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A novel vapor–liquid–solid epitaxy (VLSE) process has been developed to synthesize high-density semiconductor nanowire

arrays. The nanowires generally are single crystalline and have diameters of 10–200nm and aspect ratios of 10–100. The areal density

of the array can readily approach 1010 cm�2. Results based on Si and ZnO nanowire systems are reported here. Because of their single

crystallinity and high surface area, these nanowire arrays could find unique applications in photocatalysis and photovoltaics.
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1. Introduction

Nanoscale one-dimensional (1D) materials have stim-
ulated great interest due to their importance in basic
scientific research and potential technology applications
[1,2]. A lot of unique and fascinating properties have
been proposed and demonstrated for this class of
materials, such as metal-insulator transition [3], superior
mechanic toughness [4], higher luminescence efficiency
[5,6], enhancement of thermoelectric figure of merit [7]
and lowered lasing threshold [8–10]. One-dimensional
materials can also be used as building blocks to con-
struct a new generation of nanoscale electronic circuits
and photonics [11–15]. While most of the research
efforts have been directed towards the exploration of
optoelectronic applications of these 1D nanostructures,
chemical properties of the 1D nanostructures (catalysis,
for example) have been overlooked. Many of these 1D
nanostructures and their assemblies, with their excellent
crystallinity and high surface area, could also be
potentially used in several important chemical applica-
tions, for example, photocatalysis and photovoltaics.

An important issue in the study and application of
1D materials is how to assemble individual atoms into
1D structures in a fast and controllable way. A number
of nanolithographic techniques, such as electron-beam
lithography [16], proximal probe patterning [17,18] have
been developed. These processes, however, generally are
slow and the cost is high. Chemical synthesis represents
another important approach to 1D structures [19–26]. It
is much more promising, in terms of cost, throughput
and potential for high volume production. A significant
challenge of the chemical synthesis is how to rationally
control the nanostructures so that their interface and
ultimately their 2-dimensional and 3-dimensional super-
structures can be tailor-made towards desired func-
tionality. Below, we describe the investigations from our
laboratory directed toward controlled growth of inor-

ganic nanowires, particularly the controlled growth of
semiconductor nanowire array through the vapor–
liquid–solid epitaxy (VLSE) process.

2. Vapor–Liquid–Solid nanowire growth mechanism

Single crystalline inorganic nanowire is an interesting
example of anisotropic form of crystal. The diameter of
nanowires is in the range 1–200 nm and the length is
several microns or longer. In general, nanowires will not
be thermodynamically stable as compared to their bulk
materials. Consequently, a central question in nanowire
growth is how to promote anisotropic crystal growth
kinetically. A well-accepted mechanism of nanowire
growth via gas phase reaction is the so-called Vapor–
Liquid–Solid (VLS) process proposed by Wagner in
1960s, during his studies of large single-crystalline
whisker growth [27,28]. According to this mechanism,
the anisotropic growth is promoted by the presence of
liquid alloy–solid interface. This process is illustrated in
figure 1 for the growth of Si nanowire with Au cluster as
solvent at high temperature. Based on Si–Au binary
phase diagram, Si (from the decomposition of SiH4, for
example) and Au will form liquid alloy when the tem-
perature is higher than the eutectic point (363 �C, figure
1(I)). The liquid surface has a large accommodation
coefficient and is therefore a preferred site of deposition
for incoming Si vapor. After the liquid alloy becomes
supersaturated with Si, Si nanowire growth occurs by
precipitation at the solid–liquid interface (figure 1(II–
III)).

Recently, the direct observation of Ge nanowire
growth in real time was conducted in a high-temperature
in-situ transmission electron microscope (TEM) [29].
The experiment result clearly shows three growth stages:
formation of Au–Ge alloy (figure 2(b), (c)), nucleation
of Ge nanocrystal (figure 2(d)) and elongation of Ge
nanowire (figure 2(e), (f)). This experiment unambigu-
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ously demonstrates the validity of the VLS mechanism
for nanowire growth. The establishment of a VLS
mechanism at nanometer scale is very important for the
rational control of inorganic nanowires since it provides
the necessary underpinning for the prediction of solvents
and preparation conditions.

Based on our mechanism study of the nanowire
growth, it is conceivable that one can achieve controlled
growth of nanowires at different levels. First of all, one
can synthesize nanowires of different compositions by
choosing suitable solvents and growth temperature. A
good solvent should be able to form liquid alloy with the
desired nanowire material, ideally two of them should be
able to form eutectic; meantime, the growth temperature
should be higher than the eutectic point, but lower than
the melting point of the nanowire material. Both
physical methods (laser ablation, arc discharge, thermal
evaporation) and chemical methods (chemical vapor
transport and chemical vapor deposition) can be used to
generate the vapor species required during the nanowire
growth. As an example, figure 3 shows Ge nanowires
synthesized by a chemical vapor transport process [19].
Figure 3(a) shows the binary phase diagram of Au–Ge
system. As shown in the diagram, Au is a good solvent

for the growth of Ge nanowires because of the existence
of the Au–Ge eutectic. Nanowires of many different
materials have been synthesized by both chemical and
physical methods, including elemental semiconductors
(Si and Ge), III–V semiconductors (GaAs, GaP, InP,
InAs), II–VI semiconductors (ZnS, ZnSe, CdS, CdSe),
oxides (ZnO, MgO, SiO2) [19–26].

One can further control the nanowire diameters by
choosing metal clusters of different sizes, which we have
successfully demonstrated in the Si nanowire case. By
using monodispersed metal nanoclusters, nanowires with
a narrow diameter distribution can be created. We have
utilized this strategy to grow uniform Si nanowires in a
chemical vapor deposition system [29]. Uniform nano-
wires with 20:6� 3:2, 24:6� 4:0, 29:3� 4:5 and
60:7� 6:2 nm in diameter were grown using Au clusters
with sizes of 15:3� 2:4, 20:1� 3:1, 25:6� 4:1 and
52:4� 5:3 nm, respectively. Figure 4(a) shows a field
emission scanning electron microscope (FESEM) image
of uniform, long and flexible nanowires using 15 nm Au
clusters as solvent. Figure 4(b) shows a TEM picture
with both Au clusters and the grown Si nanowires. The
correlation between the size of Au clusters and the
diameter of Si nanowires can been clearly observed.
Similar results have also been observed in GaP nano-
wires prepared by laser ablation method [30].

3. Vapor–Liquid–Solid Epitaxial growth of

semiconductor nanowire array

More importantly, it is possible to apply the con-
ventional epitaxial crystal growth technique into this
VLS process to achieve orientation control. By choosing
a suitable substrate whose lattice constants match with
the desired nanowire crystal structure, the growth
direction can be dictated by the choosing substrate
orientation. This technique, vapor–liquid–solid epitaxy

Figure 1. Schematic illustration of a vapor–liquid–solid nanowire

growth mechanism including three stages: (I) alloying, (II) nucleation,

and (III) axial growth.

Figure 2. In-situ TEM images recorded during the process of nanowire growth. (a) Au nanoclusters in solid state at 500 �C; (b) alloying initiates at

800 �C, at this stage Au exists mostly in solid state; (c) liquid Au/Ge alloy; (d) the nucleation of Ge nanocrystal on the alloy surface; (e) Ge

nanocrystal elongates with further Ge condensation and eventually forms a wire (f).
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(VLSE), is particularly powerful in controlled synthesis
of nanowire arrays.

3.1. Orientation control

Controlling the growth orientation is important for
many of the proposed application of nanowires. Nano-
wires generally have a preferred growth direction. For
example, semiconductor Si nanowires prefer to grow
along the <111> direction, ZnO prefer to grow along
the <001> direction. One strategy to grow vertically-
aligned nanowires is to properly choose the substrate
and to control the reaction conditions, so that the
nanowires grow epiaxially on the substrate. Take Si as
an example, Si nanowires prefer to grow along the
<111> direction. If (111) Si wafer is used as a sub-
strate, Si nanowires will grow epitaxially and vertically
on the substrate and form nanowire array (figure 5(a)).

Figure 5(b) shows the obtained Si nanowires array
grown at 1050 �C with SiCl4 and H2 as reactants on
(111) Si wafer. They are typically 80 nm in diameter and
10 microns in length. The effect of epitaxial nanowire
growth is obvious. If (001) Si wafer was used as sub-
strate instead, three sets of oriented Si nanowire arrays
can be epitaxially grown out of the wafer surface along
the three equivalent <111> directions (figure 5(c)). As a
comparison, Si nanowires grown randomly (non-
epitaxially) on Si wafer coated with thick layer of SiO2

(figure 4(a)).
Another VLSE example is ZnO nanowires grown

epitaxially on a-plane (110) sapphire substrate [15]. ZnO
nanowires have wurzite structure with lattice constant
a ¼ 3:24 �A and c ¼ 5:19 �A and prefer to grow along
<001> direction. ZnO nanowire can grow epitaxially
on (110) plane of sapphire, because ZnO a axis and
sapphire c axis are related almost by a factor of 4
(mismatch less than 0.08% at room temperature, figure
6(a) [41]. Figure 6(b) shows vertical ZnO nanowire
arrays on a-plane sapphire substrate. Their diameters
range from 70–120 nm and lengths can be adjusted

Figure 3. (a) Au–Ge binary phase diagram; (b) SEM image of the as-

made Ge nanowires.

Figure 4. (a) FESEM image of Si nanowires grown on Au clusters

embedded in mesoporous silica thin film; (b) TEM image of the

nanowires and the Au clusters dispersed on the same copper grids.
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between 2–10microns. Previously, InAs nanowhiskers
have been oriented on a Si substrate using a fairly
complicated metalorganic vapor-phase epitaxy techni-
que [31].

3.2. Positional control

It is almost apparent from the VLS nanowire growth
mechanism that the positions of nanowires can be
controlled by the initial position of Au clusters or thin
films. Various lithographical techniques including, for
example, soft lithography, e-beam and photo-

lithography can be used to create patterns of Au thin
film for the subsequent semiconductor nanowire growth.
Figure 7 shows the SEM images of ZnO nanowires
grown from the line and square Au pattern on a-plane
sapphire substrate. It is clear that nanowires grow ver-
tically only from the region that is coated by Au and
form the designed pattern of ZnO nanowire array [15].

3.3. Density control

During the nanowire array growth, generally gold
thin film was deposited as the solvent/initiator for the
nanowire growth. Upon heat-up, these gold thin films
will self-aggregate into high density of Au clusters. The
diameters and the density of these clusters are deter-
mined by the thickness of the thin film and the growth
temperature. Thus, it is possible to control the nanowire
areal density by modifying the thin film thickness.

Another approach to control the areal density of the
nanowire array is to use the solution-made Au clusters.
By dispersing a different amount/density of Au clusters
on the sapphire substrate, it is possible to obtain
nanowire arrays with different densities. We can now

Figure 5. (a) Schematic illustration of the VLSE process; (b) vertical Si

nanowire array grown on a (111) Si wafer; (c) three sets of Si nanowire

arrays interpenetrate on the surface of a (100) Si substrate, the three

preferred orientation were indicated by arrows.

Figure 6. The epitaxial growth of ZnO nanowires on a-plane (110)

sapphire can be readily seen by examination of the crystal structures of

ZnO and sapphire ða ¼ 0:4754nm, c ¼ 1:299nm). (a). Schematic

illustration of ZnO ab-plane overlapping with the underlying (110)

plane of sapphire substrate. The arrow is drawn along the a-axis of

ZnO structure and the c-axis of the sapphire crystal structure. (b)

Arrays of ZnO nanowires grown on a-plane sapphire substrate.
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readily synthesize, for example, ZnO nanowire arrays
with areal density spanning from 106 to 1010 cm�2.

3.4. Nanowire array as potential substrates for
photocatalysis and photovoltaics

The characteristics of these semiconductor nanowire
arrays (high crystallinity, high density, high surface area,

and easy surface functionalization) suggest they could
be used as a new class of semiconductor electrodes for
photovoltaics. One of the exciting applications of these
nanowire array electrodes could be the ‘‘Grätzel solar
cell’’. Conventional cell is based on nanoporous and
nanocrystalline TiO2 or ZnO on which a monolayer of a
light absorbing dye is adsorbed. Replacing nanoparticles
with nanowires could remove one of the electron
transport bottlenecks occurring in the conventional
Grätzel cell, i.e., the tunneling process between neigh-
boring oxide nanocrystals. With nanowire electrodes,
electron can be transport directly to the conducting
substrate without going through the multiple steps of
the tunneling process, which is expected to be able to
greatly decrease the probability of recombination across
large heterogeneous interface and improve the overall
efficiency of the solar cell [32].

In addition, these semiconductor nanowire arrays
could also be used as sensitizers for a light-induced
redox process. When these wires are illuminated with
photons with energy larger than their band gap, electron
hole pairs will be generated. If a suitable scavenger or
surface defect state is available to trap the electron or
hole, electron-hole recombination can be prevented and
the surface redox process may occur consequently. The
valence band holes are powerful oxidants while the
conduction band electrons are good reductants. The
high surface area and single crystallinity of the nano-
wires in the array architectures represents an interesting
substrate to explore their capability to carry out photo-
catalytic reaction, for example, photocatalyzed oxida-
tion of chlorinated hydrocarbon for environmental
remediation applications [33].

4. Conclusion

In this article, we have given a brief survey of work,
drawn primarily from the authors’ laboratory, directed
toward the rational growth of semiconductor nanowires.
The VLS mechanism has proven to be a valuable guide
in choosing catalyst and reaction conditions. Based on
this mechanism, nanowires of a wide range of single-
crystal elemental and compound materials have been
prepared. The ability to control growth represents a
significant step toward the applications of nanowires as
building blocks in nanoscale electronics and photonics.
In the future, many properties can be investigated,
such as electron transport, optical, photoconductivity,
thermoelectricity as well as their chemical properties.
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