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’ INTRODUCTION

Vapor-phase synthesis of nanowires was mainly accomplished
in the past using catalyst-mediated techniques,1�7 oxide-assisted
methods,8�11 or direct synthesis schemes.12�17 Typically, these
processes suffer from two distinct disadvantages. Either the
diameters of the nanowires obtained were greater than
20 nm,1�17 or the nanowires obtained were contaminated with
the catalyst metal.18,19 Typically, nanowire diameters need to be
less than 20 nm to observe any quantum confinement effects in
many of the III�V semiconductors. For example, diameters less
than 11 nm are necessary to observe quantum confinement
effects in GaN.20�22 Of the many reports in the literature on
nanowire synthesis, only a few indicated quantum confinement
effects in nanowires. Reports of quantum confinement effects in
group III�nitride nanowires do not currently exist. Hence, it is
important to develop methods for obtaining nanowires with
diameters less than 20 nm in a controllable manner and to study
the effect of size on their electronic and optical properties.

As mentioned above, only a few reports in the literature
discussed the syntheses of nanowires with diameters less than
20 nm. A few examples include the synthesis of 7.8 nm diameter
silicon and 5 nm diameter germanium nanowires by the laser
ablation method using gold and iron as the catalysts by Lieber
and co-workers,23 the synthesis of 15 nm diameter silicon
nanowires using TiSi2 followed by surface oxidation to reduce
the diameter of the silicon core by Kamins and co-workers,24 and
the synthesis of InP rods with diameters as small as 3 nm in
diameter by thermal decomposition of an InP-containing meta-
lorganic precursor by Nozik and co-workers.25 Further, Korgel
and co-workers synthesized silicon nanowires as small as 4 nm26

and germaniumnanowires as small as 7 nm27,28 by the supercritical

fluid�liquid�solid (SFLS) method using gold as the catalyst. A
0.3 eV shift in the bandgap of germanium was observed at these
small diameters. Solution-phase synthesis of 7 nm diameter and
9 nm diameter CdSe nanowires using gold as the catalyst was also
demonstrated by Kuno and co-workers.29 In a series of papers,
Buhro and co-workers have also reported the synthesis of InP,30

CdSe,31 ZnSe-ZnTe,32 and InAs33 nanowires using the solu-
tion�liquid�solid (SLS) method. Recently, SnO2 nanorods with
diameters as small as 2 nm have also been synthesized.34 In
general, it is observed that the vapor�liquid�solid (VLS)
mechanism rarely yields wires with diameters less than 20 nm,
while the SLS mechanism typically yields nanowires with dia-
meters in the range of 4�10 nm.35 Unfortunately, the SLS
mechanism has not resulted in high-quality nitride nanowires.35

Because of the inability of the current methods in synthesizing
nanowires with sub-10 nm diameters (or quantum wires),
especially in III�nitride systems, a postsynthesis approach for
reducing the diameter of nanowires would be ideal for obtaining
quantum-sized nanowires in a reliable manner, irrespective of the
technique used for their synthesis.

Two postsynthesis strategies useful for reducing the diameter
of nanowires are thermal decomposition and chemical etching.
In the case of III�nitride nanowires, it is possible to devise
strategies based on thermal decomposition easily. For example, it
is well-known that GaN decomposes above temperatures of
850 �C. Consequently, it is important to know whether the
decomposition of presynthesized GaN nanowires leads to a
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ABSTRACT:A simple postsynthesis strategy for obtaining sub-5 nm nanowires by uniformly
reducing the diameters of presynthesized nanowires is reported. Specific experiments
performed using GaN as an example indicated that the thermal decomposition of 25 nm
diameter nanowires led to the formation of 5 nm diameter quantum wires, and this further
resulted in a 0.5 eV bandgap blue-shift. The mechanism and kinetics of decomposition seem
to be an exclusive nanoscale phenomenon, dependent on the initial size of nanowires.
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reduction in their diameters. Second, it is crucial to know if this
diameter reduction is uniform all along the lengths of the
nanowires. Finally, it is imperative to understand the parameters
affecting the decomposition to obtain nanowires with diameters
less than 10 nm in a uniform and controlled manner.

Therefore, the primary aim of this Article is to study whether
postsynthesis decomposition could be employed as a strategy for
reducing the diameter of nanowires. Specifically, the decomposi-
tion of GaN nanowires is studied and discussed in detail in this
Article. Our results indicated that the decomposition of GaN
nanowires leads to a uniform reduction in their diameter and
results in the formation of quantum wires. It is also the aim of this
Article to understand the mechanism behind the uniform and
controlled decomposition of GaN nanowires, along with the
factors affecting the rates of decomposition of GaN. On the basis
of the results, a layer-by-layer decomposition model is proposed
to explain the uniform thinning of the GaN nanowire diameters
all along their lengths. This layer-by-layer decomposition is a
direct result of the ballistic diffusion of gallium adatoms, observed
exclusively on nanoscale surfaces. Ballistic diffusion is intended to
mean that the diffusion lengths are very large, on the order of tens
of micrometers. A final aim of this Article is to understand the
variation in the optical bandgap of the nanowires with diameter.
The bandgap of GaN nanowires was observed to increase with
decreasing diameter. A blue-shift in the bandgap of GaN, asmuch
as 0.5 eV, was observed. To our knowledge, no such studies
indicating the use of postsynthesis decomposition as a strategy
for uniformly reducing the diameter of nanowires currently exist
in the literature.

’EXPERIMENTAL SECTION

The synthesis and postsynthesis decomposition of GaN nanowires
were performed in a custom-built chemical vapor deposition (CVD)
chamber. This stainless steel vacuum chamber, capable of operating at
pressures as low as 1 mTorr, is connected to mass flow controllers
(1479A type mass flow controllers from MKS Instruments Inc.) for the
controlled flow of both hydrogen and ammonia into the chamber and a
pressure transducer (KJLC 317 type from Kurt J. Lesker Co.) for the
measurement of pressure. The CVD chamber is also equipped with a
ceramic substrate heater that can be heated to temperatures as high as
1400 �C. This setup was also described in detail previously.16 Addition-
ally, a schematic representing the experimental setup employed for the
synthesis of GaN nanowires is shown in Figure S1 in the Supporting
Information.
The synthesis of GaN nanowires was performed in a manner similar

to that described by Li et al.,14 using the reactive vapor transport
approach13,14,16,17 with GaN powder and NH3 as the sources for gallium
and nitrogen, respectively. The GaN source was placed in a heated
crucible, and the substrate was physically placed on top of this crucible.
The distance between the source and crucible was adjusted to 2mm. The
temperature of the substrate was measured using a backside thermo-
couple placed on the side of the substrate not facing the GaN powder
source. All of the experiments were performed under an ammonia flow
of 75 sccm, at a substrate temperature of 850 �C, and at a pressure of 100
mTorr. The typical duration of the synthesis experiments was 20 min.
Experiments for the decomposition of GaN nanowires were per-

formed by placing the presynthesized GaN nanowires on the heater and
heating them to an elevated temperature of 900 �C. These experiments
were performed both in the presence of only ammonia and only hydrogen
in the gas phase for varying durations ranging from 1 to 10 min. The
as-obtained nanowires and the quantum wires obtained by their decom-
position were characterized using scanning electron microscopy (SEM),

X-ray diffraction (XRD), transmission electron microscopy (TEM), and
ultraviolet�visible absorption (UV�vis) spectroscopy. As-obtained GaN
nanowires and quantum wires were used for the SEM and UV�vis
analysis, without any sample preparation. Samples for TEM analysis were
prepared by simply scraping the nanowires onto holey carbon-coated
copper TEM grids.

’RESULTS AND DISCUSSION

The reactive vapor transport of gallium in the presence of
decomposed ammonia proceeded as expected and led to the
formation of GaN nanowires.14,16 The as-obtained nanowires
(Figure 1a) had an average diameter of 23 nm and are tens of
micrometers long (additional images of the synthesized GaN
nanowires are provided in Figure S2 of the Supporting Infor-
mation). XRD analysis of the GaN nanowires sample (Figure 1b)
indicated that the obtained nanowires have a wurtzite crystal
structure with lattice parameters of a = 3.19 Å and c = 5.17 Å.7

Decomposition of the as-obtained GaN nanowires was per-
formed in the presence of ammonia in a sequential manner for
durations of 3, 6, and 10 min. After each decomposition experi-
mental step, the nanowires were characterized using SEM and
TEM to understand the effect of high temperature decomposi-
tion on their morphology and size. Representative TEM micro-
graphs of the 23 nm diameter as-synthesized nanowires, the
6.8 nm diameter nanowires resulting from their decomposition
for 6min, and the 4.8 nmdiameter nanowires resulting from their
decomposition for 10 min in the presence of NH3 are respec-
tively shown in Figure 2a�c. From Figures 2a�c, it can also be
observed that the reduction in the diameters of the nanowires is
uniform all along their lengths.

HR-TEM analysis of the nanowires indicated that the as-
obtained nanowires are single-crystalline in nature (Figure 2d).
The lattice spacing in the growth direction was observed to be
2.76 Å and indicated that they preferentially grew in the [1010]
growth direction (Figure 2d).14 HR-TEM analysis also indicated
that the growth direction of the nanowires remained unaltered
during the decomposition process and remained [1010]
(Figure 2e). No change in the growth direction of the wires is
indicative of the fact that the nanowires undergo a partial
decomposition, leading to a uniform reduction in the wire
diameters. If this process occurred via complete decomposition,
followed by regrowth of the nanowires, then there would be a
change in the growth direction of the nanowires from [1010] to
[0001].14

Figure 1. (a) Scanning electron micrograph of the as-synthesized GaN
nanowires obtained by the reactive vapor transport approach. The
average diameter of the obtained nanowires is observed to be 23 nm.
(b) XRD analysis of the obtained GaN nanowires showing their wurtzite
crystal structure. Some peaks from excess gallium are also observed in
the samples and are indicated by an “*”.
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A plot showing the variation in the mean diameter of the
nanowires with decomposition time is shown in Figure 3. It is
essential to mention here that for each sample, the diameters of
25�50 nanowires were taken as a sample data set and measured
for the determination of their mean diameter. The error in the
measurement is no more than (0.5 nm. The diameter distribu-
tions of the as-synthesized nanowires and nanowires decom-
posed for 3, 6, and 10 min are shown in the inset to Figure 3. The
mean diameter of the nanowires was found to decrease exponen-
tially with decomposition time as shown in Figure 3 and eq 1.

D ¼ Doe
�kt ð1Þ

From eq 1, the decomposition rate (nm/min) can be determined
to be

dD
dt

¼ � kDoe
�kt ¼ � kD ð2Þ

where D is the mean diameter of the nanowires (nm) at time t
(min), Do is the initial diameter of the nanowires, and k is a
decomposition rate constant. This exponential rate of decom-
position is proportional to the circumference (πD) due to
monolayer step creation being the rate-determining step. The
decomposition rate constant is dependent on the experimental
conditions employed: decomposition temperature, pressure, and
gas-phase composition. From the plot in Figure 3, the value of k is
determined to be 0.156 min�1 under our experimental condi-
tions. This implies that a duration of 4.44 min is required for
halving the diameter of the nanowires. The rate of decomposition
depends on the initial diameter of the nanowire and is observed
to have amaximumof 3.28 nm/min and an average of 1.66 nm/min.
The maximum and average decomposition rates correspond

to 13.12 and 6.64 monolayers per minute, respectively, assuming
a thickness of 0.25 nm for one monolayer of GaN.36 The rate of
decomposition of GaN nanowires is observed to be higher than
that of bulk GaN crystals. In a previous study, Grandjean et al.
studied the decomposition of bulk GaN in the presence of an
ammonia flux.37 Using the correlation presented, the decom-
position of bulk GaN under our experimental conditions (850 �C
and 100 mTorr) was determined to be 0.36 nm/min. Assuming
again a thickness of 0.25 nm per monolayer for GaN,36 the bulk
decomposition of GaN was estimated to be 1.44 monolayers per
minute. From the above analysis, the decomposition rate of bulk
GaN is estimated to be approximately one-tenth of the maximum
decomposition rate and one-fifth of the average decomposition
rate of GaN nanowires observed in our experiments. It was also
observed that the diameter distribution of the wires was reduced
as the decomposition proceeded (Figure 3), resulting in a much
more narrow distribution in the decomposed wires than was
found in the as-synthesized nanowires.

Experiments performed to understand the effect of gas-phase
chemistry on the decomposition of GaN indicated that the rate of
decomposition of GaN nanowires is higher in the presence of
hydrogen than in the presence of ammonia. These experiments
were performed at a temperature of 900 �C, a pressure of 100
mTorr, and under a hydrogen flow rate of 100 sccm. In the
presence of hydrogen, the complete decomposition of GaN
nanowires (23 nm in diameter) into gallium was observed after
a duration of only 6 min (see Figure S3 in the Supporting
Information). It is essential to recall here that in the presence of
ammonia 4.8 nm thin quantum wires were observed after 10 min
of decomposition.

To understand whether the uniform reduction in the dia-
meters of the nanowires is exclusive to nanoscale, the decom-
position of bulk compound semiconductor wafers was also
studied. Because of the lack of single-crystal GaN wafers, these
experiments were performed using GaAs wafers. As expected, the
decomposition of a GaAs wafer led to the formation of etch pits
along its surface (see Figure S4 in the Supporting Information).
Similar behavior was previously observed and reported in GaN
crystals by Pisch et al.38

Figure 2. Transmission electron micrographs of (a) as-obtained GaN
nanowires, (b) nanowires observed after decomposition in NH3 for
6 min, and (c) nanowires observed after decomposition in NH3 for
10 min. A comparison of the images clearly shows that decomposition
led to a uniform reduction in the diameters of the nanowires, without any
other changes to their morphologies. The fuzzy structure surrounding
the nanowires is from the amorphous carbon part of the holey carbon-
coated copper TEM grids. (d) High magnification TEM micrograph of
an as-obtained GaN nanowire showing that the lattice spacing in the
growth direction is 2.76 Å, and that the growth direction of the
nanowires is [1010]. (e) TEM micrograph of a 3.2 nm thick quantum
wire resulting from the decomposition of a 23 nm thick nanowire. The
lattice spacing indicated that the growth direction of the nanowire did
not change during the decomposition process and remained [1010].

Figure 3. A plot showing the variation in the mean diameter of the GaN
nanowires with decomposition time in the presence of ammonia at a
temperature of 900 �C. The mean nanowire diameter is observed to
decrease exponentially with time. The error in the measurement is
estimated to be (0.5 nm. The histogram inset shows the diameter
distribution of the GaN nanowires at various times.
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In principle, the partial decomposition of GaN nanowires may
follow three routes: (a) layer-by-layer decomposition if the
diffusion of both decomposed Ga and N species can be fast over
the length scales of nanowires, (b) creation of multiple etch steps
and coalescence to remove a monolayer eventually leading to
rough surfaces of the decomposed nanowires, and (c) creation of
etch pits in nanowires ultimately leading to the breakdown of
nanowires into individual crystals. Themode of decomposition is
dependent on the gallium adatom diffusion lengths on the
surfaces of GaN. If the diffusion lengths of gallium adatoms are
ballistic, layer-by-layer decomposition on the surfaces of the
nanowires occurs and leads to a uniform reduction in their
diameters without changing their growth direction (Figure 4a
and b). If the diffusion lengths of adatoms are smaller, then
gallium droplets are formed all along the lengths of the nano-
wires. The accelerated etching of GaN in the vicinity of the
droplet breaks the nanowires into multiple crystals (Figure 4c).
This leads to the formation of polycrystalline GaN.

The diffusion lengths of gallium adatoms on the surfaces of
bulk GaN crystals are well-known to be in the range of
10�80 nm.39 Similarly, the diffusion lengths of gallium on GaAs
crystal surfaces are also in the 10�100 nm range.40 It is also
documented that gallium droplets aid in accelerating the decom-
position in their vicinity.38 Hence, in the case of bulk crystals, the
primary result of decomposition is the formation of etch pits all

along the surfaces.These etch pits eventually break bulk crystals
into a polycrystalline crust. Similar decomposition phenomena
occur in thick nanowires (Figure 4c). In the case of thinner (sub-
25 nm diameter) nanowires, ballistic diffusion of metal adatoms
on the surfaces can occur with diffusion lengths on the order of
tens ofmicrometers.14,41 Therefore, the formation of galliumdroplets
on the surfaces of nanowires does not occur unless the desorption of
gallium adatoms proceeds slowly to allow its accumulation on the
nanowire surface. Thus, layer-by-layer decomposition leads to
the uniform shrinking of the nanowires diameters.

In the case of layer-by-layer decomposition of nanowires, the
monolayer etch rate can depend upon either the surface area of
the nanowire or the circumference of the nanowire. In the case of
slower kinetics, in the presence of ammonia, the rate of mono-
layer etching is limited by etch step creation, which is propor-
tional to the number of edge sites (or the circumference � πD).
In this case, the decomposition is initiated at the edge of the
nanowire, and the step propagation occurs much faster than the
next etch step creation as seen in Figure 4a. For this mechanism
to be operative, the gallium adatoms, resulting from the decom-
position of GaN, diffuse away from the step edge and desorb
quickly from the surface of the nanowire. Under these conditions,
one can model the rate of monolayer etching as that proportional
to the monolayer etch step creation, the rate-determining step. In
other words, the rate of monolayer etching is proportional to the
diameter (or the circumference) of the nanowires and a rate
constant as shown in eq 2. Because the rate of decomposition is
directly proportional to the diameter of the wire, larger nanowires
(with larger circumferences) decompose faster than smaller
nanowires. Consequently, the diameter distribution is expected
to be narrowed as the decomposition proceeds. The above model
is consistentwith the experimental observations shown in Figure 3.

In the presence of hydrogen, the activation energy of nitrogen
desorption can be reduced leading to multiple etch step creation
all along the lengths of nanowires instead of primarily at the edges as
illustrated in Figure 4b. In this case, the time required for the
complete decomposition of a GaN surface layer depends primarily
on the etch step propagation and coalescence time and is conse-
quently not limited by the etch step creation time. Therefore, the
rate of decomposition of GaN nanowires is higher in the presence
of hydrogen than in the presence of ammonia. In sharp contrast, the
diffusion lengths of adatoms on bulk GaN crystal/thick GaN
nanowires surfaces are smaller (10�80 nm).39 These lower diffu-
sion lengths of gallium adatoms lead to their accumulation and the
formation of droplets all along the surface of the nanowire/crystal.
The accelerated etching of GaN38 in the vicinity of the droplet
essentially breaks a nanowire into multiple crystals (Figure 4c).

Decomposition of GaN nanowires was also performed inside a
TEM (FEI Technai F20) equipped with a heating stage. These
experiments were preformed in a vacuum at 10�7 Torr, without
the supply of a nitrogen-containing gas, such as ammonia. The
decomposition of GaN nanowires in the absence of ammonia
was observed to be similar to that expected in bulk GaN. During
this process, voids begin to form in nanowires as the result
of nitrogen evaporation and nitrogen vacancies accumulation
(as indicated by the white arrows in Figure S5a). Simultaneously, the
gallium resulting from the decomposition of GaN accumulates into
droplets. The preferential decomposition of GaN in the vicinity of
the gallium droplets leads to the formation of holes (Figure S5b). It
is documented that in the presence of a nitrogen-containing gas,
the activation energy of nitrogen desorption is increased;37

consequently, the amount of free gallium on the surface of the

Figure 4. A schematic illustrating the proposed mechanism of decom-
position in thin GaN nanowires (diameters less than 25 nm) in the
presence of (a) NH3 and (b) H2. (c) Mechanism of decomposition
expected in thick GaN nanowires/bulk GaN crystals. (a) In thin GaN
nanowires, the decomposition starts at the edge of the nanowires in the
presence of ammonia. This leads to the creation of a step. Aided by the
ballistic diffusion of gallium adatoms, the decomposition propagates
until this layer is completely decomposed. (b) The initiation of the
decomposition at multiple locations all along the surface is expected to
enhance the decomposition rate in the presence of hydrogen relative to
that of ammonia due to an absence of a nitrogen overpressure. (c) In
bulk GaN crystals/thick GaN nanowires, the lower diffusion length of
gallium adatoms leads to the formation of gallium droplets on the
surfaces. Accelerated etching in the vicinity of these droplets ultimately
leads to the formation of polycrystalline GaN (white circles indicate
gallium adatoms, while gray circles indicate gallium droplets).
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GaN nanowires is insufficient to accumulate into droplets.
Therefore, controlled decomposition in the presence of ammo-
nia is essential for uniformly thinning GaN nanowires. In
contrast, the lower nitrogen desorption activation energy in
the absence of ammonia leads to the accumulation of gallium in the
form of droplets, and hence the formation of etch pits in GaN
nanowires. Additional experimentation on the in situ decomposition
of GaN nanowires inside a TEM is currently being performed
and will be reported later.

To estimate the effect of diameter on the bandgap of GaN,
UV�vis absorption spectroscopic analysis of the as-synthesized
GaN nanowires and the quantum wires resulting from their
decomposition was performed. As-obtained nanowires and
quantum wires on quartz substrates were directly employed for
this purpose, without any additional sample preparation. A Tauc
plot was also generated from the transmittance (T) versus energy
(hν) data obtained using UV�vis spectroscopy (Figure 5).42,43

The Tauc relation is given by αhν = B(hν� Eg)
X, where α is the

absorption coefficient, h is Planck’s constant, ν is the frequency of
the incident wave, andB is a constant. The factor x is 0.5 for direct
bandgap semiconductors (such as GaN) and 2 for indirect
bandgap semiconductors. The absorption coefficient (α) was
calculated from the transmittance (T) versus energy (hν) data
using the procedure described previously.42,44,45

The Tauc plot of GaN nanowires and quantumwires, showing
the variation of (αhν)2 with energy (hν), is shown in Figure 5.
The optical bandgap can be determined by the x-intercept of a
tangent drawn through the linear portion of the plot. This
technique confirmed that the bandgap of the as-synthesized
23 nm GaN wires is 3.4 eV.20�22 The Tauc plot also indicated
that the bandgaps of GaN nanowires with average diameters of
13.5, 6.8, and 4.8 nm are, respectively, 3.4, 3.7, and 3.9 eV. A plot
showing the variation of the bandgap of GaN with nanowire
diameter is shown in the inset to Figure 5. As expected, the
reduction in the diameter of GaN nanowires led to an increase in

the bandgap.20 A maximum blue-shift of 0.5 eV in the bandgap of
GaN was observed in nanowires with an average diameter of
4.8 nm. The bandgaps estimated from the Tauc plots were
observed to be close to those predicted by theoretical
estimates.22 For example, theoretical estimates predict a blue-
shift of 0.5 eV is expected in GaN crystals with sizes of 4 nm.20,22

The average diameter of our nanowires observed from SEM and
TEM analysis exhibiting a bandgap of 3.9 eV was observed to be
4.8 nm, close to that predicted by theory.

’CONCLUSION

A simple postsynthesis strategy for uniformly reducing the
diameters of presynthesized nanowires and obtaining quantum
wires is presented. The decomposition occurred in a layer-by-
layer fashion in nanowires with sizes less than 25 nm and led to
the formation of quantumwires with diameters as small as 4.8 nm
on average. This layer-by-layer decomposition is a result of the
ballistic diffusion of gallium adatoms (resulting from the decom-
position of GaN) on GaN nanowire surfaces. Layer-by-layer
decomposition is exclusive to GaN nanowires with diameters less
than 50 nm and unlike that of bulk GaN crystals where decom-
position leads to the formation of etch pits all along the surfaces.
The rate of decomposition was also observed to be dependent on
the gas-phase chemistry, lower in the presence of ammonia and
higher in the presence of hydrogen. A reduction in the diameter of
the GaN nanowires resulted in an increase in their optical
bandgap. A blue-shift in the bandgap of 0.5 eV is observed in
the obtainedGaNquantumwires with amean diameter of 4.8 nm.
This shift is attributed to quantum confinement resulting from the
diameter reduction of the nanowires. This postsynthesis decom-
position strategy for reducing the diameters of nanowires is
expected to be applicable to other III�V compound semicon-
ductor systems.
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