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We report the patterned synthesis of silicon nanowire (SiNW) arrays by controlling the density and position of Au colloids on
glass substrates in a nanocolloid-catalyzed chemical vapor deposition (CVD) process. Density-controlled colloidal Au patterns
were defined on the substrates by an inverse contact imprinting technique, where the strong attractive force between
electrolyte-coated polymer stamp surfaces and Au colloids was exploited for selective removal of Au colloids from contacting
regions of the substrate to the stamp. Controlled nanocolloid-catalyzed CVD process led to the growth of SiNWs being rooted
in the catalytic patterns and extended over several tens of µm. In addition, optical transmittance of the SiNW pattern arrays
depending on the NW density and the coverage of catalytic patterns were investigated to understand the optical properties of
SiNW arrays.
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Introduction

Many semiconductor devices in the emerging electronic
and optoelectronic systems demand novel material systems
exhibiting new mechanical and optical functions plus
their intrinsic properties [1, 2]. For example, next-generation
foldable devices require the development of mechanically
flexible semiconductor materials that can be deposited
on large-scale plastics substrates [3]. For these applications,
one-dimensional (1D) inorganic nanomaterials, such as
silicon nanowires (SiNWs), would be suitable candidates
since the 1D nanostructures provide a significant
enhancement in mechanical flexibility, while their single-
crystalline structures hold the promise of high device
performance, comparable to conventional semiconductor
devices [4-6]. On the other hand, numerical analysis
based on effective-medium model predicts that periodic
SiNW arrays suspended in air have much lower reflectivity
than thin films, revealing an increase in absorption and/or
transmittance of incident light in SiNWs [7]. The
antireflection effect represents the potential use of
SiNWs in transparent electronics and photovoltaic devices
[7-9]. However, two such devices require the contradictory
criteria; high optical transmittance in the visible spectral
range should be preferred over optical absorption in
transparent electronic applications [10-13], whereas the
efficiency of a solar cell is determined by optical absorption
in the solar spectral range. Understanding optical processes

in SiNWs is therefore crucially important to design SiNW
optoelectronic systems to be suitable for their applications.

On the other hand, optical processes as well as charge
carrier transport in SiNW arrays are strongly affected
by NW size, density, and arrangement. It would be
therefore desirable to find a synthetic strategy to grow
SiNWs in a controllable manner for both scientific studies
and practical device applications [14, 15]. In this paper,
by combining a nanocolloid-catalyzed chemical vapor
deposition (CVD) process, and a colloid patterning technique,
selective and lateral growth of SiNW arrays on glass
substrates is demonstrated. In addition, to understand
the optical properties of SiNWs and to find the optimal
design of SiNW patterns for electronic and optoelectronic
applications, we studied the correlation between optical
transmittance in the SiNW arrays and colloidal Au
patterns that determine the density and size of SiNWs.

Experimental

For selective and lateral growth of SiNWs, Au colloids
were patterned on glass substrates via an inverse contact
imprinting (ICI) process. First, to deposit the negatively
charged Au colloids on glass substrates, the substrate
surfaces were coated with positively charged poly-L-
lysine, followed by rinsing with deionized water (Fig. 1(a))
[16, 17]. After drying in a nitrogen flow, the glass
substrates were immersed in a 20-nm-diameter colloidal
Au solution for 5 minutes (Fig. 1(b)). The density of Au
colloid on the substrates was controlled by diluting the
colloidal Au solutions to ~2 × 109 particles/ml, ~4 ×
109 particles/ml, and ~2 × 1010 particles/ml with H2O.
Second, colloidal Au patterns were defined by selective
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removal of Au colloids from contacting regions of the
substrate to a polymer stamp. To prepare the polymer
stamp, an ultraviolet (UV) curable polymer, Norland
Optical Adhesive (NOR) 63, was cast on a Si master
mold (with 20-40 μm line/separation), and then cured
with UV light (Fig. 1(c)) [18]. The NOR stamp surface
was coated with electrolyte, and then placed on the glass
substrates coated with Au colloids (Fig. 1(d)), followed
by pressing at a pressure of ~350 g/cm2 and heating at
80 oC for 10 minutes. Due to the strong attractive force
between the electrolyte-coated NOR stamp surfaces
and Au colloids, most of the Au colloids in the contacting
regions of the substrate/stamp surface were transferred to
the stamp, producing 1D arrays of Au colloid line patterns
(Fig. 1(e)). In addition, 2D square patterns of Au colloids can
also be prepared by a second ICI process in a perpendicular
direction to the original line patterns (Fig. 1(f)).

The colloid patterned substrates prepared in this way were
then transferred to the CVD chamber for selective growth of
SiNWs. During SiNW growth, H2 and SiH4 (10% diluted in
H2) flow rates were controlled in the range of 10-30 sccm
and 30-100 sccm, respectively. The reactor pressure and
temperature were kept at 40 torr (5.3 kPa) and 520 oC,
respectively, and the typical growth time was 15 minutes.

Results and Discussion

Fig. 2 shows the optical microscopy (OM) and the
atomic force microscopy (AFM) images of Au colloid
patterns with 40 μm lines and 40 μm separation that
have been prepared with a colloidal Au solution diluted
to ~4 × 109 particles/ml. The density of the Au colloid
deposited inside the line patterns is ~200-250 particles/μm2

(Fig. 2(b)), which is comparable to that on the substrate

Fig. 1. Schematic illustrating the method used for Au colloid pattering by the ICI process. (a-b) Preparation of Au colloid coated glass
substrate; the substrate is coated with positively charged poly-L-lysine (a), and then immersed in a colloidal Au solution for 5 minutes (b), (c-
d) Preparation of NOR stamp; NOR stamp is made by using a Si master mold (c), and then coated with the electrolyte (d), (e) Preparation of
the line patterns of the Au colloids; the NOR stamp is placed on the glass substrates coated with Au colloids, followed by pressing at a
pressure of ~350 g/cm2 and heating at 80 oC for 10 minutes, (f) Preparation of the colloidal Au square patterns by a second ICI in a
perpendicular direction to the line patterns.
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Fig. 2. (a) OM image of the colloidal Au patterns with 40 μm lines and 40 μm separation formed by the ICI process. (b) AFM image of Au
colloids deposited inside the line patterns.

Fig. 3. (a-c) OM image of SiNWs produced from 20-nm-diam Au colloids deposited on the substrate with a colloidal Au solution diluted
to ~4 × 109 particles/ml without (a) and with ICI processes (b, c), (b) SiNWs selectively grown on the colloidal line patterns with 40 μm lines
and 40 μmseparation, (c) SiNWs selectively grown on the colloidal square patterns with 20 μm width and 40 μm height, (d) SEM image of
SiNWs in (c), (e-h) OM and SEM images of SiNWs produced from colloidal patterns prepared with different colloidal Au solutions dilutions
to ~2 × 1010 particles/ml (e, f) and ~2 × 109 particles/ml (g, h). The dashed lines in the SEM images (d, f, h) indicate the edges of catalytic
patterns, (i) Plot of average linear density of SiNWs measured outside the catalytic patterns versus concentration of the colloidal Au solution.
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immediately after the Au colloid deposition. In contrast, a
very low density of Au colloids (below ~1 particle/μm2)
remains outside the patterns. This result indicates that most
of the Au colloids are transferred from contacting regions of
the substrate to the electrolyte-coated NOR stamp that has
a higher attractive force to the Au colloids than the substrate.

After preparing the patterned substrates, SiNWs are
grown by a nanocolloid-catalyzed vapor-liquid-solid process
in the CVD system, where Au nanocolloids define the
nucleation and elongation of NWs [19, 20]. It is therefore
predicted that the diameter, density, and location of SiNWs
are strongly affected by those of the Au colloids. Figs. 3
(a)~(c) show the OM images of the SiNWs produced
from 20-nm-diam Au colloids (~4×109 particles/ml) without
(a) and with ICI processes (b, c). In comparison to SiNWs
produced from the Au colloids dispersed on the entire
substrate surface (Fig. 3(a)), we found that growth of
SiNWs from the stripe or square patterns of Au colloids
led to patterned growth of SiNWs (Figs. 3(b) and (c)).
A field-emission scanning electron microscopy (FE-
SEM) image more clearly shows that very thin SiNWs
are rooted in the catalytic patterns and laterally aligned
(Fig. 3(d)). It is noted that most of the SiNWs extend over
several tens of μm, and are bridging adjacent patterns [20].

In addition, the density of SiNWs grown from the
patterns could be controlled by varying the density of
the Au colloid in the patterns. Figs. 3(e) and (g) show
the SiNWs grown from the square patterns (20 μm in
width and 40 μm in height), where the density of the
Au colloid was tuned by using different concentration
of the colloidal Au solution in the range of ~2 × 109-
2 × 1010 particles/ml. The linear density of SiNWs coming
off the patterns were determined from the SEM images
(Figs. 3(d), (f) and (h)), and the correlation between the
nanowire density and the concentration of the colloidal
Au solution is summarized in Fig. 3(i).

The ability to grow SiNW pattern arrays on glass
substrates with controlled densities can provide an
opportunity to study the optical properties of SiNWs.

Optical transmittance spectra of SiNWs produced from the
Au colloids deposited on entire glass substrates (Fig. 4(a))
and from the catalytic patterns with 40 μm line/spacing
(Fig. 4(b)), show several important points. First, both of these
cases present a strong dependence of optical transmittance
on the spectral wave length; very opaque to incident
short-wavelength light with wavelengths below ~400 nm
while relatively transparent in the long-wavelength spectral
region of 700-800 nm. At a wavelength of 800 nm, SiNWs
with a liner density of 0.33 NWs/µm produced from colloidal
Au patterns have transmittances of 81% (Fig. 4(b)). Second,
reducing the coverage of Au colloids to 50% of the substrates
resulted in nearly double the transmittance in the whole
spectra region from 300 nm to 800 nm. The transmittance is
also affected by the density of SiNWs that have been
controlled by varying the concentration of the colloidal Au
solutions. Meanwhile, even though the linear densities of
SiNWs were increased by ~5 times (from 0.33 NWs/μm to
1.6 NWs/μm) and ~7 times (from 0.33 NWs/μm to 2.4
NWs/μm), the optical transmittance are decreased just 1.3
and 2.23 times, respectively. Our observations demonstrate
that the transmittance of SiNWs is more sensitive to the
coverage of colloidal patterns than the NW density. SEM
observations revealed that thin Si layers were unintentionally
grown on the catalytically patterned areas, whereas no Si
layer was formed on the bare substrate surfaces. A theoretical
study predicted that a Si thin film has much higher
reflectivity than SiNWs, and therefore we can conclude
that the enhanced optical transmittance with a decrease
in the coverage of colloidal patterns might be due to the
reduced reflection by the unintentionally grown Si thin
films. These optical characterizations also suggest that the
transmittance of SiNWs can be controlled by varying
the catalytic pattern size and/or the line spacing.

Conclusions

We have presented the patterned synthesis of SiNWs
on glass substrates using a colloid-catalyzed CVD method,

Fig. 4. (a) Optical transmittance spectra of SiNWs grown on the colloid deposited glass substrates prepared with different concentrations of
colloidal Au solutions, (b) Optical transmittance spectra of SiNWs selectively grown on the line patterns of the Au colloid with 40 μm line/
spacing prepared with different concentrations of colloidal Au solutions.
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combined with a colloid patterning technique. Au colloid
patterns with variable shape, size, and particle density
serve as favorable sites for the initiation of SiNW growth,
leading to selective and lateral growth of SiNWs, useful
for device integration. In addition, optical characterization
revealed that SiNW pattern arrays are quite transparent
in the long wavelength spectral region (700-800 nm)
with a transmittance of ~70-80%, whereas the transmittance
is significantly affected by the coverage of colloidal patterns
prepared for SiNW growth.
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