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Bulk synthesis of silicon nanowires using a low-temperature
vapor–liquid–solid method
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Silicon nanowires will find applications in nanoscale electronics and optoelectronics both as active
and passive components. Here, we demonstrate a low-temperature vapor–liquid–solid synthesis
method that uses liquid-metal solvents with low solubility for silicon and other elemental
semiconductor materials. This method eliminates the usual requirement of quantum-sized droplets
in order to obtain quantum-scale one-dimensional structures. Specifically, we synthesized silicon
nanowires with uniform diameters distributed around 6 nm using gallium as the molten solvent, at
temperatures less than 400 °C in hydrogen plasma. The potential exists for bulk synthesis of silicon
nanowires at temperatures significantly lower than 400 °C. Gallium forms a eutectic with silicon
near room temperature and offers a wide temperature range for bulk synthesis of nanowires. These
properties are important for creating monodispersed one-dimensional structures capable of yielding
sharp hetero- or homointerfaces. ©2001 American Institute of Physics.
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Nanorods of semiconductors and metals will find bo
passive and active applications in electronics a
optoelectronics.1–3 Silicon at nanoscale dimensions becom
a direct-band-gap semiconductor due to quantu
confinement effects.4 This property enables silicon nanow
ires to exhibit visible photoluminescence at room tempe
ture. Similarly, the electrical conduction and optoelectro
properties of other elemental semiconductor and meta
wires of nanoscale dimensions are of fundamen
interest.5–8 For these reasons, nanowire synthesis meth
that allow direct generation of sharp homo- and heteroin
faces are of great importance, yet unavailable.

Nanowires have been obtained with methods such
step-edge templating9 and nanotube-confined reactions.10,11

Using the well-known vapor–liquid–solid ~VLS!
mechanism,12 several researchers exploited different tec
niques to create the necessary nanometer-scale metas
droplets of transition-metal catalysts in order to synthes
nanowires.13–18 However, the required synthesis tempe
tures when using these metals range from 500 °C for gol
950–1150 °C for other transition metals. In addition,
these metals exhibit high eutectic compositions, for exam
31 at. % Si for Au–Si at 371 °C. Other variations
VLS techniques such as solution–liquid–solid19 and
vapor–solid–solid20 methods have also been reported. A
these techniques require the creation of nanometer-s
catalyst particles, which in itself is a nontrivial task. In som
cases, it may be impossible to create 1–3-nm-size drop
without the help of stabilizing surfaces or templates. In a
dition, the high eutectic composition would make it impo
sible to generate abrupt heterointerfaces in a nanowire
simply switching the gas-phase precursor for the dissol
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component. One would predict the precipitation of a tern
phase instead of a pure second component when a se
component is dissolved into these eutectics. Here, we re
a VLS technique that does not require either nanometer-s
droplets or catalyst metals at high temperatures for the b
synthesis of silicon nanowires. Our technique utiliz
atomic-hydrogen-mediated gas-phase chemistry to syn
size silicon nanowires using low-melting-point metals as
solvent. These low-melting-point metals form eutectics w
silicon at low temperature and with extremely low content
the elemental semiconductors. This is illustrated in Fig
with a Ga–Si phase diagram.21 Gallium forms a eutectic with
small quantities of 531028 at. % Si at 29.8 °C and exists a
a perfectly mixed liquid over a broad temperature and co
position range.

FIG. 1. Phase diagram of the Ga–Si system showing the liquidus line
silicon precipitation from the Ga–Si molten alloy~see Ref. 21!. Inset shows
the magnified version of the solubility diagram for the Ga–Si system n
the eutectic point.DT denotes the difference between the melting point
gallium and the eutectic temperature. The eutectic temperature is app
mately 731028 K less than the melting point for gallium metal.
6 © 2001 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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This gallium-mediated VLS growth of Si wires repre
sents a broad class of VLS techniques using low-melti
point metals such as Ga, In, and Bi. The significant diff
ence of this technique with respect to others that rely
catalytic decomposition of silane by transition metals is t
silane or silyl decomposition is mediated by atomic hyd
gen:

SiHx~g!1x H~g!→
Ga

Ga–Si~ l !1x H2~g!. ~1!

Gallium is not known for its catalytic activity for dehydro
genation. Nevertheless, reaction~1! is thermodynamically
feasible, although its kinetics and mechanism are not kno
and currently being studied.

The Ga–Si liquidus line, shown in Fig. 1, indicates th
Si precipitation from a Ga–Si alloy is possible at tempe
tures as low as 100 °C. Because of the low equilibrium co
position of Si in the liquid alloy, the critical nucleus size fo
silicon crystallization from the Ga–Si melt tends to be in t
nanometer range, according to classical nucleation theory
solute precipitation from dissolved solutions:22

dc5
4Va

RT lnS C

C`
D , ~2!

where,dc , V, a, C, and C` represent the critical nucleu
diameter, molar volume, surface free energy, concentra
of silicon within a liquid alloy, and equilibrium concentra
tion, respectively. At a temperature of 400 °C, using typi
values for surface free energy23 of 1610 erg/cm2 and a molar
volume of 1.231025 m3/mol, the critical nucleus diamete
is estimated to be around 6 nm with a modest dissolved
concentration of 1 at. %. In comparison, other systems
volving transition metals or noble metals as liquid med
exhibit equilibrium compositions in excess of 20–30 at.
and thus the critical nuclei sizes exceed the equilibrium s
of droplets, which are around 0.2mm.23 Low miscibility and
high surface tension in the Ga–Si system influence the nu
to surface out and ensure that further growth of these nu
is one-dimensional. The diameter of these nanowires
pends upon the supersaturation of Si in the Ga–Si liq
alloy, which then controls the crystallization rate and dia
eter distribution. However, the supersaturation in liquid g
lium would depend upon several variables such as subs
temperature, gas-phase composition, and plasma kine
These factors allow control of the size and size distribut
of nanowires and eliminate the problems associated with
creation of quantum-sized droplets.

The experiments were conducted in a microwave plas
reactor~ASTEX 5010! using a H2/N2 gas mixture. Silicon
substrates covered with a thin film of Ga were exposed
1:100 sccm of H2 in N2 plasma at 700 W microwave powe
The hydrogen plasma etches exposed silicon regions to
vide silyl radicals in the vapor phase. The substrate temp
ture was measured using an infrared pyrometer~a Raytek
model RAYMA2SCCF! to be around 400 °C. The exper
ments were conducted for durations ranging from 1 to 9
The length of the wires was directly proportional to the d
ration of the experiment. A 3 h growth experiment produc
nanowires hundreds of microns long with diameters rang
Downloaded 04 Sep 2001 to 136.165.40.223. Redistribution subject to A
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from 6 to 50 nm. The size distribution of the resultin
nanowires from an individual pool of gallium was uniform
Figure 2 shows scanning electron microscopy~SEM! images
of silicon nanowires synthesized using pools of gallium. T
different wire diameters observed resulted from differe
amounts of atomic hydrogen in the gas phase. The S
images in Fig. 3 illustrate how silicon nanowires nuclea
and grow as one-dimensional crystals. Figure 3~a! shows
submicron-sized silicon rods growing out of a larger-s
gallium droplet and Fig. 3~b! shows growth of nanowires
with 20 nm mean diameter from a larger-sized gallium dro
let. Silicon nanowires were also obtained using galliu
covered pyrolytic boron-nitride substrates, surrounded
small silicon pieces exposed to a microwave plasma. Th
results suggest that one can supply silane directly in the
phase and control the substrate temperature independen

Nanowires were analyzed for crystallinity and compo
tion by high-resolution transmission electron microsco
~HRTEM! ~200kV JEOL 2010F model! and energy-
dispersive x-ray spectroscopy~EDS! ~see Fig. 4!. The bright-
field image in Fig. 4~a! shows 6-nm diam nanowires wit
gallium droplets at their tips. The EDS spectrum shown
Fig. 4~b! confirms the existence of silicon in the bulk of th
wire. The signal for Cu resulted from the transmission el
tron microscopy~TEM! grid and O resulted from the surfac
oxide. The HRTEM images in Figs. 4~d! and 4~e! show lat-
tice images of two crystalline silicon nanowires. The latti
spacings indicated in Figs. 4~d! and 4~e! match that of bulk
silicon in the diamond cubic structure. The wires are fou
to be polycrystalline with no obvious preferred growth dire
tion.

Results confirm that bulk synthesis of silicon nanowir
can be achieved with a noncatalytic, low-melting-point me
solvent, gallium. Because of its low miscibility with sever

FIG. 2. Silicon nanowires grown using our Ga VLS process:~a! silicon
nanowires~;10 nm size! growing as a bunch of filaments;~b!, ~c!, and~d!
oriented growth of silicon nanowires using pools of gallium melt~approxi-
mate sizes of 90, 90, and 50 nm!. The range of experimental conditions
microwave power of 700–1000 W, pressure of 30–60 Torr, growth dura
of 4–8 h, and H2 /N2 of 0.5%–1%.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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other elemental semiconductors and metals, the proces
method can be extended to many different materials.
example, Ge forms a eutectic with gallium at 30 °C at
composition of 531025 at. % Ge.21 However, the main ad-
vance is that it is not necessary to create quantum-sized d
lets for bulk synthesis of quantum wires. This becomes m
important when one considers the synthesis of 1–3-nm-
wires or rods. The structure of Si nanowires with sizes in
1–3 nm range could differ from the bulk silicon structure
having Si24-type clusters in the core.24 These 1–3 nm silicon
nanowire structures made of cage compounds are pred
to be optimum for atomically controlled doping, which
important for molecular electronics~one dopant atom pe
cage!.25 The VLS method reported here can be generalize
other low-melting metals, such as indium, bismuth, and
to grow a variety of elemental semiconductor and meta
nanowires using appropriate precursors in the vapor ph
Moreover, this method affords the generation of compo
tionally modulated nanowires and sharp interfaces by me

FIG. 3. SEM images showing evidence for nucleation of multiple sub
cron and nanoscale silicon wires from a single gallium droplet in two
ferent experiments:~a! 1000 W power, 30 Torr, 3 h duration, and H2 /N2 :
0.25%; ~b! 950 W power, 50 Torr pressure, 7 h duration, and H2 /N2 of
0.95%.
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of dynamic switching of vapor-phase precursors during s
thesis. This is the subject of on-going research.
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FIG. 4. ~a! Bright-field TEM image of a cluster of Si nanowires. Th
samples were prepared by ultrasonicating the nanowires in ethanol and
ing a drop of the suspension on a TEM carbon support film.~b! EDS spec-
trum from an individual nanowire confirms the presence of Si with no
tectable Ga. The O peak results from the surface oxide on the nanowire
the Cu is an artifact from the Cu TEM grid.~c! TEM image of a 10 nm Si
rod with an amorphous-SiOx surface layer.~d! and ~e! additional HRTEM
images of 6 nm Si nanowires showing the crystalline structure.
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