior detailed study of
dopamine reaction kinetics on a carbon electrode which showed that
the anodic peak position shifts differently than the cathodic peak
position with pH.46 Our observations of 200 mV shift in Ea for the
dopamine redox couple using our electrode material could possibly
be caused by the difference in pH values of the unbuffered KCl and
phosphate buffer solutions used, although other explanations are
possible.

As discussed previously, XPS analysis indicates that the anodic
treatment introduces oxygen functionalities at the NCG surface.
These oxygen functionalities presumably catalyzed the oxidation of
ascorbic acid, shifting its oxidation potential to lower values. As
shown in Fig. 8, continuous scanning of the electrode after anodic
oxidation did not change the response of ascorbic acid even after
more than a hundred scans. The exact oxide species catalyzing the
ascorbic acid oxidation on our electrode surface is a sub�ect of fur-
ther investigations. However, the results in Fig. 8 indicate the pos-
sible use of the NCG electrode to detect in vivo concentrations of
dopamine in the presence of excess ascorbic acid.

��n�l��i�n�
A novel NCG electrode material was synthesized onto platinum

wire substrates by placing them directly into the dense, high tem-
perature region of a 2-4% CH4/H2 plasma. The resulting NCG films
gave CV behavior that was fundamentally different from that seen at
other carbon electrode materials including both glassy carbon and
diamond. In particular, it exhibited reversible or quasi-reversible ki-
netics for several model electron transfer processes. This was attrib-
utable, we believe, to the presence of a high density of exposed and
reactive edge sites in the as-synthesized NCG material. This hypoth-
esis was supported by Raman, XPS, and X-ray and electron diffrac-
tion measurements. Other attractive features of this NCG material
are its ease of synthesis and its stability for extended periods of
usage. The NCG material presents an interesting possibility for elec-
troanalytical detection of neurotransmitters in vivo.
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Charge Transfer Equilibria
Between Diamond and an Aqueous
Oxygen Electrochemical Redox Couple
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Brian R. Stoner,3 Gamini U. Sumanasekera4

AUTHORS’ SUMMARY

In 1989, Maurice Landstrass and
K. V. Ravi observed a curious
phenomenon—undoped diamond,

known to be an exceedingly good in-
sulator, showed substantial conductivi-
ty when exposed to air (1). The source
of the conductivity has been uncertain
and a matter of controversy since that
time, which is surprising for such an
important and long-studied material.
Resolution of the problem is of in-
herent scientific interest and could be
important for applications of diamond
and in other contexts as well. Subse-
quent studies confirmed that the con-
ductivity was confined to a near-surface
region, carried by positive charge car-
riers (holes); and that the change oc-
curred only when the diamond was
covered with chemically bound hydro-
gen. Numerous proposals were made
to explain the phenomenon; none has
received wide acceptance. One recent proposal was that the effect occurred
when electrons were transferred from the diamond to an electrochemical
couple in an adsorbed water film (2). This proposal has received limited
support, in part because it posited an adsorbed water film on an extremely
hydrophobic substrate, and also because the energetics and dynamics of the
proposed electrochemical couple were problematic.

In this paper we describe a series of controlled experiments to explore
this effect in which the presence of an aqueous phase is unambiguous. We
hydrogenated diamond particles and measured the changes in pH and ox-
ygen concentrations when the particles were added into aqueous solutions.
These experiments show that electron exchange systematically occurs be-
tween diamond and the aqueous redox couple O2 þ 4Hþ þ 4e− ⇌ 2H2O,
which results in the consumption or formation of O2. This electron ex-
change influences other properties—both the contact angle of water with the
diamond surface and the amount and sign of the charge on diamond
particles change in a predictable way by changing the extent of reaction that
takes place. Adhesion of water to diamond is enhanced by electrostatic
attraction after the charge transfer, which enhances the ability of water films
to adsorb on otherwise hydrophobic surfaces.

These results imply that this process is a more general, unrecognized
phenomenon that can influence a wide range of materials and processes. The
key components are all derived from normal humid air: The water film
provides both amedium for the electrochemical reaction as well as theO2 and
theHþ(the protons arise from acidity generated by CO2 that is present in air).
This means that the effect can occur whenever semiconductors or other solids
are exposed to humid air.

The atmosphere thus provides a source of electrons whose electro-
chemical potential (Fermi energy) is fixed by the oxygen redox couple. If
the atmosphere is in contact with a solid phase, electrons will transfer

between the adsorbed water film and
the solid in a direction that tends to
bring the Fermi energy of the solid
equal to that of the ambient film. The
process is similar to that at a metal-
semiconductor contact, except that a
water film replaces the metal.

The electron energies of several
solids and the oxygen redox couple in
humid air are shown in the figure. In
equilibrium in air, the couple fixes the
Fermi energy of diamond at the top of
the valence band, which generates
positive charge carriers (holes). The
energy range of the couple spans the
band gap of semiconducting single-
walled carbon nanotubes (s-SWNTs).
For GaN, the electron potential of the
redox couple lies near the states in the
middle of the energy gap responsible
for its ubiquitous “yellow band” lu-
minescence (see the figure). Other ex-

periments suggest that the conductivity of carbon nanotubes can be changed
from that based on electrons to that based on holes, and that the intensity of
luminescence from GaN can be modulated by changing the electrochemical
potential of the ambient air (3).

Several caveats are in order. For the ambient air to fix the Fermi energy
of a solid, there must be a large reservoir of reactants and facile reaction
kinetics at the interface. The air provides quasi-infinite sources of O2, H2O,
and CO2; however, several factors can inhibit equilibration of the Fermi
energies. An oxide layer, e.g., on silicon, or a thin film of adsorbed hy-
drocarbon can block electron exchange. The reduction of O2 in the aqueous
redox couple may require trace metallic impurities on the surface. Chemical
ionization of oxidized surfaces, not involving electron transfer, and intrinsic
conductivity in small–band gap semiconductors and metals can both mask
the effect.

It is highly likely that the effects of electrochemically mediated charge
transfer have remained unrecognized in many common situations. In this
light, it will be of great interest to reexamine the literature on mechanical
sliding friction and contact electrification, both of which depend in complex
ways on relative humidity and impurities in the ambient air. Even more
speculative is the possibility that certain animals and insects have evolved
the capability of modulating the electrochemical potential in their feet to
change the adhesive force to solid surfaces. Charge transfer to nano-
structures not only can affect their properties, but also will vary with the size
of the structure because of quantum confinement effects.

Summary References
1. M. I. Landstrass, K. V. Ravi, Appl. Phys. Lett. 55, 975 (1989).
2. F. Maier, B. Riedel, J. Mantel, J. Ristein, L. Ley, Phys. Rev. Lett. 85, 3472 (2000).
3. V. Chakrapani, J. C. Angus, A. B. Anderson, G. Sumanasekera, Mater. Res. Soc. Symp. Proc.
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Electron energies of various solids. The vertical bars show the band gap.
The continuous blue line is the electron energy of the oxygen couple in
humid air (pH = 6); the lower dashed line is the value for pH = 0, the
upper dashed line for pH = 14.
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FULL-LENGTH ARTICLE

Undoped, high-quality diamond is, under almost all circumstances, one of the best insulators
known. However, diamond covered with chemically bound hydrogen shows a pronounced
conductivity when exposed to air. This conductivity arises from positive-charge carriers (holes)
and is confined to a narrow near-surface region. Although several explanations have been
proposed, none has received wide acceptance, and the mechanism remains controversial. Here,
we report the interactions of hydrogen-terminated, macroscopic diamonds and diamond
powders with aqueous solutions of controlled pH and oxygen concentration. We show that
electrons transfer between the diamond and an electrochemical reduction/oxidation couple
involving oxygen. This charge transfer is responsible for the surface conductivity and also
influences contact angles and zeta potentials. The effect is not confined to diamond and may
play a previously unrecognized role in other disparate systems.

Ahighly unusual property of undoped,
hydrogen-terminated diamond is the ap-
pearance of p-type surface conductivity

when exposed to air (1). Sheet carrier concen-
tration and mobility (2–4) have been measured
and sensors and field effect transistors have been
fabricated on the basis of this effect (5–7). Several
mechanisms for the p-type conductivity have
been proposed, including deep-level passivation
by surface hydrogen (1), formation of shallow
acceptors by subsurface hydrogen (3, 8, 9),
oxidation by adsorbed gas molecules (2), and
surface transfer doping to the H2/H

+ redox couple
in an adsorbed water layer (10, 11). Larsson and
co-workers presented a theoretical investigation
of surface transfer doping to an acidic, adsorbed
water film and gave a short review of other mech-
anisms (12, 13). Recently Ristein (14) discussed
surface transfer doping in the context of a new
way of doping semiconductors, and Qi et al.
(15) demonstrated surface transfer doping of dia-
mond by tetrafluorotetracyanoquino-dimethane.
However, despite much effort, no mechanism
has received wide acceptance. Here, we present
experimental evidence of electrochemically me-
diated charge transfer between diamond and
macroscopic aqueous solutions. We also discuss
the relevance of this effect for other material
systems.

Rationale for experiments. The surface trans-
fer doping mechanism involving the H2/H

+

redox couple, as originally proposed (10, 11),
is in general agreement with the experimental
observations of surface conductivity in diamond.
However, it relies on the presence of an adsorbed
water film on hydrophobic, hydrogen-terminated
diamond. Adsorbed water films on solids ex-
posed to humid atmospheres are common (16),
but experimental evidence for water films on
diamond is tenuous. In addition, the H2/H

+ redox
couple is unlikely to fix the potential in an ad-
sorbed film because of the very low levels of H2

in air. Finally, the absolute position of the H2/H
+

couple is above the valence band maximum of
hydrogen-terminated diamond that is exposed to
air-saturated water and therefore unlikely to ac-
cept electrons from the valence band of diamond.

In the light of the above, experiments testing
the surface transfer doping mechanism when the
presence of an aqueous phase is unambiguous
are attractive. Furthermore, experiments in which
the dissolved oxygen concentration can be
controlled and measured can distinguish be-
tween the H2/H

+ redox couple (10, 11) and the
O2 couple suggested by Foord et al. (17) and
Chakrapani et al. (18). Because fluorinated and
oxidized diamond have similar electron affinities,
but very different surface chemistries, we opted to
explore fluorinated as well as oxidized and
hydrogenated samples.

The sheet concentration of holes in diamond
exposed to moist air has been estimated to be
on the order of 1012 to 1013 cm−2 (2, 3). If this
charge arises from electrochemical transfer
doping, a straightforward calculation shows that
addition of high–surface area diamond powder
to small, but macroscopic, amounts of aqueous
solution will produce measurable changes in pH
and in dissolved oxygen concentration. Further-
more, the direction of these changes will differ
depending on whether the Fermi level of the
diamond is above or below the electrochemical
potential of the aqueous solution.

Electron transfer between diamond and aque-
ous solutions should produce other macroscopic
effects as well. The contact angle of aqueous
solutions with diamond should decrease at low
pH because of increased electrostatic attraction
between the positive accumulation layer in the
diamond and compensating negative ions in the
adjacent solution. The sign of the zeta potential,
which is related to the sign of the net charge on
a particle, should vary in a similar systematic
way with pH, i.e., greater positive surface charge
at lower pH.

Electrochemical potentials and band line-up.
According to the electrochemical transfer dop-
ing model, a p-type accumulation layer forms in
diamond when the Fermi level of the diamond
is higher than the electrochemical potential, me,
of an adsorbed water layer on the diamond sur-
face (10, 11). Electrons transfer from the dia-
mond to the water layer, resulting in a positive

space charge layer in the diamond and compen-
sating anions in the water layer. The electro-
chemical potential of the film is determined by
electrochemical redox couples involving dissolved
oxygen in equilibrium with air (17, 18).

O2 þ 4Hþ þ 4e– ⇌ 2H2O

dominates at acidic conditions ð1Þ
O2 þ 2H2Oþ 4e– ⇌ 4OH–

dominates at basic conditions ð2Þ
The reactions in Eq. 1 and 2 are not independent,
but are related by the water equilibrium, Eq. 3.

H2O⇌ Hþ þ OH− ð3Þ
Although electrons are not present as separate
entities in the aqueous phase, their electrochem-
ical potential, me, is well defined and is given by
the Nernst equation. The reactions in Eqs. 1 and
2 have expressions for me given, respectively, in
Eqs. 4 and 5.

meðeVÞ ¼ −4:44þ ð−1Þðþ1:229Þ þ

0:0592

4
½4pH − log10ð pO2Þ� ð4Þ

meðeVÞ ¼ −4:44þ ð−1Þðþ0:401Þ −

0:0592

4
½4pOHþ log10ðpO2

Þ� ð5Þ

Here, me (eV) is referred to the vacuum level,
the activity of H2O is assumed to be unity, the
ideal gas approximation is used, the temper-
ature T = 298 K, and the partial pressure of O2,
pO2 , is in bar. The electrochemical potential of
electrons in the standard hydrogen electrode
(SHE) relative to the vacuum level is meðSHEÞ ¼
−4:44eV (19, 20). The standard electrode poten-
tials of the reactions in Eqs. 1 and 2 are +1.229 V
and +0.401 V versus SHE, respectively (21). The
relation between pH and pOH is simply pH +
pOH = 14.

Mott-Schottky measurements (22) and the-
oretical considerations (23) indicate that the
electron affinity, EA, of hydrogen-terminated
diamond in contact with water or moist air is
approximately −0.30 eV, which is 1 eV more
positive than the value obtained in vacuum (24).
Because the diamond band gap is 5.5 eV, this
shift places the top of the diamond valence band
at approximately −5.2 eV. This estimate was
used to give the position of the band edges of
diamond in Fig. 1. Also shown in Fig. 1 are the
electrochemical potentials for the oxygen redox
couple calculated from Eqs. 4 and 5 for pO2 =
0.21 bar and pH = 0 and pH = 14. These en-
ergies, −5.66 eV and −4.83 eV, respectively,
straddle the estimated position of the valence
band maximum of diamond.

The band line-up shown in Fig. 1 is for
hydrogen-terminated diamond in contact with an
aqueous phase. Oxygen and fluorine are both

1Case Western Reserve University, Cleveland, OH 44106,
USA. 2Duke University, Raleigh-Durham, NC 27708, USA.
3Research Triangle Institute, Research Triangle Park, NC
27709, USA. 4University of Louisville, Louisville, KY 40291,
USA.
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more electronegative than carbon in contrast to
hydrogen, which is more electropositive than
carbon. Therefore, surface termination with either
oxygen or fluorine induces a surface dipole that
will increase the electron affinity, opposite to the
effect in hydrogen-terminated diamond. The elec-
tron affinity of an oxidized diamond surface is
about 1 eV more positive than hydrogenated
surfaces (24, 25), and the effect of fluorine is
expected to be similar. This lowering of the
diamond energy bands by ≈ 1 eV places the
valence band maximum at E ≈ − 6.2 eV, below
the electrochemical potential of the aqueous phase
at all pH’s.

Electrochemically mediated charge transfer.
Water in equilibrium with air has a pH ≈ 6 from
the naturally occurring CO2 in the air, which
corresponds to an electrochemical potential of
me ≈ – 5.3 eV from Eq. 4. Lowering the pH
lowers me. Therefore, addition of hydrogenated
diamond powder equilibrated with moist air to a
solution with pH < 6 leads to meðdiaÞ > meðaqÞ,
and electrons transfer from the diamond to the
solution until meðdiaÞ ¼ meðaqÞ. The reaction in

Eq. 1 proceeds in the forward direction, which
results in consumption of protons. However,
when diamond powder equilibrated with moist
air is brought in contact with a basic solution,
meðdiaÞ < meðaqÞ; electrons transfer from the
solution into the diamond, which drives the
reaction in Eq. 2 in the reverse direction. Hy-
droxyl ions are consumed and the solution be-
comes more acidic. If these are the only processes
taking place at the interface, the protons con-
sumed plus the hydroxyl ions formed are equal to
the number of electrons transferred from the dia-
mond to the solution. Reduction in the concen-
tration of electrochemical acceptors, i.e., the
dissolved oxygen, should decrease the amount
of electron transfer from the diamond and sup-
press the changes of pH of the solution.

The overall stoichiometry of the electro-
chemically mediated charge transfer at moderate
pH can be written as Eq. 6 (18):

4ðe−hþÞdia þ O2; air þ 2H2Oair þ 4CO2; air ⇌

4hþdia þ 4HCO−
3; aq ð6Þ

Equation 6 describes the situation when the
acidity is generated by atmospheric CO2. In
this case, the counterions in the aqueous phase
are dominantly HCO3

−. The type of counter-
ion will depend on the ambient. For example,
in the presence of HCl vapors, the counterions
will be predominantly Cl−.

We note that the electron affinity of the
aqueous oxygen redox couple is much greater
than that of molecular oxygen and other gas-
phase oxidants in the absence of water. For
example, the electron affinity of O2 is EA =
+0.451 eV (26), which places the energy at
E = −EA = −0.451 eV, far above the energy of
the oxygen redox couple at any pH (Fig. 1). The
electron affinities of other highly oxidizing
gas-phase species, e.g., NO2, O3, and F, are,
respectively, 2.273, 2.103, and 3.4 eV (26)
and thus are also not sufficient to directly
oxidize diamond. Therefore, direct electron
transfer from diamond to gas-phase species in
the absence of water is thermodynamically
improbable.

Titration of diamond powder. Natural dia-
mond powder with a nominal size range of 0.5
to 1.0 mm was purchased from Advanced
Abrasives Corp. The as-purchased powder
was oxidized and was therefore hydrogenated
at 700°C for 4 hours in a 2.45-GHz microwave
plasma reactor supporting a hydrogen plasma
at 750 W, at a gas flow rate of 196 standard
cubic centimeters per minute and pressure of
35 torr. The powder was cooled in hydrogen
gas to room temperature, stirred, and the
process then repeated two times to ensure good
hydrogen coverage. X-ray photoelectron spec-
troscopy (XPS) analysis indicated that the
surface oxygen concentration was lowered
from 8.5 to 1.4% by this process. Because the
samples were transferred in air, the bulk of the
residual oxygen likely arose from physically
adsorbed species.

Diamond powder was fluorinated in a planar,
inductively coupled 13.56-MHz plasma reactor at
800 W with a dc bias of –307 V. A source gas of
SF6 at 25 sccmwas used tomaintain a pressure of
0.035 torr for 10 min. The substrate temperature
was maintained at 20°C. Subsequent XPS
analysis of the powder showed both fluorine
and oxygen on the surface in approximately a
5/1 atomic ratio.

In all of the titration experiments with dia-
mond powder, 1 g of powder was added to 20
ml of solution. The solution was stirred
continuously before and after addition of the
diamond powder. The pH and dissolved
oxygen concentration measurements were
made with an Accumet XL60 meter. Analytical-
grade chemicals (HCl, NaOH, and NaHSO3)
were used in all experiments, and solutions
were filtered through a 0.1-mm filter before use.
Air-saturated water was used for most ex-
periments. In some cases, the dissolved oxygen
concentration was reduced by bubbling nitro-
gen through the solution for 4 hours and then

Fig. 2. Changes in pH upon addi-
tion of 1 g of hydrogen-terminated
natural diamond powder, equili-
brated with air, to separate 20-ml
aqueous solutions with pH = 5.2
and pH = 8.5. The arrows indicate
the point where the diamond pow-
der was added. For the former, me
(dia) > me (aq) and electrons transfer
into the liquid, thereby consuming
protons and raising the pH. For the
latter, me (dia) < me (aq), and elec-
trons transfer out of the solution,
lowering the pH. The inset shows the
result when hydrogen-terminated
diamond powder is added to a
solution deoxygenated with N2
and NaHSO3. Note the expanded
vertical scale.

Fig. 1. Estimated band line-
up of hydrogen-terminated
diamond in contact with an
aqueous solution. The elec-
trochemical potentials of the
oxygen redox couple are
shown at pH = 0 and pH =
14. The electron affinity of
gaseous O2 is also shown
(E = − EA = − 0.451 eV).

30 NOVEMBER 2007 VOL 318 SCIENCE www.sciencemag.org1426
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adding sodium bisulfite up to a concentration of
0.5 M. The original dissolved oxygen concen-
tration of air-saturated water was ~7 mg/liter;
the concentration after the nitrogen purge and
bisulfite treatment was less than the sensitivity
of the dissolved oxygen probe (0.01 mg/liter).
For experiments with sodium bisulfite, the
chamber was closed to isolate the solution from
the open air, and nitrogen was continuously
purged through the chamber.

Figure 2 shows the changes in pH when
1 g of hydrogenated diamond powder is
added separately to 20 ml of air-saturated
aqueous solutions, one at pH = 5.2 and the
other at pH = 8.5. The pH increases upon
addition of the hydrogenated diamond to the
acidic solution and decreases upon addition of
the diamond powder to the basic solution.
These changes are in the expected directions
described above. The inset in Fig. 2 shows the
change in pH when hydrogenated diamond
powder is added to a solution that has been
deoxygenated with N2 and NaHSO3. The
change in pH is very small (note the
magnified vertical scale). This result indicates
that dissolved oxygen is necessary for charge
transfer to take place.

Figure 3A shows a titration curve obtained
by addition of 1 g of diamond powder equili-
brated with room air to 20-ml solutions of
known pH. The ordinate is the number of
electrons, DNe− , transferred into the water and
is given by Eq. 7,

DNe− ¼ DNOH− − DNHþ ¼ NAVVH2O

� f10−14ð10pHf − 10pHiÞ − ð10�pHf − 10−pHiÞg
ð7Þ

where NAV is Avogadro’s number, DNHþand
DNOH− are the changes in number of H+ and

OH− ions respectively, VH2O is the volume of
water in liters, and pHi and pHf are the initial and
final pH of the solution. At high pH, the first
term dominates; at low pH, the second term
dominates. In the flat portion of the titration
curve, both protons and hydroxyl ions are present
in low concentrations, and the transfer of a small
number of electrons leads to large changes in pH.

The crossover point in Fig. 3, A and B, is
where the electrochemical potential of the
solution is equal to the Fermi level of the orig-
inal diamond equilibrated with air. The electro-
chemical potential of the solution at this point is
a direct measure of the Fermi level of diamond
equilibrated with room air. The crossover point
is most easily seen in Fig. 3B and is estimated
to occur at pH = 6.1, which from Eq. 4 cor-
responds to an electron chemical potential of
me = −5.3 eV. This value is in close agreement
with independent Mott-Schottky and Kelvin
probe measurements that show me = −5.2 eV
(22, 27) for diamond in equilibrium with aque-
ous solutions in air.

We estimated the change in the concentration
of dissolved oxygen upon addition of diamond
powder by using an electrochemical biochem-
ical oxygen demand (BOD) probe consisting of
a FEP Teflon membrane covering a gold and
silver electrode. When hydrogenated diamond
powder, previously equilibrated with room air, is
added to an acidic solution, meðdiaÞ > meðaqÞ;
electrons transfer into the solution and the
concentration of dissolved oxygen decreases
due to the reaction in Eq. 1, which proceeds in
the forward direction. When hydrogenated
diamond powder is added to a basic solution,
meðdiaÞ < meðaqÞ, and the concentration of
dissolved oxygen increases. In this latter case
electrons leave the solution, driving the reaction
in Eq. 2 in the reverse direction, thus increasing
the concentration of dissolved oxygen. The re-
sults are summarized in Table 1. In both cases,

the change in dissolved oxygen concentration is
in the expected direction. Furthermore, the es-
timated change in number of moles of dissolved
oxygen agrees with the change in number of
molecules of protons and hydroxyl ions cal-
culated from the pH change within the expected
error of the oxygen measurement.

Zeta potential measurements. Zeta poten-
tials are obtained by measurement of the electro-
phoretic velocity of dispersed solids in a liquid.
The magnitude and sign of the zeta potential
depend on the net amount and sign of the charge
within the shear boundary separating the mobile
liquid from the stagnant layer near the solid sur-
face. A positive zeta potential indicates a net posi-
tive charge within the shear boundary; a negative
zeta potential indicates a net negative charge (28).
Here we use measurements of the zeta potential
as confirmation of the direction of electron
transfer between diamond powder and water.

We performed zeta potential measurements
with a ZETAMASTER-S using 1-mm nominal-
size natural diamond powder purchased from
SJK-5, Kay Industrial Diamond Corp. Hydro-
genation and fluorination of the powder were
performed as described earlier. The diamond
powder was equilibrated with room air before
the zeta potential measurements were made.

From Fig. 4 it is evident that hydrogen-
terminated diamond powder shows a positive
zeta potential at all pH values less than 7. This
result is consistent with electron transfer from
the diamond, which increases with decreasing
pH as predicted by the transfer doping model.
The slightly negative zeta potentials for the
hydrogen-terminated diamond at pH > 8 are
consistent with a low concentration of residual
oxygen-containing surface functional groups on
the surface compared to the nonhydrogenated
samples.

The zeta potentials for both oxidized and
fluorinated diamond powder differ markedly

Fig. 3. (A) Number of electrons transferred from the diamond upon
addition of 1 g of hydrogen-terminated natural diamond powder equil-
ibrated in air to 20-ml aqueous solutions of varying initial pH. The
crossover point is where the Fermi level of the diamond equals the

chemical potential of electrons in equilibrium with the electrochemical
couple. (B) Change of pH upon addition of 1 g of hydrogen-terminated
natural diamond powder equilibrated in air to 20-ml solutions of varying
initial pH.
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from those of the hydrogen-terminated powder.
The potentials for these samples are similar in
magnitude and negative at all pH values greater
than 1. The negative charge can arise either
from transfer of electrons to the diamond or
ionization of residual oxygen-containing func-
tional groups on the surface, e.g., carboxylic
acids and hydroxyl radicals. The similarity of
the results for the oxidized and fluorinated sam-
ples indicates that the charging process is similar
despite the different surface chemistry of the
two types of samples.

Contact angle measurements. Advancing
contact angles on hydrogen-terminated, 3-mm

diamond macles in solutions of different pH
were determined. Macles are natural, triangular,
unpolished, twinned single crystals of diamond.
We measured the contact angles on the (111)
facets of these crystals by the Wilhelmy plate
technique (29) using a KRÜSS K100 Processor
Tensiometer. The diamond samples were first
hydrogenated under conditions described above
for diamond powders for a period of 2 hours.
After hydrogenation, they were cleaned ultra-
sonically in Milli-Q water for 10 min and dried
under flowing N2.

The macles were suspended by a corner
from the arm of the electrobalance and im-

mersed in the solution at a constant rate of 3
mm/min while we measured the force on the
sample due to wetting. The contact angle was
calculated from the measured force, wetted
length of the sample, and the surface tension
of the solution, gLV (29). Extrapolation of the
results to zero immersion depth eliminated the
effect of variation of the length of the wetted
perimeter. The surface tension of the solution
was measured with a roughened platinum plate,
which is wetted with a contact angle of vir-
tually 0°. By measuring the force acting on the
plate when immersed in the solution, we cal-
culated gLV.

The advancing contact angles of a hydrogen-
terminated diamond macle in contact with
aqueous solutions of varied pH and dissolved
oxygen content are shown in Fig. 5A. We
attribute the decrease of the contact angle at
low pH to the electrostatic attraction between
the positive space charge layer in the diamond
and the compensating anions in the aqueous
phase (18). The solvated anions provide a
mechanism for binding a water film to the
hydrogen-terminated, hydrophobic diamond
surface.

Reduction in the concentration of electro-
chemical acceptors, i.e., the dissolved oxygen,
should decrease the electron transfer from the
diamond and reduce the effect of pH on contact
angle. First, we lowered the dissolved oxygen
concentration in the water by bubbling nitrogen
through the solution. Further removal of dis-
solved oxygen was achieved by reduction with
sodium bisulfite (30). From Fig. 5A, it is clear
that the contact angle increased as the con-
centration of dissolved oxygen decreased. Fur-
thermore, the dependence of contact angle on
pH essentially disappeared after the addition
of excess sodium bisulfite, which reduces the
dissolved oxygen concentration to very low
levels.

The work of adhesion, Wad, which is the
energy required to separate the liquid and solid

Table 1. Summary of results showing changes in the concentration of dissolved oxygen (DO) and
pH with the addition of 1 g of hydrogenated natural diamond powder equilibrated with air to 20 ml
of solution. The change in number of ions of H+ and OH− is from Eq. 7.

Steady-state value
before addition

Steady-state value
after addition

Change in no.
of molecules

No. of e–

transferred

DO (mg/liter)
pH

7.8
4.1

7.3
5.3

1.9 × 1017 of O2

8.9 × 1017 of H+ and OH−
+7.6 × 1017

+8.9 × 1017

DO (mg/liter)
pH

6.9
7.3

7.5
4.4

2.3 × 1017 of O2

4.8 × 1017 of H+ and OH−
−9.2 × 1017

−4.8 × 1017

Fig. 4. Zeta potential as a
function of pH for hydrogen-
ated, oxidized, and fluorinated
natural diamond powder.
Hydrogen-terminated dia-
mond shows a positive zeta
potential (positive surface
charge) at pH < 7. Fluori-
nated and oxidized diamond
powders show negative zeta
potentials (negative surface
charge) at all pH’s.

Fig. 5. (A) Advancing contact angles on a (111) surface of a hydrogen-
terminated diamond macle as a function of pH. Experiments were performed with
water in equilibrium with air, water purged with N2, and water purged with N2

and treated with NaHSO3. (B) Changes in the work of adhesion calculated from
the contact angles. Experiments were performed with water in equilibrium with
air, water purged with N2, and water purged with N2 and treated with NaHSO3.
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phases, is related to the contact angle, q, through
the Young-Dupre equation (16), (Eq. 8).

Wad ¼ gLVð1þ cos qÞ ð8Þ

Figure 5B shows the work of adhesion as a
function of pH of the solution. Higher work of
adhesion is found at lower pH for air-saturated
solutions; the work of adhesion for deoxygen-
ated solutions is reduced and is independent of
pH, as expected.

Role of oxygen. Our results support the sur-
face transfer doping mechanism (10, 11), but are
consistent with charge transfer between diamond
and an electrochemical redox couple involving
O2 in the adjacent water phase as suggested
by Foord et al. (17) and Chakrapani et al.
(18), rather than the H2/H

+ couple as originally
proposed.

Fixing the electrochemical potential and
pinning the Fermi level in the diamond require
facile electron transport between the diamond
and the adjacent aqueous phase. The redox re-
actions (Eqs. 1 and 2) must be sufficiently rapid
to permit measurable charge exchange within the
time of the measurements. The relatively large
concentration of O2 (compared to H2) in air-
equilibrated water facilitates the reaction ki-
netics of Eqs. 1 and 2. The reduction of O2 in
the aqueous redox couple may require trace
metallic impurities on the surface to proceed at
appreciable rates. Furthermore, an adsorbed or-
ganic film can displace the aqueous phase and
suppress the effect (18). The use of epoxy resins
to insulate electrical contacts may provide such
a barrier.

We emphasize that under certain conditions,
other processes not involving electron transfer
may take place. For example, surface field effect
devices have been constructed with the use of
induced charge (7). Also, on an oxidized dia-
mond surface, functional groups such as carbox-
ylic acid and hydroxyl can ionize (Eqs. 9, 10).

ðdiaÞ‐COOH⇌ ðdiaÞ‐COO− þ Hþ ð9Þ

ðdiaÞ-OH⇌ (dia)-O– þ Hþ (10)

The total number of sites on a (111) diamond
surface is ~1015 cm−2. Therefore, even a 1%

surface coverage with ionizable sites can mask
the effects of transfer doping, which gives rise
to sheet charge densities of ~1012 to 1013 cm−2

(2–4).
Because the reactions in Eqs. 9 and 10 do

not involve electrons, their equilibria do not
depend on the chemical potential of electrons,
me. However, these reactions do involve protons,
so their equilibria depend on the chemical
potential of protons, i.e., on pH. The reaction
in Eq. 9 will proceed to the right if the pH of the
aqueous phase meets the condition pH > pKa ≈
4; similarly, the reaction in Eq. 10 will proceed
if pH > pKa ≈ 10. Here pKa is the acid dis-
sociation constant of the functional groups. If
these conditions are met, protons transfer into
the solution, lowering the pH. This effect is
illustrated in Fig. 6. The pH of a solution,
initially at pH ≈ 5, decreases upon addition of
oxidized diamond powder. In contrast, when
hydrogenated diamond is added to a solution
with pH ≈ 5, surface transfer doping causes the
pH to increase.

All of the experiments have been performed
with natural type IA diamond, which contains
appreciable quantities of nitrogen. However, the
nitrogen in natural diamond is present as
aggregates and, as such, does not provide active
donor centers (31, 32). In contrast, in type Ib
synthetic diamond, single substitutional nitrogen
atoms are present, which have a donor level 1.6
eV below the conduction band minimum (33).
If present, these donor centers can ionize and
compensate holes generated by electron trans-
fer to the aqueous phase (34). In this situation,
positively charged donor sites and holes are
charge-balanced by excess anions in the aque-
ous phase. Because all of our experiments were
conducted with type IA diamond, which has
negligible substitutional nitrogen, compensation
by nitrogen donors does not occur. Indeed, we
found that the surface conductance of the type
IA diamond is four orders of magnitude greater
than the conductance of type Ib, 2 × 2 mm (100)
synthetic diamond crystals (Sumitomo, HTHP).

Electrochemically mediated charge transfer
in other material systems. Electrochemically
mediated transfer doping was first noted in
diamond (1) because the effect on conductivity
is so striking. However, the phenomenon should

occur in many other systems if the band line-up
is appropriate. Furthermore, the electrostatic
attraction between the resulting space charge
layer in the solid and the compensating ions in
the adsorbed film will enhance the formation of
adsorbed water films.

The electron affinity of semiconducting
single-walled nanotubes (SWNTs) has been
reported to be 4.8 eV (35). Also, SWNTs have
a band gap of 0.4 to 0.6 eV and a work function
of 4.8 to 5.1 eV (36, 37). These values place the
Fermi level above the electrochemical potential of
the aqueous redox couple (Eq. 1) for air-saturated
water, which is ~ −5.3 eV. Hence, when SWNTs
are exposed to humid air, electrons can transfer
out of the SWNTs into an adsorbed water film.

Several studies have observed an abrupt
change in sign of the Seebeck coefficient from
negative to positive when SWNTs that were
previously annealed in vacuum were exposed to
air at room temperature (38, 39). These results
show a change in the dominant charge carrier
from electrons to holes consistent with the elec-
trochemical transfer doping mechanism. Fur-
thermore, small concentrations of gases such as
NO2, NH3, O3, and H2O change the conductiv-
ity of SWNTs (40–43) in the directions pre-
dicted by our model.

The electron affinity of a clean GaN surface
is reported to be 3.0 ± 0.3 eV (44, 45). There-
fore, with a band gap of 3.4 eV, the conduction
band minimum is at E ≈ − 3 eV and the valence
band maximum is at E ≈ − 6.4 eV. The elec-
trochemical potentials of the oxygen redox
couples (–4.83 eV to –5.66 eV) are therefore
in the mid-gap region of GaN rather than near
the valence band edge as in the case with dia-
mond. Changes in the chemical potential of aque-
ous redox couples in an adsorbed water film can
therefore change the occupancy of the mid-
gap surface states that are believed to play a
role in the ubiquitous yellow-band emission
from GaN. This electrochemical mechanism
may be responsible for the enhancement of
yellow-band emission in the presence of HCl
vapors and diminishment in the presence of
NH3 vapors (46, 47).

Charge transfer between polymers and
metals (contact electrification) is a well-known,
but not fully understood, phenomenon that
depends on the difference in work functions of
the contacting materials, presence of surface
states, relative humidity, atmospheric adsorbates,
humidity, and pH of the ambient environment
(48, 49). Sliding friction is another complex
phenomenon depending in some situations on
the ambient. We suggest that charge transfer to
electrochemical acceptors in adsorbed water
films may mediate these processes and should
be considered when interpreting results. Further-
more, charge transfer to electrochemical acceptors
in adsorbed films may influence the properties
of nanoparticles and other nanometer-scale
structures. This point is of particular interest
because the electron energies in small nanopar-

Fig. 6. Changes in pH upon addi-
tion of 1 g of hydrogen-terminated
natural diamond powder and 1 g of
oxidized natural diamond powder,
each equilibrated with air, to sep-
arate 20-ml solutions with pH ≈ 5.
The arrows indicate the point where
the diamond powder was added.
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ticles will depend on size due to quantum con-
finement effects.
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Coherent Control of a Single Electron
Spin with Electric Fields
K. C. Nowack,*† F. H. L. Koppens,† Yu. V. Nazarov, L. M. K. Vandersypen*

Manipulation of single spins is essential for spin-based quantum information processing. Electrical
control instead of magnetic control is particularly appealing for this purpose, because electric fields
are easy to generate locally on-chip. We experimentally realized coherent control of a single-
electron spin in a quantum dot using an oscillating electric field generated by a local gate.
The electric field induced coherent transitions (Rabi oscillations) between spin-up and spin-down
with 90° rotations as fast as ~55 nanoseconds. Our analysis indicated that the electrically induced
spin transitions were mediated by the spin-orbit interaction. Taken together with the recently
demonstrated coherent exchange of two neighboring spins, our results establish the feasibility of
fully electrical manipulation of spin qubits.

Spintronics and spin-based quantum infor-
mation processing provide the possibility
of adding new functionality to today’s elec-

tronic devices by using the electron spin in ad-

dition to the electric charge (1). In this context, a
key element is the ability to induce transitions
between the spin-up and spin-down states of a
localized electron spin and to prepare arbitrary
superpositions of these two basis states. This is
commonly accomplished by magnetic resonance,
whereby bursts of a resonant oscillating magnetic
field are applied (2). However, producing strong
oscillating magnetic fields in a semiconductor
device requires specially designed microwave

cavities (3) or microfabricated striplines (4),
and this has proven to be challenging. In
comparison, electric fields can be generated
much more easily, simply by exciting a local
gate electrode. In addition, this allows for
greater spatial selectivity, which is important
for local addressing of individual spins. It
would thus be highly desirable to control the
spin by means of electric fields.

Although electric fields do not couple di-
rectly to the electron spin, indirect coupling can
still be realized by placing the spin in a mag-
netic field gradient (5) or in a structure with a
spatially varying g tensor, or simply through spin-
orbit interaction, present in most semiconductor
structures (6, 7). Several of these mechanisms
have been used to electrically manipulate elec-
tron spins in two-dimensional electron systems
(8–11), but proposals for coherent electrical con-
trol at the level of a single spin (5, 12–15) have
so far remained unrealized.

We demonstrate coherent single spin rota-
tions induced by an oscillating electric field. The
electron is confined in a gate-defined quantum
dot (Fig. 1A), and we use an adjacent quantum
dot, containing one electron as well, for readout.
The ac electric field is generated through excita-
tion of one of the gates that form the dot, thereby

Kavli Institute of Nanoscience, Delft University of Technology,
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Structures of Carbon Nanocrystals
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Single-crystal electron nanodiffraction patterns have been obtained from nanocrystals of
various phases formed within carbonaceous balls produced by chemical vapor deposition
(CVD). For the face-centered cubic phase, n-diamond, with cell dimension a ) 0.36 nm, the
relative intensities of the (200) reflection (forbidden for the diamond structure) and the (111)
reflection suggest that the structure may include hydrogen atoms, and theoretical analyses
support this possibility. There is evidence for a body-centered cubic phase with a ) 0.31
nm, and the incorporation of hydrogen in this structure is suggested. Small amounts of
hexagonal diamond, i-carbon, and other cubic phases are also present.

Introduction

It is known that carbon may occur in many different
crystalline forms, beyond the well-known forms of
diamond and graphite. The occurrence of hexagonal
diamond (Lonsdaleite) has been known for many years.1
At high temperatures and pressures, the various types
of carbynes, chaoite, and carbon VI may be produced.2
Recent observations of thin films of carbon formed by
chemical vapor deposition (CVD),3,4 plasma-chemical
synthesis,5 treatment of diamond surface with hydrogen
plasma,6 shock compression,7 or ion implantation8,9 have
revealed the presence of a further range of crystalline
forms. These include, in addition to the hexagonal
diamond, a face-centered cubic form known as n-
diamond, a further cubic form known as i-carbon, and
other suggested forms, which are suspected but not well
authenticated.

In this paper we report further investigations of such
phases, formed by CVD, making use of electron nano-
diffraction to obtain single-crystal electron diffraction
patterns from individual nanocrystals, adding clarifica-

tion to the partially known structures and suggesting
the presence of further new structures.

The samples were obtained from carbonaceous balls
formed on the ends of platinum wires immersed in a
plasma in a microwave CVD reactor.10 Diffraction
patterns formed from the surfaces of the balls showed
that the outer layers mostly consist of small, deformed
crystals of graphite, which have favorable configurations
for electrochemical purposes.11 The fine powder formed
by crushing the balls was shown by nanodiffraction to
contain graphite crystals, amorphous carbon, and very
small crystals of diamond-like phases, in confirmation
of the deductions from Raman spectroscopy.10 Further
investigations of the diamond-like phases were then
carried out using the nanodiffraction capabilities of a
scanning transmission electron microscopy (STEM)
instrument in which the incident beam of 100 keV
electrons was focused to a diameter of less than 1 nm
at the specimen level.12

The diffraction patterns came from crystals in arbi-
trary orientations. It is not feasible to tilt the nanoc-
rystals into axial orientations, so that one had to accept
the patterns that appeared as the incident was moved
over the specimen. For most beam positions, the pat-
terns showed only a few widely spaced spots, were not
interpretable in terms of recognizable phases, and were
not recorded. Those patterns showing regular two-
dimensional arrays of spots were recorded. Most of these
could be attributed to relatively simple cubic or hex-
agonal structures, including those previously identified
from selected-area electron diffraction (SAED) ring
patterns, as coming from the so-called n-diamond,
i-carbon, or hexagonal diamond.
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The structure of the n-diamond is of particular
interest. The patterns previously reported were SAED
patterns coming from regions of diameter of the order
of 100 nm and were ring patterns because the individual
crystallites had dimensions of 10 nm or less but showed
that the n-diamond has the same unit cell dimensions
as normal diamond. However, the presence of strong
(200), (222), and (420) reflections, forbidden for the
normal cubic (Fd3hm) diamond structure, suggests that
the symmetry is that of the Fm3hm space group, i.e., a
simple face-centered cubic (fcc) structure.3-9 The analy-
sis of the material by electron-energy-loss spectroscopy
(EELS)8,13 did not reveal the presence of any element
besides carbon, leading to the assumption that the fcc
cell, with a ) 0.356 nm, contains only 4 carbon atoms,
each with 12 nearest neighbors at a distance of 0.251
nm. This appears to be a surprising deviation from the
bonding in any known carbon structure.

Initial theoretical analysis13 suggested that for a fcc
carbon structure the cell dimensions for maximum
stability should be about 0.356 nm as observed. But
later, more complete calculations14 suggested that the
most stable cell dimension would be 0.308 nm. Murrieta
et al.15 found that the energy shows a minimum for
isotropic deformation at a ) 0.308 nm, but the energy
exhibits a maximum for tetragonal and trigonal defor-
mations. They concluded that the fcc structure is not a
true metastable phase but may possibly be stabilized
by influence of a substrate or by impurities.

We have attempted to apply our observations of the
single-crystal nanodiffraction patterns to resolve the
mystery of this peculiar structure. We suggest the
possibility of the incorporation of H in the structure,
which would not be detected by EELS.

The so-called i-carbon is said to have a cubic structure
with cell dimensions around 0.42 nm7,8 although the
possibility of a considerable range of cell dimensions,
from 0.396 to 0.428 nm, has been reported.3 A possible
structure for this phase has been suggested by Matsu-
shenko et al.16 Another cubic phase formed at high
pressure, with a ) 0.545 nm, has been reported by Aust
and Drickamer,17 and Miki-Yoshida et al.18 found a
similar structure in heated soot.

Our observations suggest that there may also be a
body-centered cubic (bcc) phase with cell dimensions
about a ) 0.31 nm.

Experimental Section

Platinum wires were immersed into a microwave plasma
CVD reactor (ASTeX 5010) at a power of 1100 W, pressure 50
Torr, and gas composition of 1-2% CH4/H2.10 During the
experiments, the plasma tended to discharge at the tip of the
metal wires, attaining very high temperatures, close to the
melting point of platinum. Hence the tip balled-up, giving rise
to a dense carbon deposition at the tip of the platinum wire
substrate.

For the study of the diamond-like phases in the interior of
the balls, the individual balls were crushed on a clean glass
plate. The small particles were then mounted by adhesion to
a copper or molybdenum electron microscopy grid. The usual
amorphous carbon supporting films were not employed because
such films can introduce confusion with the amorphous and
other components of the specimen.

Electron nanodiffraction patterns were recorded with elec-
tron beams of 100 keV energy and a nominal width at the
specimen level of 0.7 nm, using a STEM instrument from VG
Microscope, Ltd. (Cambridge, U.K.). Low-magnification, point-
projection (“shadow”) images were used to locate suitable
specimen areas, and when the beam was scanned over the
specimen, bright-field images or dark-field images obtained
with diffraction spots could be recorded, with an electronic
marker to indicate the positions of the beam for which
diffraction patterns were obtained.12 Recording of the patterns
was made by direct photography from a viewing screen or else
by recording with a VCR for later photography. The latter
means was well suited for obtaining series of patterns from
adjacent regions during a slow scan of the incident beam or
for recording transient patterns from regions subject to radia-
tion damage.

Because the diffraction spots in nanodiffraction patterns
tend to be rather large and often of irregular shape (see Figure
1), and because of difficulties with the calibration of the
instrument, the accuracy for the determination of lattice
spacing was rarely better than a few percent. However, this
limited accuracy was sufficient to distinguish the various
phases.

Results

More than half of the nanodiffraction patterns from
the crushed samples could clearly be attributed to
graphite. For orientations almost perpendicular to the
c-axis, the strong rows of spots corresponding to the
c-spacing of 0.67 nm were prominent. With the beam
parallel to the c-axis, the hexagonal spot pattern was

(13) Konyashin, I.; Zern, A.; Mayer, J.; Aldinger, F.; Babaev, V.;
Khvostov, V.; Guseva, M. Diamond Relat. Mater. 2001, 10, 99.

(14) Pickard, C. J.; Milman, V.; Winkler, B. Diamond Relat. Mater.
2001, 10, 2225.

(15) Murrieta, G.; Tapia, A.; Coss, R. d. Carbon 2004, 42, 771.
(16) Matyushenko, N. N.; Strel’nitskii, V. E.; Gusev, V. A. Sov. Phys.

Crystallogr. 1981, 26, 274.
(17) Aust, R. B.; Drickamer, H. G. Science 1963, 140, 817.
(18) Miki-Yoshida, M.; Rendon, L.; Jose-Yacaman, M. Carbon 1993,

31, 843.

Figure 1. Electron nanodiffraction patterns for (A) face-
centered-cubic crystal in [110] orientation, with the prominent
(200)- and (111)-type reflections, (B) cubic crystal (fcc or bcc)
in [100] orientation (indexed for fcc), (C) body-centered cubic
structure in [110] orientation, and (D) hexagonal structure in
[00.1] orientation or a cubic structure in [111] orientation
giving a hexagonal pattern.
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readily identified by the characteristic intensity distri-
bution with the (10,0) spots much weaker than the
(11,0). The graphite crystallites were often seen to be
immersed in amorphous carbon.

Of the single-crystal diffraction patterns from other
phases, the most common patterns were as follows:

(1) The typical patterns were from fcc in [110]
orientation with strong (111)- and (200)-type spots, as
in Figure 1A. Those corresponding to unit cell dimension
a ) 0.36 nm were attributable to n-diamond. Some with
a ) 0.42 nm could come from i-carbon. Figure 2A shows
the numbers of such patterns recorded for the various
a-values.

(2) Square patterns of spots were seen such as that
in Figure 1B, which could come from cubic structures
in [100] orientation. Figure 2B shows the numbers of
these patterns recorded for various a-values, on the
assumption of a fcc lattice, and Figure 2C shows the
distribution on the assumption of a bcc lattice.

In Figure 2B the patterns with dimensions close to
0.36 nm could come from a fcc lattice (n-diamond) or a
bcc lattice with a ) 0.25 nm. The group of patterns with
approximately a ) 0.42 nm could come from i-carbon
or from a bcc cell with a ) 0.3 nm (see Figure 2C). There
is a small group of patterns with dimensions corre-

sponding to fcc with about 0.39 nm. Crystals with
greater a-values may come from other phases such as
that with a ) 0.55 nm described by Aust and Dricka-
mer.17

In Figure 2C, the peaks at 0.25 and 0.29 nm could
come from the fcc structures with a ) 0.36 and 0.41 nm,
and the peaks at about 0.35 and 0.39 nm could come
from fcc structures with about 0.5 and 0.55 nm. The
main peak at about 0.31 nm can be attributed to a bcc
structure only, because it appears in Figure 2D,E.

(3) Rectangular patterns are found, with principal
dimensions in the ratio of the square root of 2, as in
Figure 1C. These can be attributed to a bcc structure
with a ) 0.3 nm, approximately. The distribution of unit
cell a-values for bcc structures in [110] orientation is
shown in Figure 2D.

(4) Hexagonal patterns, such as that in Figure 1D,
are clearly distinct from the hexagonal patterns from
graphite in that the (10,0) and (11,0) spots are of
comparable intensity. The observed distribution of lat-
tice parameters, a-values for a hexagonal cell, is shown
in Figure 2F. Such patterns could also be attributed to
cubic unit cells in [111] orientation. If they are assigned
to a bcc cell in [111] orientation, the distribution of
observed a-values is as shown in Figure 2E. The main

Figure 2. Diagrams showing the number of observations plotted against unit-cell dimensions (a-values) for (A) fcc [110], (B) fcc
[100], (C) bcc [100], (D) bcc [110], (E) bcc [111], and (F) hexagonal [001]. The dashed curves result from smoothing to take account
of the probable experimental error.

Structures of Carbon Nanocrystals Chem. Mater., Vol. 16, No. 24, 2004 4907
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peak of Figure 2E, at about 0.3 nm, corresponds to the
main peak of Figure 2F, at about 0.25 nm (the value
for hexagonal diamond). There is an uncertainty, there-
fore, as to the relative amounts of the bcc structure in
[111] orientation and the hexagonal structure in [00,1]
orientation.

The appearance of a subsidiary peak at about 0.34
nm in Figure 2E and the equivalent 0.28 nm in Figure
2F has not been interpreted. This is equivalent to the
0.35 nm peak visible in Figure 2C but only weakly
present in Figure 2D.

(5) Patterns showing rows of closely spaced spots that
may arise from structures with one long axis, such as
the 0.67 nm of the c-axis of graphite. A few larger values
observed are attributed to unknown impurities. A small
number of patterns showed values around 0.41 nm,
coming presumably from hexagonal diamond. It would
be expected that the number of these patterns, produced
with beam directions approximately perpendicular to
the c-axis, would be comparable with the number of
hexagonal patterns obtained from hexagonal diamond
(a ) 0.252 nm). Hence, it is suggested that most of the
main peak in Figure 2F comes from bcc in [111]
orientation.

The conclusion to be drawn from these data on lattice
dimensions is that the most common phase present is
the fcc n-diamond. Other phases include the i-carbon,
a bcc phase with cell dimension approximately 0.31 nm,
a small amount of hexagonal diamond, and possible
small amounts of other phases.

n-Diamond Phase. This phase has been reported by
many authors but appears to have a simple fcc struc-
ture, as suggested by the presence of the reflections
(200), (222), and (420) which are forbidden for normal
diamond. The implication is that there are only 4 carbon
atoms in the unit cell instead of the 8 for diamond. We
have attempted to clarify this extraordinary situation
by observing the relative intensities of the spots in the
nanodiffraction patterns. Because the nanocrystals oc-
cur in random orientation, the relative intensities of the
spots in the patterns may vary widely with the tilt of
the crystal with respect to the incident beam direction,
but observations of relative intensities for recognizable
two-dimensional patterns obtained close to a zone-axis
orientation should give significant information.

Figure 3A shows the relative intensities of the (200)
and (111) spots in patterns obtained from [110] orienta-
tion of fcc crystals with cell dimensions close to a ) 0.36
nm. The intensities are approximate, estimated visually
with the help of a calibration pattern formed by multiple
exposures, but should be accurate to within about 20%.
Figure 3B shows similar estimates of relative intensities
of the (200) and (220) spots for fcc crystals with cell
dimensions close to 0.36 nm in the [100] orientations.

For both the [110] and [100] orientations, the (200)
intensities and the corresponding ratios are zero for
normal diamond for diffraction with the usual assump-
tion of kinematical scattering. For the assumed fcc
structure of n-diamond, the (200) reflections would be
quite strong with intensity ratios, for the axial orienta-
tions, as indicated in the diagrams. For the fcc structure,
one would expect a broad distribution of values of the
ratios around the value of the ratio for the axial
orientation. Clearly, the distributions are not centered

on the values for the axial orientations of the fcc
structure but appear to be centered about some value
intermediate between that for the fcc structure and the
zero values expected for normal diamond.

The deviation from the diamond values is emphasized
by the observation of many patterns for which the (200)
reflection is much stronger than (111). This could be
expected for a fcc structure for particular tilts of the
crystal but is very unlikely if the (200) intensity for the
axial orientation is very much weaker than (111).

It is well-known that the intensities of electron
diffraction single-crystal patterns may be strongly af-
fected by dynamical scattering except for very small
crystal thicknesses with only light atoms. Calculations
of intensities for diamond crystals of increasing thick-
ness were made using the multislice programs for
dynamical scattering using the software MacTempas
(developed by Roar Kilaas, NCEM, Berkeley, CA). The
crystal size and beam voltage assumed for these calcu-
lations are 50 nm and 200 keV. In Figure 4A the
calculated intensities of the (200) and (111) for the
diamond structure are plotted against thickness for the

Figure 3. Plots of the number of observations of relative
intensities in nanodiffraction patterns for the n-diamond
structure (a ) 0.36 nm): (A) ratios of intensities of (200) and
(111) reflections for fcc [110] patterns; (B) ratios of intensities
of (200) and (220) reflections for fcc [100] patterns. In each
case, the ratios for the weaker (200) reflection are given on
the left side and the ratios for the stronger (200) reflections
are given on the right side.

4908 Chem. Mater., Vol. 16, No. 24, 2004 Cowley et al.
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[110] orientation, and in Figure 4B, a similar plot is
given for the [100] orientation. It is evident that for the
[110] orientation the forbidden (200) reflection may be
produced by dynamical scattering effects, but the (200)
intensity is very small compared with the dominant
(111) reflection for thickness of less than 10 nm. For
the [100] orientation, the (200) reflection never gains
appreciable intensity.

The thickness of the nanocrystals in our specimens
could not be measured directly. Only the lateral extent
of the nanocrystals can be seen in dark-field STEM
images, but it may be assumed that, for randomly
oriented crystals, the thickness is, on the average,
approximately equal to the lateral dimensions. For most
sample areas, the lateral dimensions of the coherently
diffracting regions were seen in the dark-field STEM
images to be in the range of 5-10 nm. Occasionally,
larger crystals, up to 100 nm in diameter, which
appeared to be in the form of thin sheets with numerous
structural imperfections, were visible. As well as could
be judged, the relative intensities of the diffraction spots
from these larger crystals were the same as for the
nanocrystals. Attempts were made to observe the varia-
tion of the relative intensities as the incident beam was
translated across a thin edge of a larger crystal, but it
was not possible to detect any variation of relative
intensities with the assumed increase of thickness. It
was therefore concluded that dynamical scattering
effects were not an important factor for the interpreta-
tion of the relative spot intensities.

It is also known that forbidden reflections may appear
in single-crystal patterns as a result of finite crystal
dimensions or the presence of stacking faults or other
defects of the crystal. Some calculations made for thin
crystals with stacking faults as well as with mixed sp2

and sp3 bonding have failed to indicate the production
of the forbidden (200) reflection with any but very small
intensity.

Possible bcc Phase. It has been pointed out that
the square patterns of spots from cubic structures in
[100] orientation may be interpreted as coming from
either fcc or bcc structures. Similarly, the hexagonal
spot patterns may be interpreted as coming from either
hexagonal structures in [00,1] orientation or from bcc
(or fcc) structures in [111] orientations. However, only
bcc structures in [110] orientation can give the rectan-
gular patterns such as Figure 2C, and the fact that
peaks appear for approximately the same a-values in

Figure 2C-E is strongly suggestive of the presence of
a bcc phase with approximately a ) 0.31 nm.

The relative intensities in these patterns that may
be attributed to this bcc phase do not show any
pronounced features that would imply any great devia-
tion from a simple bcc structure. The implication
(subject to further discussion) is that the patterns come
from a bcc carbon structure, with two carbon atoms in
a unit cell with a ) 0.31 nm. The C-C distance for the
8 nearest neighbors would then be 0.27 nm.

Incorporation of Hydrogen. The accepted struc-
ture for n-diamond, and also the suggested bcc struc-
ture, seem to involve such unprecedented bonding
arrangements for carbon atoms that it is inevitable that
the possibility of the presence of other atoms should be
explored. However, attempts to detect other atoms in
n-diamond samples by use of EELS have not been
successful.8,13 Since the only atom, which cannot be
readily detected by EELS, is hydrogen, the presence of
H in the structure must be considered.

The syntheses of n-diamond, in most cases, have been
made in the presence of hydrogen. Theoretical studies
of carbon clusters have suggested that hydrogen may
have an essential role in bonding at least on the surfaces
of the stable clusters19 and the similar roles for hydro-
gen have been postulated for the explanation of some
experimental observations.8,9

We have therefore investigated the possibility of the
incorporation of H in the structure of n-diamond. The
normal diamond structure may be described as consist-
ing of two intergrown fcc structures, with origins at the
positions 0, 0, 0 and 1/ 4, 1/4, 1/4. If one assumes that
the 4 carbon atoms on one of these substructures are
replaced by hydrogen atoms, the unit cell content is
C4H4 and the symmetry is fcc, as for the zinc blende
structure. The relative intensities of the (200) and (111)
reflections and of the (200) and (220) reflections are as
indicated by the arrows labeled “+4H” in Figure 3A,B.
These relative intensity values provide a better account
of the distributions of relative intensities than those for
either the normal diamond or the pure carbon fcc
structures, although some structure a little closer to that
of the normal diamond structure (i.e. with a little more
scattering power than 4 H on the one sublattice) may
give an even better fit.

(19) Ree, F. H.; Winter, N. W.; Glosli, J. N.; Viecelli, J. A. Physica
B 1999, 265, 223.

Figure 4. Dynamical diffraction calculations for intensities from diamond in (A) [110] and (B) [100] orientations as a function
of crystal thickness. For the [100] orientation, the (200) intensity is close to zero for all thickness.

Structures of Carbon Nanocrystals Chem. Mater., Vol. 16, No. 24, 2004 4909
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To provide some further foundation for the suggestion
of such a structure, a theoretical analysis was carried
out.

Theoretical Studies. Our calculations have been
carried out using density functional theory20,21 with the
gradient-corrected local exchange-correlation potential
of Perdew and Wang.22,23 We used the VASP code.24,25

We employed standard periodic boundary conditions
with the core electrons represented by ultrasoft pseudo-
potentials26 and a plane-wave basis set for the valence
electrons. A plane-wave cutoff of 500 eV was found to
be sufficient to converge total energies and geometries.
k-point sampling during geometry optimization for all
structures was carried out on a 11 × 11 × 11 Monkhort-
Pack grid.27 Geometry optimization was undertaken
using a combination of conjugate gradient (first deriva-
tive) and quasi-Newton (approximate second derivative)
methods.

There have been a number of calculations of the
properties of fcc C; our unit cell parameter a ) 3.098 Å
is in good accord with previous results (3.020-3.082
Å).14,15 For bcc C we find a ) 2.389 Å. We note however
that there is strong evidence that these phases are
mechanically unstable at least at low pressure.15,28

The fact that the unit cell parameters have a wide
range of values suggest very strongly that we are
dealing with a phase of variable composition, and the
most plausible candidate is CHx. Accordingly we exam-
ined a number of compositions with either fcc C or bcc
C (Table 1). As can be seen from Table 1, the unit cell
edge increases smoothly from C to CH3 (fcc) and from
C to CH3 (bcc) in most cases. Notice that the most stable
phase is the “bcc” CH2 with a ) 3.107 Å. This phase
actually has a positive affinity for H2, i.e., for the
reaction CH2 f C + H2, ΔE ) 0.72 eV. We also find
that in contrast to the pure carbon phase this phase is
at a local minimum of energy (metastable).

It was determined that for H on one of the diamond
sublattices, such that the unit cell contained 4 C and 4
H, the equilibrium unit cell dimension would be 0.358
nm. This in agreement with the observations and
distinctly different from the value 0.307 nm for vacan-

cies in place of the hydrogen atoms (in agreement with
result of Pickard et al.14 and Murrieta et al.15).

A further result is that, for the CH2 structure, the
equilibrium unit cell dimension would be 0.379 nm. The
plots of Figure 2A,B suggest that a minor peak is
present at about this value.

Discussion

An independent confirmation of the presence of H in
the n-diamond structure would be desirable. However,
no known technique other than electron nanodiffraction
seems to be available. Any technique for which the
volume of the sample examined has dimensions greater
than about 10 nm would not be successful for our
samples since the nanocrystals of n-diamond are mostly
embedded in amorphous carbon and accompanied by
crystals of other phases including graphite. The EELS
technique has the required spatial resolution but is not
sensitive to hydrogen.

An alternative model for the n-diamond structure, not
involving H, has been proposed by Hirai et al.29 How-
ever, their structures involve peculiar bonding configu-
rations and, for their most favored model, the calculated
diffraction intensities are in poor agreement with our
observations.

The calculations have shown that the proposed CH2
bcc is metastable with a ) 0.31 nm, as observed. The
relative intensities of the bcc diffraction spots would be
modified by the inclusion of the H atoms, but the
differences would be difficult to confirm for the nano-
crystals in random orientation. Some fcc reflections,
such as the (111), would appear weakly. Such reflec-
tions, too weak for reproduction, have been observed in
a few of the bcc [110] patterns. An alternative structure
could be one in which 2 H atoms are included in each
bcc unit cell, at the positions 1/4, 1/4, 1/4 and 3/4, 3/4,
3/4. Then no fcc-type reflections would appear. The unit
cell would tend to be distorted to become rhombohedral.
A small distortion of this type would not easily be
detected in the nanodiffraction patterns.

For the proposed bcc structure the insertion of four
hydrogen atoms would give a tetrahedral coordination
for the C atoms with a C-H distance of about 0.14 nm,
as against 0.16 nm for the fcc structure which has 8
nearest-neighbor C-H bonds.

The crystalline phases involving CHx found at the
nanoscale could possibly act as intermediate phases
prior to diamond nuclei formation and, hence, may
explain the pathway for diamond nucleation. This
hypothesis extends the existing theories for diamond
nucleation.30,31

Conclusions

In conclusion, we have shown evidence that, for the
n-diamond, the simple fcc structure with just 4 C in a
unit cell seems unlikely. Our suggestion for the incor-(20) Hohenburg, P.; Kohn, W. Phys. Rev. 1964, 136, B864.

(21) Kohn, W.; Sham, L. J. Phys. Rev. 1965, 140, A1133.
(22) Perdew, J. P.; Zunger, A. Phys. Rev. B 1981, 23, 5048.
(23) Perdew, J. P.; Wang, Y. Phys. Rev. B 1992, 46, 12947.
(24) Kresse, G.; Furthmüller, J. Phys. Rev. B 1996, 54, 11169.
(25) Kresse, G.; Furthmüller, J. Comput. Mater. Sci. 1996, 6, 15.
(26) Vanderbilt, D. Phys. Rev. B 1990, 41, 7892.
(27) Monkhorst, H. J.; Pack, J. D. Phys. Rev. B 1976, 13, 5188.
(28) Mailhiot, C.; McMahan, A. K. Phys. Rev. B 1991, 44, 11578.

(29) Hisako, H.; Kondo, K.; Sugiura, H. Appl. Phys. Lett. 1992, 61,
414.

(30) Lambrecht, W. R. L.; Lee, C. H.; Segall, B.; Angus, J. C.; Li, Z.
D.; Sunkara, M. K. Nature 1993, 364, 607.

(31) Lifshitz, Y.; Kohler, T.; Frauenheim, T.; Guzmann, I.; Hoffman,
A.; Zhang, R. Q.; Zhou, X. T.; Lee, S. T. Science 2002, 297, 1531.

Table 1. Calculated Values for the Unit Cell Dimension
and the Energy/Carbon Atom, ΔE/C, for Various Possible

CHx Phases

composn symm struct a (Å) ΔEf/C (eV)

C Fm3hm fcc 3.098 4.61
CH F4h3m ZnS 3.583 5.21
CH2 Fm3hm CaF2 3.787 5.64
CH3 Fm3hm a 3.953 5.75
C Im3hm bcc 2.389 4.43
CH2 Pn3hm Cu2O 3.107 3.64
CH3 Pm3hn A15 3.096 7.20
CH4 Im3hm b 3.326 4.22

a C, 0, 0, 0; H, 1/2, 1/2, 1/2 and 1/4, 1/4, 1/4. b C, 0, 0, 0; H, 1/4,
1/4, 1/4.
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poration of H in the lattice is supported experimentally
and theoretically. It leads to a seemingly improbable
structure but one that is less improbable than the
structure without H. The proposed existence of a bcc
structure with the addition of hydrogen and a ) 0.31
nm may also seem improbable but is even more strongly
supported theoretically.

We note that the proposed structures containing
hydrogen involve a very high density of hydrogen atoms
suggesting their possible interest as hydrogen-storage
media. These crystalline metastable CHx phases could

explain the intermediate structures that might be
present during diamond nucleation.
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Abstract
No current microfabrication technique exists for producing room-
temperature, high-precision, point-to-point polymer micro- and sub-
microscale fibers in three dimensions. The purpose of this work is to
characterize a novel method for fabricating interconnected three-
dimensional (3-D) structures of micron and sub-micron feature size. Poly-
(methyl methacrylate) (PMMA) micro- and sub-microscale fiber suspended
bridges are fabricated at room temperature by drawing from pools of
solvated polymer using a nano-tipped stylus that is precisely positioned by
an ultra-high-precision micromilling machine. The fibers were drawn over
a 1.8 mm silicon trench, and as the solvent in the solution bridge rapidly
evaporates, a suspended, 3-D PMMA fiber remained between the two
pools. The resulting fiber diameters were measured for solutions of PMMA
in chlorobenzene with concentrations ranging from 15.5 to 23.0 wt%
495k g mol−1 PMMA and 13.0 to 21.0 wt% 950k g mol−1 PMMA. Fibers
were found to increase in diameter from 450 nm to 50 μm, roughly
corresponding to the increase in concentration of PMMA. To minimize
fiber diameter variance, different stylus materials were investigated, with a
Parylene R©-coated stylus producing fibers with the lowest variance in
diameter. Overall, the fiber diameter was found to increase significantly as
the solution concentration and polymer molecular weight increased.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

If micro- and sub-microscale fibers could be precisely placed,
they could be integrated into microelectromechanical systems
(MEMS) platforms providing complex three-dimensional

4 Current address: Department of Physics, California Polytechnic State
University, San Luis Obispo, CA 93407, USA.

assemblies of fibers. These suspended fibers could offer
unique ways to couple between mechanical and guided-optical
components [1, 2] as well as three-dimensional electrical
connections for polymers impregnated with electrically
conductive materials. Polymer fibers are routinely fabricated
by a number of industrially-proven processes including wet,
dry and melt spinning [3–20]. Dry spinning involves the
extrusion of a polymer solution through orifices that shape

0960-1317/06/091825+08$30.00 © 2006 IOP Publishing Ltd Printed in the UK 1825
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Stylus Dipped in 1st PMMA Pool
PMMA Solution Adheres to Stylus

Stylus Moved to 2nd PMMA Pool

Filament Drawn Between 1st
PMMA Pool and Stylus

Filament Detaches From Stylus
Filament Dries to Form Solid Fiber

Figure 1. Schematic of the method of drawing micro- and
nanofibers between two solvated PMMA pools.

the polymer solution into several fibers [3]. Wet spinning is
nearly identical to dry spinning, except a secondary fluid is
used to draw the solvent from the solution after extrusion
and has been used to draw fibers with diameters ranging
from 100 μm to over a millimeter [4–8]. Melt spinning is
another related process involving the extrusion of a melted
polymer through an orifice, which yields fiber diameters
ranging from tens of microns to millimeters [9–14]. Only
electrospinning, which involves utilizing a strong electric field
to shape a solvated polymer pendant drop into a fiber, produces
sub-micron diameter fibers [15–19]. The fiber is generally
collected as a randomly woven mat, though recently, mats
with directionally-oriented weaves have been reported [20].
All of these processes serve some industrial niche, but none of
them allows for the precise, controlled placement of individual
micron-/sub-micron-sized fibers on a substrate.

Recently, a technique has been reported that can be used
to custom pattern suspended, polymer nanofibers in three
dimensions [1, 21]. It involves dipping a stylus into a pool of
solvated polymer, allowing the solution to adhere to the stylus
tip, and removing the stylus from the pool, leaving a solution
filament extending between the pool and stylus (figure 1). If
the stylus is dipped into a second solution pool, the filament
will detach from the stylus and remain suspended between
the two pools. Upon complete evaporation of the solvent, a
solid, rounded polymer fiber is produced, suspended between
the two pools. Suspended geometries, such as these, require
several, more involved processing steps when fabricated with
traditional planar microfabrication techniques. A needed
improvement to the method presented in [1, 21] is the ability to
select the processing conditions that yield a fiber with a desired
diameter. Therefore, the goal of this work is to characterize the
process introduced in [1] by developing empirical relationships
between experimental parameters and fiber diameter.

2. Methodology

2.1. Solution preparation and characterization

In this study, several parameters are varied, including
polymer concentration in the solution, polymer molecular
weight and the material coating of the stylus. The
dependence of diameter on individual parameters was
investigated, including a comparison with the dimensionless,

‘processability parameter’,

P = kη

σ
, (1)

which combines the influence of viscosity η, solvent
evaporation rate k and surface tension σ [22]. According
to the theory of Tripathi et al [22], for the same fiber drawing
conditions (e.g. length and drawing speed), the same fiber
diameter will form as long as the three individual parameters
produce the identical value of P.

Several different concentrations of poly-methyl
methacrylate (PMMA) in chlorobenzene were made
from stock solutions of MicroChem C9 Series Photoresist
(495k g mol−1 and 950k g mol−1 average polymer molecular
weight, MicroChem Inc., Newton, MA) by diluting with
chlorobenzene and thickening by evaporation of the
chlorobenzene. Initial experiments illustrated that fibers
could be successfully drawn from polymer solutions ranging
in concentration from 15.5 to 23.0 wt% for the 495k g mol−1

PMMA and 13.0 to 21.3 wt% for the 950k g mol−1 PMMA.
For solutions more dilute than these concentrations, the fibers
would break up due to excessive capillary thinning prior to
solidification; whereas, for overly concentrated solutions, the
high viscosity led to ungainly, non-uniform structures. For
each of the concentrations studied the individual parameters
in equation (1) were measured (as described below) from
which the processability parameter was calculated.

2.1.1. Viscosity. An LVDV-II+ viscometer (Brookfield,
Middleboro, MA) interfaced with a cone-and-plate (CP-40
and CP-41, Brookfield) was used to measure the viscosities
of PMMA/chlorobenzene solutions. The concentrations
measured included 1%, 2.5%, 3.5%, 5%, 7%, 9%, 11.7%,
17.6% and 23.4% for the 495k g mol−1 PMMA and 1%, 2.5%,
3.5%, 5%, 7%, 9%, 11.2%, 14.9%, 18.6% for the 950k g mol−1

PMMA. A water jacket (TC-500 Refrigerated Bath/Circulator,
Brookfield, Middleboro, MA) was employed to maintain the
solutions at 22.0 ◦C. For both molecular weights, the viscosity
correlates well exponentially with the solid weight fraction
(SWF) with η = 7.0256e46.828SWF and R2 = 0.9704 for 495k
MW PMMA and η = 3.476e34.721SWF and R2 = 0.9847 for the
950k MW PMMA (figure 2). This exponential relationship
departs from the linear Einstein viscosity relationship, which
suggests a significant interaction between adjacent polymer
molecules in solution [23].

2.1.2. Surface tension. The surface tensions of the solutions
were measured using the capillary method. A capillary was
submerged into a beaker of the solution and the solution
was allowed to rise into the capillary until equilibrium was
reached. The height the fluid climbed above the fluid level
in the beaker was measured and a close-up photograph was
taken to determine the contact angle between the fluid and the
capillary wall. The surface tension was given by [24]

σ = ρ · r · h · g

2 cos θ
, (2)

where ρ is the density of the solution, r is the radius of the
capillary, h is the height of the climb, g is the gravitational
acceleration and θ is the contact angle between the solution
and the capillary wall. The density was measured to be

1826

Reference No 128

604



Characterization of micromanipulator-controlled dry spinning of micro- and sub-microscale polymer fibers

1

10

100

1000

10000

100000

0 0.05 0.1 0.15 0.2 0.25

Solid Weight Fraction

V
is

co
si

ty
 (c

P
)

Figure 2. Viscosity of PMMA solution as a function of
concentration. The upper and lower measured data and regression
curves (η = 3.476 e34.721SWF with R2 = 0.9847 and η =
7.0256 e46.828SWF with R2 = 0.9704) are for the 950 k MW and 495k
MW PMMA solutions, respectively.

1160k g m−3 for the 495k g mol−1 MW and 1240k g m−3

for the 950k g mol−1 MW. Compared to the viscosity, the
surface tension was found to be relatively independent of
concentration and equal to 0.039 N m−1 and 0.041 N m−1

for the 495k g mol−1 and 950k g mol−1 solutions, respectively.

2.1.3. Solvent evaporation rate. To quantify and normalize
the solvent evaporation rate, a thermogravimetric analysis
(TGA) was performed using a TA Instruments TGA 2950
(New Castle, DE) in order to extract a time constant governing
this parameter. A 9% solution of each molecular weight
PMMA was exposed to air for several hours, allowing the
volatile chlorobenzene to evaporate, during which, the TGA
recorded the mass of the solution at 5 s intervals. The
solvent concentrations of both solutions were calculated and
plotted over the drying time (figure 3). As performed in [22],
solvent evaporation rate time constants were calculated by
extracting the exponential coefficients from the exponential
regression curves to each data set in figure 3. Although
exponential curves do not capture the points of inflection
seen in the data in figure 3, their high R2 values suggest
that they do accurately model the general rate of solvent
evaporation while providing the needed coefficient. The lower
curve (SMF = 1.000e−(1.68×10−4)t, R2 = 0.94) represents
the 495k g mol−1 data and the upper curve (SMF =
1.050e−(1.68×10−4)t, R2 = 0.92) represents the 950k g mol−1

data, where SMF is the solvent mass fraction of the solutions.
These coefficients were then normalized by dividing them by
the surface area-to-volume ratio of the TGA samples (785 m−1)
to produce final time constant values of 2.14e−7 m s−1 and
1.54e−7 m s−1 for the 495k g mol−1 and 950k g mol−1 solutions,
respectively.

2.2. Fiber diameter characterization

Each characterization trial consisted of drawing several fibers
in rapid succession (approximately one fiber for every 8 s)
back and forth between two 50 μL pools of solution. The
pools were manually deposited by micropipette. The stylus is
a sharpened tungsten wire with a 20 nm tip radius. The stylus
was automatically positioned by a programmable, custom-
made ultra-high-precision micromilling machine (Dover
Instruments, Inc.) capable of translating in 1.25 nm increments
in the horizontal X and Y directions and in 20 nm increments in
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Figure 3. Solvent mass fraction for PMMA-chlorobenzene
solutions as a function of time and molecular weight. The lower
dotted and upper dotted lines represent the actual data recorded by
the TGA for the 495k g mol−1 polymer and 950k g mol−1 polymer,
respectively. Exponential regression analysis, indicated by the lower
and upper solid lines, respectively, was performed on the TGA data
in order to calculate the processability parameter.

Figure 4. Solution deposited on silicon substrate immediately
before trial run. The line indicates the serpentine path taken by the
stylus.

the Z direction (figure 5) [25]. The stylus was dipped 50 μm
into a solvated PMMA pool and moved in a serpentine motion
between the two pools at a velocity of 5 mm s−1 (figure 4)
in the same manner as described in figure 1. In order to
produce suspended fibers, the solution pools were positioned
on opposing sides of a 1.8 mm wide by 400 μm deep trench
cut into a silicon substrate using a dicing saw (DAD 321,
Disco, Tokyo, Japan). One trial was run for each of six
different concentrations (15.5%, 16%, 17%, 18%, 21.6%
and 23%) for the 495k g mol−1 polymer and each of four
different concentrations (13%, 15%, 18% and 21.3%) for the
950k g mol−1 polymer. The diameters of the fibers were
measured using a scanning electron microscope (SEM) (Carl
Zeiss LEO Supra 35) with a variable pressure secondary
electron detector (VPSE) that operates in a non-conductive
mode, allowing the nonconductive polymer fibers to be imaged
without a metal overcoat. The diameter of each fiber that
spanned the trench without breaking or sagging was measured
in three locations (in the middle and near each end) and
averaged.

3. Results and discussion

3.1. Fiber diameter measurements

Fibers with diameters ranging from 450 nm to 50 μm were
drawn spanning the 1.8 mm trench without breaking or
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Figure 5. Dover instruments micromilling machine—the stage
which contains the substrate material translates in the horizontal
plane whereas the stylus, which is attached to the mill head,
translates vertically.

sagging (figure 6). These suspended fibers were cylindrically
symmetric with only a slight tapering occurring at each
end (figure 6(d)) and were observed to be rigid, with no
gravitationally-induced bending. The resulting fiber diameters
are reported as a function of concentration (figure 7). For
this processing technique, the standard deviation of the
diameter was as large as 11.0 μm. One possible cause
for this variance was the uncontrolled build-up of solution
and dried PMMA on the stylus tip that accumulated over
the course of each trial (figure 8). Surface treatments to
the stylus were considered next as a way to affect wetting
and/or surface tension of the polymer-stylus interface to
reduce the effect of excess accumulation. Fibers were drawn
with styli coated with Parylene R© (poly-para-xylylene), and
perfluorooctyl-trichlorosilane (a nonstick material used for
separating hot embossed PMMA from its master stamp), as
well as with a tapered glass capillary (tip radius of 10 μm). The
Parylene R©-coated stylus provided a substantial improvement
in diameter variation over the original tungsten stylus, yielding
the best overall reduction in diameter variance for all coatings,
with an average standard deviation of 2.06 μm and a maximum
standard deviation of 3.02 μm for the six tested concentrations
of the 495k g mol−1 polymer (table 1).

3.2. Direct-write, continuous drawing of PMMA fibers

In an effort to broaden the applicability of this process, a direct-
write method of fabrication was developed. This method
replaced the stylus with a 1 mm (inner diameter) glass capillary
filled with PMMA solution and affixed to the micromilling
machine. A clamp attached to the capillary bulb was tightened
in order to pressurize the capillary, thereby expelling PMMA
solution from the capillary tip. This clamp was adjusted to
apply a pressure sufficient to expel the various solutions at
flow rates of approximately 20 μL min−1. The capillary
tip was positioned 500 μm above an untreated silicon wafer
substrate and the expelled solution was allowed to contact the
substrate. Once contact had been established, the micromill
was programmed to lift the capillary 2 mm in the vertical

(a)

(b)

20 μm

(c)

(d )

10 μm

200 μm

20 μm

Figure 6. SEM images of polymer fibers drawn over a 1.8 mm
trench. (a) Suspended fiber drawn from 15% solution of
950k g mol−1 PMMA. (b) Suspended fiber drawn from 13%
solution of 950k g mol−1 PMMA. (c) Several parallel fibers drawn
from 15.5% solution of 495k g mol−1 PMMA. (d) Tapered end of
PMMA fiber.
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Figure 7. Fiber diameter versus concentration. The hollow and
solid data points represent the average measured diameters of the
drawn fibers for the 495k g mol−1 data and the 950 g mol−1 data,
respectively. The error bars represent the standard deviation of each
data point.

direction and translate its distances ranging from 2 mm to
50 mm in the horizontal plane, forming a filament of PMMA
solution anchored to the substrate at the point of initial contact.
Additional anchor points were then generated by lowering the
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Table 1. Fiber diameters: mean and standard deviation (in microns) for fibers drawn with 495k g mol−1 PMMA solutions using different
stylus material coatings.

Concentration (wt%) Tungsten (μm) Glass (μm) Parylene (μm) Nonstick (μm)

15.5 2.22 ± 1.20 2.43 ± 1.09 No data 10.81 ± 6.88
16 5.54 ± 3.95 4.38 ± 3.11 7.41 ± 2.49 8.76 ± 2.84
17 5.80 ± 3.59 4.20 ± 2.04 6.78 ± 1.38 7.92 ± 5.08
18 9.07 ± 2.68 4.84 ± 2.71 6.27 ± 3.02 4.69 ± 2.69
21.6 14.53 ± 4.82 18.37 ± 6.36 19.03 ± 1.40 15.24 ± 7.58
23 23.96 ± 11.00 17.29 ± 5.43 26.98 ± 2.03 34.80 ± 11.61

Figure 8. PMMA build-up on tungsten stylus accumulated during a
single characterization trial.

Figure 9. Weave pattern generated by the direct-write technique
with 23% 495k g mol−1 PMMA solution.

capillary 500 μm again to make contact with the substrate,
pausing for 1 s, and again raising the capillary 2 mm. In this
manner, a wide variety of ‘connect-the-dots’ style geometries
were produced including: a square wave, a weave pattern
(figure 9) and a square ‘spiral’, in which several fibers drawn
in series with increasing lengths, each oriented 90◦ relative to
the previous fiber.

The primary advantage of the direct-write method is the
elimination of the manual deposition of the pools at the
terminal ends of each fiber (see figure 4). Eliminating this
low-precision step increased the accuracy of fiber terminal
placement as well as expedited the entire fiber fabrication
process through further automation. The direct-write method
also eliminated the uncontrollable stylus build-up seen in
figure 8, which was suspected of contributing to the undesired
variance in fiber diameter. Indeed, the fiber diameter standard
deviation for the 23% PMMA 495k g mol−1 solution was
only 2.70 μm, a value comparable to the lowest standard
deviation achieved in table 1 with the Parylene R© stylus.
The average fiber diameter in this case was 10.25 μm,
a value significantly lower than the corresponding average
diameter (26.98 μm) produced using the Parylene R©-stylus,
suggesting that the drawing method itself influences the fiber
diameter.

Table 2. Fiber yield: fraction of fabrication attempts that resulted in
a complete, unbroken fiber for 495k g mol−1 PMMA solutions

Concentration Tungsten Glass Parylene Nonstick
(wt%) (%) (%) (%) (%)

15.5 20 26 0 47
16 31 44 50 30
17 36 20 30 25
18 92 35 64 35
21.6 79 83 40 93
23 79 71 40 64

Table 3. Fiber yield: fraction of fabrication attempts that resulted in
a complete, unbroken fiber for 950k g mol−1 PMMA solutions

Concentration (wt.%) Tungsten (%)

13 36
15 93
18 78
21.3 71

3.3. Yield and uniformity of diameter in length

Fiber yield is defined as the number of unbroken fibers
produced in a trial divided by the number of drawing passes
attempted with the stylus during that trial. The yield values
for the 495k g mol−1 and 950k g mol−1 trials are given in
tables 2 and 3, respectively. Table 2 illustrates that fiber
yield seems relatively independent of the stylus material.
It should be noted that additional polymer concentrations
ranging from 1% to 30% were tested, but it was found that
only concentrations within the range listed in tables 2 and 3
produced nonzero yields. For the 495k g mol−1 solutions,
the maximum yields (92% and 93%) were produced
at an 18% concentration with the tungsten stylus and
21.6% concentration with the nonstick stylus, respectively.
Additionally, a maximum yield of 93% occurred at the 15%
concentration for the 950k g mol−1 solutions using a tungsten
stylus. At PMMA concentrations below these optimum levels,
smaller diameter fibers are formed, which leads to a higher
fiber aspect ratio, defined as the ratio of length to diameter, and
increased fiber fragility. This implies that fibers made from
concentrations on the low end of the experimental spectrum
and drawn to the required length of 1.8 mm will be very fragile.
Thus, in order to increase the fiber yield, the concentration of
the solution should be increased or the fiber length should be
shortened. Yield also declined at high PMMA concentrations,
with fibers generally fracturing rather than undergoing the
surface tension-driven capillary break-up observed at low
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Table 4. Coefficient of variation in diameter along the length of an
individual fiber for 495k g mol−1 PMMA solutions.

Concentration Tungsten Glass Parylene Nonstick
(wt%) (%) (%) (%) (%)

15.5 40 72 No data 11
16 29 22 26 12
17 27 40 16 16
18 15 22 14 20
21.6 19 9 7 8
23 18 7 20 12

Table 5. Coefficient of variation in diameter along the length of an
individual fiber for 950k g mol−1 solutions.

Concentration (wt%) Tungsten (%)

13 29
15 13
18 23
21.3 18

concentrations. This suggests that fibers produced from high
concentrations are solidifying during the drawing process and
fracturing under the tensile stress applied by the stylus during
the draw.

No broken fibers were observed in any of the geometries
fabricated with the direct-write method (with the 23%
solution), illustrating the major advantage of the direct-
write method over the Parylene R© coated stylus (40% yield).
However, comparison between the yield values should be
carefully made due to fundamental differences between
experimental parameters including: (1) geometric differences
between the capillary and stylus; (2) varying fiber lengths
drawn; and (3) differing substrate geometries. These
experimental variances inevitably lead to differing diameters
and fragilities, which directly impacts the fiber yield.

Measurements were taken along the length of each fiber
to investigate diameter uniformity. SEM measurements were
taken halfway along the length of the fiber and 50 μm from
each terminal end of the fiber in order to avoid the initial
necking/taper region that occurs at the interface between the
fiber and the pool. Tables 4 and 5 show the coefficient of
variation in diameter, which is defined as a ratio of the standard
deviation of the diameter for a single fiber divided by the
mean diameter of that specific fiber expressed in terms of a
per cent value, calculated from these three measurements for
the 495k g mol−1 and 950k g mol−1 solutions, respectively.
Inspection of these tables indicates that the diameter of an
individual fiber is less uniform when using solutions with low
solid concentrations.

3.4. Fiber correlation to polymer solution properties

A comparison of the polymer solution’s initial shear viscosity
with the resulting fiber’s diameter yielded a logarithmically
increasing relationship between viscosity and fiber diameter
for both molecular weights. The macroscopic explanation
for this trend is as follows: when the fluid filament is drawn
between the two pools of solution, it has a tendency to undergo
surface tension-driven necking. If this is allowed to continue
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Figure 10. Fiber diameter as a function of viscosity. The data and
fit are for the 950k g mol−1 solution (upper curve) and the
495k g mol−1 (lower curve) solutions.

for an extended period of time, the fiber diameter near the
center of the filament will reach such a miniscule value
that the fiber will fracture. Alternatively, if this necking is
sufficiently impeded by a high solution viscosity, the filament
solvent will evaporate before break-up, leaving a solid PMMA
fiber. Additionally, because the viscosity influences the degree
of surface tension-driven thinning before solidification, the
steady-state fiber diameter can be controlled by the modulating
viscosity. In this investigation, viscosity was controlled
primarily by varying either the polymer concentration or the
molecular weight. Increasing either (or both) of these two
variables led to increased contact and entanglement between
the randomly coiled PMMA molecules, resulting in a rapid
rise in viscosity (figure 2) and, subsequently, fiber diameter
(figure 10).

Tripathi et al [22] reported a correlation between a
processability parameter P, and the creation of fibers drawn
from a polymer solution (equation (1)). It was theorized
that the fiber diameter increased with P, but this theory was
only tested qualitatively. This phenomenon is quantitatively
illustrated by plotting the fiber diameter versus P for each
molecular weight in figure 11. Fiber diameter does indeed
increase with increasing P (D = 6.837 Ln(P) + 87.63 with R2 =
0.9326 for 495k g mol−1 solutions and D = 5.2463 Ln(P) +
65.54 with R2 = 0.8941 for 950k g mol−1 solutions). Tripathi
et al also reported that polymer solutions with P greater than
3 × 10−4 were drawn into unbroken fibers. Examination
of figure 10 illustrates that relatively large fibers (>20 μm)
will indeed form in this processability regime. However,
smaller diameter fibers were drawn for polymer solutions
with P as low as 4 × 10−6. This discrepancy may be due
to experimental differences between the two investigations.
Specifically, the polymer solution filaments drawn in this
experiment were formed relatively slowly (in ∼10 s, compared
to ∼0.1 s in Tripathi’s study). This allows filament drying to
occur in partially drawn fibers, resulting in rapidly increasing
viscosity (and therefore P) in some localities before the fiber
is completely drawn. Another source of discrepancy may
be due to the longer fibers drawn in [22], approximately
7 mm, resulting in same-diameter fibers that are inherently
more fragile than those drawn to a length of ∼2 mm, as in
this study. Additionally, the processability parameter model
assumes a Newtonian fluid, where in reality, a slight (∼10%)
degree of shear thinning, i.e. non-Newtonian fluid behavior,
was observed for the 495k g mol−1 solution and 950k g mol−1

solution for shear rates ranging from 3.75 s−1 to 18.8 s−1 and
0.525 s−1 to 2.25 s−1, respectively.
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Figure 11. Fiber diameter as a function of the processability
parameter. The data and fit are for the 950k g mol−1 solution (upper
curve) and the 495k g mol−1 (lower curve) solutions.

The fact that the two curves in figure 11 do not overlap
suggests that the process may be dependent on one or more
additional variables. Ideally, if all undesired variables (such
as solution buildup) could be eliminated, one parameter
would exist that relates the intrinsic properties of a polymer
solution to the expected fiber diameter. Figure 11 would have
only one diameter value corresponding to each value of P,
thereby accommodating rapid characterization of additional
solvent/polymer/molecular weight sets since only the fluid
(polymer solution) properties would need to be characterized
to calculate P. However, the results presented in this paper
show that P does not demonstrate independence of the process
from molecular weight; therefore, additional parameters must
still be considered.

4. Conclusion

Polymer micro- and sub-microscale fibers can be drawn
from a polymer solution using a stylus controlled by a
custom-made ultra-high-precision micromill. PMMA fibers
ranging from sub-micron diameters to over 40 microns
have been successfully fabricated over a 1.8 mm trench
in a silicon substrate. Characterization of the micromill
process indicated that the fiber diameter increased as the
solid concentration in the polymer solution increased. It
was also shown that increasing the molecular weight of the
PMMA resulted in larger fiber diameters. Although other
variables may influence fiber diameter (including temperature,
drawing speed, stylus/capillary geometry, solvent volatility,
open versus closed atmosphere, etc), the modulation of
concentration and molecular weight provides a mechanism for
controlling the fiber diameter. Additionally, the fiber diameter
was observed to increase with an increase in the processability
parameter, defined as a function of solvent evaporation rate,
viscosity and surface tension.

A large variance between fibers drawn under the same
experimental conditions was noted. A suspected culprit of
this variance was the solidification of the solution on the
stylus which accumulated during the drawing process. Several
different stylus materials were tested in hopes of reducing
this variance, and it was discovered that the stylus material
did influence the severity of this variance with a Parylene R©-
coated stylus being influenced the least by accumulation. In
addition, individual fiber diameter uniformity as low as 7%
was achieved through control of these process parameters. It
was also demonstrated that the stylus could be entirely replaced
with a pressurized glass capillary filled with polymer solution.

This micromill-controlled capillary was used to direct write
complex fiber configurations with a low fiber diameter variance
and high yield.
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Abstract The method described in this paper allows

an investigator to determine the intrinsic stress of a

polymer layer in a way that does not result in damage

to devices or test structures. The method requires that

a small area of the polymer be released from the

substrate to form a diaphragm. The diaphragm is

stimulated with acoustic white noise and the dia-

phragm movement is monitored with a laser vibrom-

eter. The first few resonance frequencies of the

diaphragm are obtained using a laser vibrometer and

then those frequencies are used to calculate the

membrane intrinsic bi-axial tension.

Keywords Diaphragm . Testing .MEMS . Fabrication

Introduction

Polymer materials are becoming more common in the

fabrication of MEMS [1– 4] and VLSI devices [5–8].

Engineers and scientists will need automated tech-

niques that accurately characterize the intrinsic stress

in a polymer layer on a wafer being processed to

mitigate peeling and device deformation. However,

characterizing a polymer layer_s intrinsic stress during

and after fabrication has proven to be difficult to do in

a simple and quick manner. Polymer layer char-

acterization during fabrication is complicated by the

requirement that the layer cannot be damaged. One

group_s effort to nondestructively determine a polymer

layer_s biaxial tension [9–12] uses a holographic

approach to visualize a diaphragms modal pattern

stimulated with a single frequency. The problem with

the holographic method is that it can take a significant

amount of time to collect data and is difficult to fully

automate. The purpose of this paper is to present a non-

invasive method that solves the difficulties of automat-

ing the characterization of the intrinsic tension in a

processed polymer layer. Our method requires that a

test die be designed into the photomask(s) to form

a diaphragm of the polymer layer being investigated.

The diaphragm is vibrated using acoustical white noise

and the frequency response of the diaphragm is

monitored with a laser Doppler vibrometer to deter-

mine if the polymer diaphragm acts as a membrane or a

plate. If the diaphragm acts as a membrane_ the intrinsic

stress can be calculated using the resonant peak

frequencies obtained with the vibrometer. The reader

should note that this method is not appropriate to

determine stress in polymer layers that are plate like.

The reason this method is not appropriate for plates is

that plate behavior is dominated by material character-

istics like Poisson_s ratio and Young_s modulus, but not

by biaxial stress. Therefore, the biaxial stress is not

easily calculated using this approach for plate like dia-
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phragms. The theory, experimental setup, and empirical

results obtained from poly dimethyl siloxane (PDMS)

are discussed.

Theory

Diaphragms are usually categorized as plates or

membranes. Plate like diaphragm motion is linear

and is preferable for many sensor applications. Non-

linear membrane motion increases the level of sophis-

tication required to determine signals obtained from a

membrane like diaphragm.

A diaphragm exhibits plate behavior when the

diaphragm_s physical properties such as the diaphragm

dimensions, density, Young_s modulus, and Poisson_s
ratio dominates the restoring force when the diaphragm

is inmotion [13–17]. The diaphragms considered in this

paper will be circular in nature but the method can be

applied to diaphragms of other shapes.

The fundamental frequency of a circular, plate like

diaphragm is generally modeled by equation (1) [14].

fmn ¼ ��2
mn

2R2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eh2

12� 1� �2ð Þ

s
ð1Þ

where R is the diaphragm_s radius, h is the diaphragms

thickness, E is Young_s modulus of the diaphragm

material, � is the density of the diaphragm material,

and � is Poisson_s ratio of the diaphragm material. �mn

is a Bessel coefficient where m = (0,1,2,3. . .) and n =

(1,2,3,4. . .). Equation (1) can be further refined to

determine the first resonant peak as presented in

equation (2) [13].

f01 ¼ 0:467h

R2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E

� 1� �2ð Þ

s
ð2Þ

The next five resonant frequencies of a diaphragm

with plate behavior can be calculated using equation

(3) [1].

fmn ¼ Cmn f01 ð3Þ
where f01 is the fundamental resonance frequency of

the plate and Cmn is a coefficient. The first five co-

efficients of Cmn for a plate are C11 = 2.09, C21 = 3.43,

C02 = 3.91, C12 = 5.98, and C03 = 8.75 [1]. The co-

efficients of the above equations are important be-

cause it is these values that the experimental data is

compared to. If the experimental data matches the

coefficient data of the first few Cmn then the di-

aphragms are plate like and our approach of char-

acterizing the stress in a polymer layer will not work.

A diaphragm exhibits membrane like behavior when

tension is the dominant force in the diaphragms’

motion [1, 3]. Generally the fundamental frequency

of a membrane is modeled with equation (4) [14].

fmn ¼ �2
mn

2R

S

m

� �1
2

ð4Þ

where S is the diaphragm bi-axial tension, and m is the

mass of the diaphragm. Equation (4), like equation (1),

can be further refined for determining the first resonant

frequency as presented in equation (5) [1].

f01 ¼
0:382

R

ffiffiffiffiffi
S

m

r
ð5Þ

The mass can be further described by equation (6).

m ¼ �R2h� ð6Þ

The next five resonance frequencies of the membrane

like diaphragm can be calculated using equation (3)

[1]. The first five coefficients, Cmn, for a membrane are

C11 = 1.59, C21 = 2.14, C02 = 2.30, C12 = 2.92, and C03 =

3.60 [1]. Like the plate using equation (3) is important

in that the experimental data is compared to the

coefficients. If the experimental data matches the

coefficients in equations for the membrane case then

the diaphragms are membrane like and the biaxial

stress of the polymer layer can be determined using

our method.

The theoretical outline presented above is an ex-

tremely limited overview of diaphragm theory which is

presented in more detail in references [13–17]. The

reader should be aware that there are special cases in

diaphragm theory when the diaphragm has both

membrane and plate characteristics [15] and is not

addressed in this article.

We determine the fundamental frequencies for the

polymer diaphragm under study and divide the fmn

frequencies by the f01 frequency. The numbers

obtained are then compared to the coefficients for

the plate and membrane cases. The empirical values

are inspected to determine if the sample diaphragm is

acting as a plate or diaphragm. If the experimentally

obtained numbers agree with the theoretical coeffi-

cients for the membrane case then the bi-axial tension

is back calculated using equation (5).

Experiment

The samples created to test this method were polymer

layers fabricated on a (100) silicon substrate. The

308 Exp Mech (2006) 46: 307–311
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polymer was released by the use of deep reactive ion

etching (DRIE) to remove silicon behind the polymer

layer creating the die shown in Fig. 1 with a suspended

diaphragm. It is worth mentioning that membranes can

be formed in a number of ways and this method will

work on a membrane formed in any manner. The

polydimethyl siloxane (PDMS) diaphragms were

formed by spinning Zipconei FN obtained from

Gelest Inc (Product number PP1-ZPFN) onto a silicon

(100) p type wafer. A spread speed of 500 RPM for

2 sec and a spin speed of 5000 rpm for 30 sec were used

to spin the PDMS onto the wafer. The sample was

then baked for 45 minutes in a vacuum oven at 100-C
in nitrogen ambient. The PDMS diaphragms were

1.5 mm in diameter and had a thickness of 18 um to 20

um determined by using a Tencor contact profilo-

meter. SPR 220 photoresist obtained from Shipley

Company was then spun onto the back side of the

wafer with a spread speed of 500 rpm for 0.2 sec and a

spin speed of 1000 rpm for 20 sec. A soft bake was

performed at 100-C for 30 minutes in a vacuum oven.

The photoresist was then patterned using contact

photolithography, developed in MF 319 obtained from

Shipley Company, rinsed in DI water, and dried in

nitrogen. The sample then undergoes a STS proprie-

tary DRIE process to etch the silicon from the

backside of the wafer to form the diaphragm. The

PDMS was used as an etch stop for the DRIE process.

The PDMS diaphragms were then tested using the

experimental setup shown in Fig. 2. Before testing of

the PDMS diaphragms the system was characterized

without a sample to determine vibrations that are due

to the test setup. The system frequency response to

white noise is presented in Fig. 3.

The speaker, a Foster Personal Monitor 6301B, is

centered on and aligned perpendicularly to the

samples_ surface. A function generator, a Stanford

Research Systems Model D5360 Ultra Low Distortion

Function Generator, provides the input signal to the

speaker. The input signal used was acoustical white

noise. The vibrometer used was a Polytec Gmbh

Model OFV-353 with the Polytec DFE 650 DSP Front

End. The reference microphone, a Shure SM81

Condenser, was connected to the reference micro-

phone port on the DFE 650.

Fig. 1. A testing die, shown from the bottom, used to determine
the intrinsic stress in a polymer layer. The dark areas are silicon
and the light areas are PDMS. The silicon is 381 mm thick

Fig. 2. Experimental setup
for acoustically testing
membranes

Exp Mech (2006) 46: 307–311 309
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It should be noted that the index of refraction (n)

for the PDMS used in this study is 1.45. This is im-

portant because the PDMS membrane has a reflectance

of approximately 3.5% (similar to the reflection from a

glass surface) which is adequate to take measurements

with the type of vibrometer used. A reflective layer can

be added to a polymer diaphragm to increase reflection

but the author cautions that the addition of such a layer

can change a MEMS diaphragm significantly. A

reflective layer can add new stresses, create corruga-

tions, act as a boss, or mass dampen a small MEMS

diaphragm all of which result in significant changes to

the diaphragm movement.

There are two sources of error in the current ex-

periment. First, while the laser vibrometer used is per-

fectly capable of taking accurate readings from low

reflectivity surfaces the lower reflectivity of a surface

increases the noise in the readings. A surface with a

higher reflectivity would improve the signal to noise

ratio of the readings. Second, the diaphragm used in

this study is attached to a ring of silicon and another

irregular shaped diaphragm surrounds the structure.

The die design used in this study was designed so that

the circular diaphragm could be removed from the

silicon wafer for incorporation into another device.

Further, an analysis of the weights of the polyimide

and silicon structure provides insight into the error, or

lack thereof, produced by this geometry. The silicon

ring weighs approximately 0.9477 mg and the PDMS

weighs approximately 0.06618 mg—more than an

order of magnitude difference. One can see that the

silicon weight is much larger than the PDMS and

because of this it is not probable that the outside

structure affects the vibration characteristics of the

inside structure. Additionally, it is important to

understand that the silicon ring is not Bhanging’’ but

is in contact with the test system surface as is the

surrounding silicon structure. The authors believe the

results would be more accurate if the surrounding

diaphragm were removed so that only the circular

diaphragm is used.

Results

A typical frequency response for the PDMS dia-

phragms is shown in Fig. 4.

The peaks of interest are the wide, prominent peaks

that are resonant peaks of the diaphragms. The center

Fig. 4. A plot of a PDMS diaphragm frequency response to
acoustic white noise obtained with a laser vibrometer. The line
indicates the general curve and arrows show the peaks the
authors used in this study

Fig. 5. The average of the experimental results obtained from
multiple PDMS diaphragms is compared to the coefficient values
reported by Olson

Fig. 3. The frequency response of the test system measured
without a sample

310 Exp Mech (2006) 46: 307–311
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of the resonant peaks was used to calculate the

empirical resonant frequency coefficients. The agree-

ment between the experimentally determined resonant

frequency coefficients and the theoretical resonant

frequency coefficient was found to be strong for the

membrane case (see Fig. 5). Solving equation 5 [13] for

the tension, S, and substituting in the empirical

resonant frequency coefficients allowed the authors

to determine the PDMS film intrinsic bi-axial stress to

be 1.58 * 10j3 Dynes/cm. The density of the cured

PDMS used was 1.1 g/cc as reported by Gelest. A

standard value for the PDMS polymer is not available

to compare our empirically obtained value of bi-axial

stress to.

Concluding Remarks

A method for determining the intrinsic stress of an on

wafer, polymer layer was presented. While the method

described in this paper is not destructive or invasive in

a manner similar to the approach described in refer-

ences [9–12], our method has the added advantage that

it can be easily automated and tests can be conducted

at specific areas on a wafer.
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Gallium-driven assembly of gold nanowire networks
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Nanowire networks of Au–Ga alloy are fabricated at temperatures between 220 and 300°C by
application of small drops of liquid gallium to 10- to 100-nm-thick gold films. As the liquid gallium
drop spreads and reacts with the gold film, lamellar segregation of gold-rich and gallium-rich
regions form fractal-like networks of Au–Ga nanowires connected between gold-rich islands in
specific zones concentric to the gallium droplet. The wires are subsequently suspended by wet
chemical etching that undercuts the �10-nm-thick chromium adhesion layer and the silicon
substrate. Suspended nanowires as long as 6 �m and as narrow as 35 nm diameter have been
produced using this method. © 2004 American Institute of Physics. [DOI: 10.1063/1.1787938]

There is a growing interest in nanowire structures in
studies ranging from catalysis to fundamental structural
characterization.1–3 Nanowire growth methods often produce
mats of wires that either lie in the plane of the substrate or
that are connected at one end to the substrate forming free-
standing wires.1,2 It is far less frequent that nanowire growth
methods result in nanowires connected on two ends spanning
an air gap, e.g., where nanowires are grown between pillars
or between catalysts on two sides of a recess.4,5 Prefabricated
nanowires have also been selectively adhered, or otherwise
positioned and manipulated, to bridge recesses on
substrates.6 Here it is shown that an Au thin film interacting
with Ga at a range of temperatures above the Ga melting
point self-assembles Au–Ga nanowires that can then be re-
leased, undercut, and suspended by standard wet chemical
etching recipes.

The Au–Ga nanowires are self-assembled on silicon
substrates [(110) oriented p-type with 1–10 � cm resistivity
onto which is sputter-deposited a chromium adhesion layer
(�10 nm thick) and Au (10 to 100 nm thick)]. A small probe
(e.g., a tungsten STM tip) is dipped into liquid Ga and re-
moved, leaving a small drop of Ga attached to the tip. With
the substrate heated to between 220 and 300°C (with 270°C
preferred, as described in the following) the tip is lightly
tapped on the Au sample surface. A nearly hemispherical Ga
drop (around 50 �m diameter or 33 pl volume) adheres to
the Au from which spreads a 10- to 100-nm-thick wave front
of material. The front spreads at a typical rate of
50–100 �m/min with speeds of up to 1 mm/min for larger
drop sizes on thinner Au films. Less than 0.8 pl (�2% of the
volume of the original Ga droplet) actually spreads, with the
maximum volume spread corresponding to the thickest,
100 nm Ga front.

After the Ga has spread, various morphologies (labeled
zones 1–4 in Fig. 1) are evident in scanning electron micro-
scope (SEM) images taken with a LEO 1430 SEM. Zone 1 is
a smooth region of mostly Cr. Zone 2 shows extended net-
works of Au–Ga wires with lengths reaching up to 3 �m
and widths as large as 300 nm.7 Zone 3 consists of clusters
or “islands” of a few microns diameter that are intercon-
nected by Au–Ga nanowires. In zone 4 there are Au–Ga

islands within the original Au thin film, which is slightly
modified by incorporation of less than 10 at. % Ga.

Observation of the spreading under a video microscope
(0.55 NA, 50X objective) shows that the zone 4 morphology
expands in radius over time, until a maximum radius is
reached (�1–5 mm within 5–10 min) and the spreading
stops. During the spreading, zone 4 is trailed by a thin annu-
lar wake of zone 3 morphology. Zone 2 increases in radius
and area over time, while zone 1 stays fixed in radius. Under
the higher magnification in Fig. 1, the islands in zone 4 are
seen to form and segregate into interconnected islands in
zone 3. In zone 2 the islands completely erode away, leaving
behind a network of Au–Ga wires on the Cr adhesion layer.
The original location of each island has been transformed
into an intersection point of two to four wires.

Figure 2 shows SEM close-ups of the boundary between
zones 2 and 3, where the islands have nearly eroded away
leaving mostly wires. The contrast of the image from the
backscatter detector [BS, Fig. 2(b)] indicates that the more
dense material (Au-rich) is closer to the centers of the islands
and wires than near their edges.

Analysis by energy dispersive spectroscopy (EDS) in a
JEOL 2000 transmission electron microscope (TEM with
�2 nm lateral resolution) has been used to determine the
composition and spatial distribution of materials in the
nanowires and the islands. The sample is easily transferred to

a)Author to whom correspondence should be addressed; electronic mail:
rwcohn@uofl.edu

FIG. 1. Morphologies produced by the spreading of a gallium droplet on a
35 nm Au film at 300°C (SEM Image)—Ref. 7.
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a TEM grid by flaking the Cr adhesion layer from the various
zones off of the silicon substrate. The EDS compositional
analysis is summarized in Table I. In zone 1 mostly Cr is
present with some Au and Ga. A �3:1 Au:Ga atomic ratio
is found for the center of the wires in zone 2 and the interior
of the islands in zone 3. At the peripheries of both the islands
in zone 3 and the edges of the wires in zones 2 and 3 the
Au:Ga atomic ratio decreases to 1.35:1. Between the wires
in zone 2 and the wire-island networks in zone 3 Cr, Au, and
Ga are found in the same proportion (within a few percent)
as in zone 1; i.e., the regions between the islands are mostly
Cr with some residual Ga and Au left from the spreading
process.

In comparing the BS SEM image in Fig. 2(b) with the
spatially resolved EDS data, the most-dense material is
Au-rich alloy that is segregated from the less-dense Ga-rich
alloy surrounding the island and wire structures. This type of
lamellar segregation in alloys has been predicted and ob-
served for many binary alloys during isothermal eutectic
growth.8 It should be noted that after zone 1 has formed, the
Ga front is no longer connected to the original droplet. The
Ga front continues to spread and become depleted leading to
the incomplete dissolution of Au, and finally termination of
Ga spreading altogether.

A two-step etching process is used to suspend the
nanowires. First the Cr is etched for 15 min at room tem-
perature in chromium etchant (Microchrome Technology Inc.
Reno, NV) followed by a light ��1 min� hydrofluoric acid
(HF, 100:1 H2O:HF) oxide etch. Second, the Si substrate is
etched at 80°C for 1 min in tetramethyl-ammonium hydrox-
ide (TMAH, Alfa Aesar premixed at 45% wt. H2O and di-
luted to 83% TMAH to 17% isopropanol). This releases the
nanowires without completely undercutting the island struc-
tures. The samples are transferred to water and then dried in
air. We have also dried samples by immersing them in ac-
etone and performing critical point drying in CO2 following
the etching in TMAH, and have found no substantial differ-
ence in the number of suspended nanowires in zone 3.

Figure 3 shows SEM images from zones 2 and 3 of two
identically prepared samples (20 nm Au at 270°C, dried in
air) before and after the etching process. Apparent in both
images are the wire network structures in the foregrounds
and the island/wire networks in the backgrounds. Multiple
wires are seen suspended between the raised island structures
in the middle and background of Fig. 3(b). The wire-net
structures are still apparent in Fig. 3(b), but some appear to
have separated from the now exposed Si surface and stuck to
one another, as seen at the bottom of the image. At the
boundary between zones 2 and 3 several wires are suspended
on one end by islands and on the other end to the nanowire
networks on the substrate.

SEM close-ups of suspended nanowires are shown in
Fig. 4. Diameters as small as 35 nm are observed with values
ranging from 35 to 110 nm. Figure 4(a) shows four separate
suspended wires and Fig. 4(b) includes a triple-point sus-
pended wire. Prior to etching, the above-mentioned EDS
analysis showed that the wires had �3:1 Au:Ga atomic ra-
tio. After the Cr etch there is little change of Au:Ga content.
However, after the Si etch, EDS of a single, suspended,
nanowire (separated from the sample surface and placed on a
TEM grid) shows that the wire is now composed of a 6:1
Au:Ga atomic ratio. At the TMAH etching temperature
(which exceeds the melting point of Ga, 29.8°C) the Ga
tends to ball-up and separate from the Au.

FIG. 2. Wire-island structures due to gallium spreading on 35 nm Au at
300°C. (a) Secondary electron and (b) backscattered electron SEM images
at the boundary between zones 2 and 3. In (b) the image contrast has been
inverted such that the dark regions correspond to the more dense Au-rich
lamellae that are surrounded by and segregated from the lighter contrast
Ga-rich lamellae.

TABLE I. Compositions of zones by EDS after Ga spreading.

Zone No. Au�at. %� Ga�at. %� Cr�at. %�

1 13.10 20.91 65.99
2,3 (interior island /wires) 69.30 22.51 8.19
2,3 (periphery island /wires) 26.80 19.84 53.35
4 55.88 44.12 0

FIG. 3. Au–Ga structures in zones 2 and 3 (a) before and (b) after etching.
The Ga was spread on 20 nm Au at 270°C. The SEM images are taken at
45° sample tilt. After etching the wires are released and are found suspended
between the islands. Away from the islands, networks of nanowires are
adhered to the substrate.
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Most of the suspended wires in zone 3 appear to have a
ribbon-like cross section [e.g., in Fig. 4(b)]. Atomic force
microscope (AFM) scans (prior to etching) show that these
wires have the same thickness as the original Au film. In
zone 2 the AFM scans show that the thickness of these wires
are often half, or even less, the thickness of the original gold
film.

The Au–Ga binary phase diagram shows that AuGa2,
AuGa, and Au7Ga3 are stable, congruently melting com-
pounds that can form as Ga and Au mix in equilibrium.9,10 In
fact, for temperatures ranging from �15 to 150°C (i.e., even
for temperatures below the bulk melting point) we have ob-
served that Ga spreads and forms crystallites of AuGa2
(composed of 20 to 150 nm size crystallites suspended in
Ga). However, at the higher temperatures of the experiments
presented here, little evidence has been found for crystallite
formation. It appears that at the elevated temperatures used

in these experiments, the continual depletion of the Ga as it
spreads precludes the attainment of equilibrium necessary to
form these stable compounds.

The temperature window required to form Au–Ga
nanowires is narrow. In the range 220–240°C the morpholo-
gies appear identical to those shown in Fig. 1 except for zone
3, which does not form. From temperatures of 240–270°C a
gradual transition occurs where the width of zone 3 increases
to a maximum at 270–280°C. In this temperature range, the
nanowires also are smallest in diameter. At temperatures
above these values the wires in zone 2 increase in diameter
and there are fewer wires. The Cr adhesion layer also plays
an important role in the spreading/alloying process. Without
the Cr layer, the Ga–Au reaction is confined to a small re-
gion (�10 �m wide), apparently because neither Ga nor Au
appreciably wet Si, causing the spreading to be minimal.9

In conclusion, a Ga drop on a Au thin film with an
underlying Cr layer, will rapidly spread out and alloy with
the Au at temperatures from 220 to 300°C. Near the Ga
droplet, filamentary, fractal-like structures composed of
lamellae of Ga-rich and Au-rich regions are formed. Subse-
quent etching of the Cr layer followed by anisotropic etching
of the underlying Si releases Au–Ga nanowires suspended
between Au-rich islands. Most of the remaining Ga-rich ma-
terial from the wire and island-wire networks is lost during
the second etching step. This relatively simple process has
produced suspended wires of widths as small as 35 nm and
lengths of up to 6 �m.

A. �. Dozier, Univ. �entucky performed the TEM
analyses. The study was supported by ARO (DAAD19-01-1-
0489, DAAD19-00-1-0164) and NASA (NCC5-571).
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Abstract

Electrodeposited multilayers of NiCu/Cu and NiFeCu/Cu were examined for nanoimprinting applications. Layer
sizes on the order of 100 nm were deposited and the copper layer etched. Current efficiency and layer composition of
electrolytes having different pH values were examined utilizing a rotating disk electrode. Due to large grain growth
in the NiCu/Cu system, the bilayers resulted in a macroscopic waviness of the layers. Adding Fe in a small
concentration successfully produced straight layers. As an example of the replication technique, the metal
multilayer-etched stamp was used to cast the multilayer image in rubber and emboss it in Teflon�.

1. Introduction

The development of an electrodeposited nanomold is of
interest in optics and electronics industries for nanoim-
printing applications [1–3]. For example, sub-wave-
length optics requires lithographic patterning of widths
from 50 to 200 nm, where the percentage of stripe width
to stripe spacing (duty factor) determines the effective
refractive index, and the height of the grating determines
the phase retardation. The degree of precision needed is
comparable with that achievable by high performance
vapor or e-beam deposition systems. The electrodepos-
ition method presented here is a proposed alternative
method of producing a master stamper that is less costly
and capable of achieving nanometer accuracy and
resolution.
Figure 1 illustrates the fabrication of an extremely

precise electrodeposited nanostamp, and its applica-
tion as a nanoimprint master stamper to duplicate the
image on a substance. The master stamp is fabricated
from the electrodeposition of a compositionally modu-
lated multilayer, with alternating layers having disparate
nobilities. After electrodeposition, one layer is selec-
tively etched away to create a relief structure. The
nanostamp is subsequently used as a master for casting
or embossing a polymeric, ceramic or soft metal
material.
Electrodeposition has been widely demonstrated as an

effective method to produce multilayers, for example for

giant magnetoresistance [4–19] and enhanced hardness
[20, 21]. Additionally, etching solutions have been used
to preferentially etch large, 100 nm layer sizes of
multilayers for scanning electron microscopy (SEM)
characterization [21–23]. On a micron scale, the selective
etching of layered materials has also been established for
lithographically fabricated MicroElectroMechanical
Systems [24, 25]. For example, Leith and Schwartz [26]
selectively etched an iron-rich NiFe alloy sand-
wiched between a nickel rich alloy to fabricate a
microgear, and to establish conditions for representative
microparts. Demonstrated etched regions were approx-
imately 3 lm wide and carried out in an acetic acid
solution. Hasegawa et al. [24] and Aria et al. [25]
similarly created microstructures by the selective etching
of Ni/Cu structures. Either the Cu or Ni layer could be
etched in an acidic thiourea solution or a sulfuric acid
solution, respectively. However, selective Ni etching
required that sulfur be incorporated into the deposit
during plating, so that the passivation of Ni was
inhibited [25].
In this paper, we present submicron electrodeposited

multilayered structures of NiCu/Cu and nickel-rich
NiFeCu/Cu alloys. The copper layers are etched pref-
erentially for the creation of a nanometric mold. The
effect of the plating electrolyte pH and Cu layer current
density on the structure is investigated. An illustrative
example of the molding application is presented with
representative etched multilayers.

Journal of Applied Electrochemistry 34: 857–866, 2004. 857� 2004 Kluwer Academic Publishers. Printed in the Netherlands.
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2. Experimental details

2.1. Cell and electrolyte

A rotating disk cathode was used as the working
electrode with a Pt anode. The cathode was a gold
plated, stainless steel cylindrical disk with a diameter of
0.6 cm. The rotation rate of the cathode was controlled
at a constant 1000 rpm. Deposits were carried out with
galvanostatic pulsing with an Amel galvanostat and a
Waveteck function generator. The electrolyte was at
room temperature and contained the constituents in
Table 1, adapted from other literature studies [19, 27,
28].

2.2. Procedure

The NiCu/Cu multilayers were pulse-plated onto the
rotating disk electrode. The value of the galvanostatic,
square-wave pulsed currents were either )3.55, )1.77, or
)0.71 mA cm)2 for the copper layer and
)71.97 mA cm)2 for the nickel layer. The electrolyte
pH was examined at 2.5, 3.0 and 3.5. Samples were also
prepared at pH 3.0 with an additional constituent of
1 g l)1 of FeSO4Æ7H2O in order to deposit NiFeCu/Cu
multilayers. The current density for the Cu- and Ni-rich
layers remained the same as for the NiCu/Cu deposits.
Pulse plating was carried out with an Amel potentiostat
and Waveteck function generator. Polarization curves
and ohmic drop were determined using a Bas-Zahner
IM6, and the reported potential eliminates the ohmic
contribution.

Deposit composition was analyzed with a Kevex
Omicron energy-dispersive X-ray fluorescene analyzer.
The thickness was analyzed by using a stripping analysis
with a Pine Instruments bi-potentionstat to measure the
current efficiency (Appendix A). Efficiency was com-
puted by comparing the charge applied to the charge
stripped.
Multilayered deposits were analyzed with SEM,

JEOL-840A SEM at the Louisiana State University
and a LEO 1430 SEM at the University of Louisville.
The cross-section of the multilayers was prepared by
having the electrodeposited film along with the substrate
first embedded in a resin (Sample-Kwick Powder and
Liquid, Buehler). Then the sample was cut perpendic-
ularly to the film and further grounded and polished to
at least 0.3 lm with diamond pastes. The sample was
subsequently etched for 10 s in an aqueous chromic
acid–HCl solution given in Table 2, for a short uniform
etch, as reported by Bradley and Landolt [29]. Next, the
disk was etched in a HNO3 ethanol solution for 4 min,
for the selective etching of Cu. The HNO3 solution was
a mixture of HNO3 (65%) and C2H5OH at a ratio of 4–
80 by volume. Lastly, gold was sputtered onto the
electrode surface, covering the resin holder and analyzed
with SEM.
The mounted sample without a gold coating was used

to duplicate the multilayer. A fast-curing two-part
silicon rubber (RepliSet-F5, Struers) was placed on the
multilayer sample, dried and easily peeled to demon-
strate the imaging processes. Embossing into a carbon-
impregnated Teflon� was also demonstrated with a
press at 1000 psi. Poly(dimethylsiloxane) PDMS was
also cast into the multilayered-etched master to repro-
duce the image. SEM evaluation of the replicate rubber
and Teflon� required a coating of sputtered gold.

Fig. 1. Fabrication and application of an electrodeposited nanostamp.

Table 1. Bath composition for NiCu deposition

Constituent

NiSO4Æ6H2O 0.115 M

FeSO4ÆH2O 0.0179 M

CuSO4Æ5H2O 0.001 M

NaKC4H4O6Æ4H2O 0.0266 M

Sulfamic acid 0.0103 M

Sodium saccharin 0.0041 M

Triton X-100 0.6 g/l

pH Variable

Table 2. Aqueous solution for the etching process

Components Quantity

H2SO4 (96%) 2 ml

K2Cr2O7 1 g

HCl (37%) 0.1 ml
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3. Results and discussions

3.1. Composition and current density

Current density values for pulsed multilayer alloy
deposition were determined from steady-state DC depo-
sition experiments. Figure 2 shows the NiCu alloy
composition and current efficiency for three different
pH values. Increasing the pH increased the amount of
Ni in the deposit at a given applied current density
(Figure 2(a)). At all pH values, the deposits contained
more than 90% copper at current densities below
)5.0 mA cm)2 and contained mostly nickel at
)71.97 mA cm)2. The steady state current efficiency is
shown in Figure 2(b). In general, the higher the pH the
better the efficiency, with exception at the very low and
high applied current densities. At current densities
below )5 mA cm)2 oxygen and proton reduction dom-
inates, while at the high end the evolution of hydrogen
from water reduction is significant. During multilayer
deposition, it is most desirable to have the largest
change in alloy composition between the two nanolay-
ers, which would dictate that deposition occur at these
two extremes.
Figure 3 presents the (a) composition and (b) current

efficiency obtained from NiFeCu deposits at pH 3.0

electrolytes. The Ni and Cu composition change as a
function of applied current density is similar to Figure 2.
The small addition of Fe contributes to less than 10% of
the deposit composition at the very low and high current
densities studied, and exhibits a maximum of 28% at
27 mA cm)2. The iron sulfate addition to the electrolyte
does not cause any significant change on the current
efficiency.

3.2. Microstructure

Figure 4 shows SEM micrographs of NiCu/Cu multi-
layers electrodeposited at )3.55 mA cm)2 for 1200 s
and )70.97 mA cm)2 for 37.5 s in the electrolyte at pH
2.5, 3.0 and 3.5 from left to right. The Cu- and Ni-rich
layers are easily distinguished. The dark regions repre-
sent the etched Cu-rich layers. The bright regions are the
Ni-rich layers that remain unetched in the multilayer.
The white areas that cover the top of the multilayer are
resin residue from the etching process. The deposit at
pH 2.5, contains 50 bilayers while the others, at pH 3.0
and 3.5, contain 20 bilayers each for a shorter plating
time. The bilayer thickness is approximately 500 nm by
inspection of the SEM micrograph and consistent with
the calculated values when the current efficiency and
composition is taken into account. In all deposits the
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Fig. 2. NiCu (a) deposit composition at pH 2.5, Cu (n), Ni (h); pH 3.0, Cu (m), Ni (n); and pH 3.5, Cu (d), Ni (s) and (b) current efficiency pH

2.5 (h), pH 3.0 (m), and pH 3.5 (s).
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multilayers exhibits a wavy profile on a macroscopic
scale, due to the grain boundaries through the multi-
layer.
The Cu-rich layer current density was also examined.

Keeping the Ni-rich layer deposition current density
constant at )70.97 mA cm)2, different current densities
for the Cu-rich layer were used to prepare the multilay-
ers at pH 3.0. The length of the Cu electrodeposition
time was adjusted accordingly to keep the Cu-rich layer
thickness constant, including the change of current

efficiency. The multilayers fabricated with a current
density for the Cu-rich layer of )0.71, and
)1.8 mA cm)2 are shown in Figure 5(a) and (b). Com-
pared with Figure 4(b), the waviness is slightly reduced
as the applied Cu layer current density increased,
consistent with literature studies [30], although not
completely eliminated. Figure 5(c) is a magnification on
a grain observed in the deposit plated with the Cu-rich
layer current density at )1.8 mA cm)2 for pH 3.0
electrolyte. Comparing Figures 4(b) and 5, the grain
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Fig. 3. NiCuFe (a) deposit composition at pH 3.0, Fe(h), Cu (d), Ni (m); and (b) current efficiency, without Fe additive (n); with Fe additive

(d).

Fig. 4. SEM micrographs of NiCu/Cu multilayers at different electrolyte pH; current density of Cu: )3.55 mA cm)2 and of NiCu:

)70.97 mA cm)2 at variable pH (a) 2.5, (b) 3.0, and (c) 3.5.

860

Reference No 132

622



growth can start not only from the substrate but also
from the middle of the multilayer.
Figure 6(a) and (b) shows the influence of the

multilayer when adding iron to the electrolyte. The
multilayers consisted of 200 nm Cu- and Ni-rich layers
each (400 nm bilayer) using pH 3.0 electrolyte with a
Cu-rich layer current density at )1.8 mA cm)2 for 918 s
without the iron addition and at 1174.8 s with the iron
addition. The differences in time was to account for the

difference in current efficiency observed in the multilay-
ers. For the Ni-rich layer the current density was
constant at )70.97 mA cm)2 layer for 15 s for both
deposits in Figure 6(a) and (b). A slight reduction in the
waviness of the multilayers containing iron was ob-
served. When there was no iron present in the electro-
lyte, lower Cu-rich layer current densities exaggerated
the waviness (Figures 4(b) and 5). Figure 7 (a) and (b)
shows multilayers when the Cu-rich layer current

Fig. 5. SEM micrographs of NiCu/Cu multilayers at pH 3.0, with variable Cu current densities (a) )0.71, (b) )1.8 and (c) a single grain observed

at )1.8 mA cm)2 for Cu. The NiCu current density layer was constant at )70.97 mA cm)2.

Fig. 6. SEM micrographs of (a) NiCu/Cu and (b) NiFeCu/Cu multilayers at pH 3.0; )1.8 mA cm)2 for Cu-rich layer; and )70.97 mA cm)2 for

NiCu.
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density was )0.71 and )3.55 mA cm)2 in the iron
containing bath. The bilayers are in general straighter
compared to when no iron is present.
In Figure 8(a)–(c) are results of etched multilayers

from the iron-containing electrolyte with smaller layer
thickness plated (150 nm) achieved with different Cu-
rich layer current densities at a constant charge of 0.41
and 0.70 C cm)2 for Cu-rich and NiFe-rich layers,

respectively. The waviness characteristic does not arise.
Figure 8(d) shows a higher magnification of a portion of
a multilayer plated with a Cu-rich current density of
)0.71 mA cm)2. The etched portions (dark areas) are
thinner than the calculated plated thickness, due to
either a change in current efficiency compared to the
steady-state analysis, or incomplete etching. Neverthe-
less, the Cu-rich layer is less than 100 nm.

Fig. 7. SEM micrographs of NiFeCu/Cu multilayers at pH 3.0; (a) )0.71 and (b) )3.55 mA cm)2 for Cu-rich layer; and )70.97 mA cm)2 for Ni-

rich layer.

Fig. 8. Straight multilayered stamp with 150 nm layer thickness (a) )0.71, (b) )1.8, (c) )3.55 mA cm)2 for Cu-rich layer, and (d) )0.71 mA cm)2

for Cu at high magnification; )70.97 mA cm)2 for Ni-rich layer.
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Fig. 10. Partial current densities from pH 3.0 electrolyte; (a) Cu (n) no Fe; (d) with Fe; (b) Ni (n) no Fe; (d) with Fe; (c) Fe.
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3.3. Partial current densities

Figure 9 shows the total current density of the electro-
lyte with and without iron at pH 3.0. The small addition
of iron does not affect the total polarization appreciably.
The side reaction partial current density is also
presented in Figure 9. At potentials more noble than
)0.7 V vs SCE the side reactions represent an apprecia-
ble amount of the total current. In this range, the
reactions that dominate are the reduction of oxygen and
hydrogen evolution from proton reduction. At
larger negative potentials than )1.1 V vs SCE the side
reaction rises due to the reduction of water. Although
the total current density and side reactions are the same
with and without iron addition to the electrolyte, this
does not imply that the partial current densities of Cu
and Ni are constant. Therefore the partial current
densities were compared with and without the Fe
addition.
Figure 10 (a)–(c) shows the partial current densities of

Cu, Ni and Fe, respectively, in the pH 3.0 electrolyte
with and without iron. In Figure 10(a), the Cu limiting
current densities are achieved after the potential reaches
)0.7 V vs SCE. The iron addition does not contribute
any significant effect on the copper’s limiting current
density at )1.6 mA cm)2. Note that some of the Cu-rich
layers in the multilayers shown in Figures 4, 7, and 8

were prepared exceeding the copper limiting current
density; and that these Cu-rich alloys still are preferen-
tially etched. In Figure 10(b) the Ni partial current
density is compared with and without iron. Since NiFe
deposition exhibits anomalous codeposition [31–33]. it is
expected that the Ni rate may be inhibited by iron. Due
to the small amount of iron in the electrolyte, the
inhibition is barely discernable. The inverse Tafel slope
for Ni, without the iron addition, is 8.4 V)1. Fig-
ure 10(c) shows the reaction rate of Fe. The limiting
current density is )4.1 mA cm)2.

3.4. Replicates

A multilayer stamp prepared from the NiCuFe electro-
lyte, pH 3.0, was used to replicate the image in rubber
and in carbon-impregnated Teflon�. A larger layer size
was chosen to more easily examine the replicates shown
in Figure 11. The layer sizes of the master stamp were
1000 nm and it was not coated with Au for replication.
In Figure 11, the raised regions (lighter contrast) corre-
spond to the Cu-rich alloy region etched away in the
master. Both the rubber and Teflon� reproduce the
multilayer image. The rubber SEM shows regions where
air was trapped in the metal master resulting in a non-
uniform replicate particularly in the raised regions. The
Teflon� was embossed by applying pressure and the
image shows a more uniform impression.
Smaller dimensions were cast in PDMS. Figure 12

shows a replicated image with the embossed regions
corresponding to the etched 200 nm copper layers. The
layers are realizable and discrete. Currently, we are
focusing on improving the replication and imaging at
lower dimensions.

Fig. 11. Replicate multilayers of a 1000 nm layer-size in (a) Struer’s

rubber and (b) carbon-impregnated Teflon�.

Fig. 12. SEM images of a PDMS cast of the layers from a 200 nm

multilayer-etched sample.
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4. Conclusion

Compositionally modulated alloys were fabricated elec-
trochemically and one layer preferentially etched to
create a master stamp having sub-micron dimensions in
NiCu/Cu and NiCuFe/Cu multilayered alloys. Electro-
lyte pH and Cu-layer current density were examined in
order to create macroscopically straight layers, exam-
ined by SEM. The most successful master was created
with the NiCuFe/Cu system at pH 3.0 electrolyte,
)70.97 for Ni-rich layer and )3.55 mA cm)2 for the
Cu-rich layer. The multilayer impression was duplicated
in a rubber, Teflon� and PDMS.
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Fig. 13. Example stripping curve of alloy used to determine the current efficiency.
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Appendix A

The current efficiency was determined by potentiody-
namic stripping analysis. The electrolyte was a 0.10 M

HCl aqueous solution, in a single compartment cell
with a Ni counter electrode. The RDE cathode area
was 0.282 cm2 and the rotation rate was 1000 rpm.
Figure 13 shows a representative stripping curve.
The potential was swept from )150 to +150 mV vs
SCE at 5 mV s)1. The charge was determined by
integration.
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