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’ INTRODUCTION

Since the vapor�liquid�solid (VLS) mechanism was pro-
posed in 1964 as an explanation for silicon (Si) whisker forma-
tion, the growth of one-dimensional (1D) Si nanowires (SiNWs)
has been extensively investigated.1�4 Their unique electrical,
optical, and mechanical properties, which are superior to their
bulk counterparts, allow the use of 1D SiNWs as versatile
building blocks for electronic and photonic devices, solar cells,
and anodes for electrochemical energy storage applications.5�11

Recently, particular attention has been paid to the enhancement
of photoabsorption in SiNW solar cells by exploiting photon
trapping and suppression of light reflection in three-dimensional
arrays of 1D nanostructures.12�17 Compared with conventional
antireflection coatings that can only operate at specific wave-
lengths and incident angles, vertical arrays of SiNWs can offer
opportunities to suppress surface reflection over a wide range of
incident light wavelengths and angles. Specifically, cone-shaped
SiNWs are of particular interest because their unique geometry is
more suitable than cylindrical shaped SiNWs to achieve optimal
photoabsorption. In these structures, a gradual change in the
effective refractive index (n) from the refractive index of air
(n = 1) to crystalline Si (n= 4.1) enables incident light to transmit
the boundary between air and Si without considerable reflective
losses.18,19

One approach to achieve 1D nanostructure arrays utilizes
reactive ion etching of a planar wafer where a monolayer of micro-
or nanospheres is generally used as an etching mask. In this
approach, undercutting can be intentionally adopted to form
tapered sidewalls with sharp tips through control of the etching
conditions.18,20�22On the other hand,metal nanocluster-catalyzed
chemical vapor deposition (CVD) has been developed to grow

vertical arrays of various NWs.1�3,17,23�25 Inspired by the fact that
tapered nanowires (NWs) can be grown by radial overcoating at
the sidewalls, the use of specific growth conditions can enable the
direct growth of cone-shaped nanostructures. However, in these
approaches, the radial growth generally yields amorphous and/or
polycrystalline shell layers. In addition, control of the NW
morphology is achieved only by managing global conditions such
as temperature and vapor partial pressures, where site-specific
control of these variables is often limited.25�30 Furthermore, in
addition to shape, other parameters such as the dimensions,
density, and physical properties of NWs are very sensitive to the
growth conditions. Therefore, in practice, precise control of each
parameter without affecting the others is extremely challenging.

Here, we propose a new approach to control the shape of
SiNWs by adjusting the surface of Si substrates. By using an
appropriate chemical treatment, substrate surfaces can be con-
trolled to be either atomically flat or nanoscale-faceted and rough.
These surface structures may play an important role in nanoscale
diffusion, which resulted in two distinctly different NWmorphol-
ogies under the same growth conditions. Furthermore, through
experimental and electromagnetic (EM) modeling results, the
shape-controlled 1D nanostructures demonstrated an outstand-
ing antireflection effect over a broad range of wavelengths.

’EXPERIMENTAL SECTION

A metal nanocluster-catalyzed VLS method was used to grow single
crystal SiNWs by using 20 nm diameter gold nanoparticles or ∼10 nm
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thick films deposited on Æ111æ silicon substrates. Basically, the SiNW
growth was performed by following the same procedures described in
previous papers except for the substrate treatment step using chemical
acids.1�5,25�29 First, precut Si Æ111æ substrates were sequentially cleaned
ultrasonically in acetone, ethanol, and deionized (DI) water and then
dried by N2 blowing. Immediately after cleaning, the substrate surfaces
were chemically etched by immersing into two types of solutions: 10%
hydrofluoric (HF) acid, and a 4:1 (v:v) mixture of 49% HF and 97%
sulfuric (H2SO4) acids. To obtain a net positively charged surface, the
substrate was then immersed into a solution of poly-L-lysine (Sigma
Aldrich), followed by deposition of gold nanoparticles (Sigma Aldrich,
diluted to∼2� 1011 particles/ml) and rinsing withDI water. The SiNW
growth was carried out in a low pressure horizontal CVD system by
using silane (SiH4) as precursor. After placing the wafer in a quartz tube
reactor, the reactor was evacuated to below 10�3 Torr, heated to
700�750 �C, and then maintained at that temperature for 10 min. After
reaching the desired temperature, SiNW growth was performed for
0.5�2 h under SiH4 and H2 flows at a pressure of 5�10 Torr. As-grown
SiNWs were examined by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) to investigate their morphol-
ogy, lengths, diameters, and crystallinity.
Reflectance of bare Si substrate and cone-shaped SiNWs was inves-

tigated by using an ultraviolet�visible�near infrared (UV�vis�NIR)
spectrophotometer (Varian Cary 5000, Agilent) with reflectance acces-
sory at 1 nm intervals in the wavelength range 300�800 nm. For the
absolute values of reflectance, the measured spectra were normalized by
Al mirror reference spectrum. To better understand the morphology

dependent optical characteristics of the SiNWs, finite difference time-
domain (FDTD) simulations were performed by using Lumerical FDTD
solutions (version 7.0). In these simulations, the normalized reflection
and transmission powers were calculated for a normally incident plane
wave onto bare Si substrate and cone- and cylindrical- shaped SiNWs
with center-to-center distance of 1.5 μm.

’RESULTS AND DISCUSSION

Figures 1a and b show SEM images of as-synthesized cone-
shaped SiNWs (hereafter referred to as “Si nanocones”) on Si
substrates chemically etched with a mixture of HF and H2SO4

acids. The diameter of the nanocones gradually increased from
top to bottom, which is distinctly different from the cylindrical
shaped NWs, which have straight sidewalls and almost uniform
diameters of∼100�200 nm from the top to bottom (Figure 1c).
While the diameter of the Si nanocone tips is comparable to that
of the Au nanoclusters (100�200 nm) remaining at their ends,
the bottom diameter depends on the growth time with an average
base diameter of ∼1.5 μm for 30 min-grown, 15-μm-long Si
nanocones.

To demonstrate site-specific control of the NW morphology,
local chemical etching of the Si substrate surface was achieved by
using a photolithographically defined passivation layer. Figure 2a
schematically illustrates the simultaneous site- and shape-selec-
tive growth of NW arrays under the same growth conditions.
While a cylindrical shaped SiNW array was achieved on the HF-
treated region (Figure 2c), an array consisting of a nanocone
bundle was formed on the region that was chemically etched by
the HF andH2SO4mixture (Figure 2b). This result clearly shows
that the morphology of the 1D Si nanostructures can be
selectively tuned by the use of a site-specific surface treatment
strategy.

Further structural characterization of the Si nanocones was
performed by TEM. The low magnification TEM image reveals
that the Si nanocones have a high-aspect ratio and sharp tips with
a cone angle below 5� (Figure 3a). A single crystal structure was
also confirmed by the highly ordered lattice images in the high
resolution TEM images (Figures 3b and c). The spacing of
0.314 nm between the lattice fringes corresponds to the d-spacing
of the Si (111) planes, which indicates that Si nanocones grow
along the [111] direction. In addition, this atomic configuration

Figure 1. SEM images of vertically aligned SiNWs with different
morphologies: (a, b) cone-shaped and (c) cylindrical-shaped SiNWs.

Figure 2. (a) Schematic illustrating the site- and shape-selective growth
of SiNW arrays. SEM images of (b) a nanocone bundle and (c) cylindrical
shaped SiNW arrays grown simultaneously.
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continues from the bottom to top, from the center to the edge of
the surface with no distinct defect or boundary.

In our case, the substrate surface treatment plays an important
role in determining the NW morphology. To understand the
underlying mechanism, the surface properties with the different
chemical treatments were investigated. We first measured the
wetting ability of the Si substrate surfaces by using the static
sessile drop method. On the hydrophilic surface treated by HF
and H2SO4, water droplets had a contact angle of ∼30�. On the
other hand, the substrate treated with HF had a much larger
contact angle of ∼83� (Figures 4a and b). The static contact
angle (θ) results from the equilibrium interfacial energies, where
mechanical equilibrium among three interfacial tensions yields
Young’s equation,31,32

ðγSV � γSLÞ 3 r ¼ γLV 3 cos θ ð1Þ

where γSV, γSL, and γLV are surface tensions at the solid�vapor,
solid�liquid, and liquid�vapor interfaces, respectively. The
surface roughness factor, r, is defined as the ratio of the area of
the actual surface to that of a smooth surface with the same
geometric dimensions. On the basis of this equation, the different
wettabilities of the Si surfaces depending on the chemical treat-
ment could be understood. The r value increased by a factor of 7
after surface treatment by the mixture of HF and H2SO4,
corresponding to the increased surface roughness. The atomic
force microscopy (AFM) images of the Si surfaces are also
consistentwith these results. The formation of a corrugated surface
after treatment by the HF and H2SO4 mixture is obviously
observed in the topographic image and line profile (Figure 4c and

red line in Figure 4e), which is distinct from the HF-treated, flat
surface (Figure 4d and blue line in Figure 4e).

In 1D nanostructure growth, there are two competing pro-
cesses that can determine the shape of the nanostructures: axial
growth governed by a metal nanocluster-catalyzed VLS mechan-
ism and radial expansion driven by a vapor-solid (VS) process.
The VLS process prevailing over the VS process results in the
formation of NWs with a uniform diameter, while the VS-driven
radial process accompanying axial VLS growth yields nanocone
structures with a certain cone angle determined by the dom-
inance of VS over VLS.25,27,30,33 Taking the change of morphol-
ogy of the NWs grown under the same conditions into account, it
is deduced that the VS process is strongly related to the surface
properties. In particular, the formation of nanocones on the
corrugated surface suggests that the degree of surface roughness
enhanced the diffusion of adatoms at the nanostructured surface,
thereby promoted the VS process. Here, the diffusion of adatoms
at the nanoscale surface would be affected by the size and shape
of the surface structures,34 where the temperature dependence of
the diffusion coefficient, Dadatom, is governed by35

Dadatom ¼ D0 3 e
ð�Q adatom

RT Þ ð2Þ
where D0 is a temperature-independent pre-exponential factor,
Qadatom is the activation energy for surface diffusion, R is the ideal
gas constant, and T is the absolute temperature. Qadatom, the
activation energy for surface diffusion, is determined by

Qadatom ¼ Cadatom 3Tm ð3Þ
where Cadatom is the coefficient for surface diffusion and Tm is the
melting temperature at the nanoscale. On the logarithmic scale,
Dadatom is inversely proportional toTm. Taking the size and shape

Figure 4. Photo images of static sessile water droplets on Si substrates
treated with (a) a mixture of HF and H2SO4 acids, and (b) HF acid.
AFM topography images of the Si substrates treated with (c) amixture of
HF and H2SO4 acids, and (d) HF acid. (e) AFM line profiles of the
corresponding red and blue lines in (c) and (d), respectively.

Figure 3. (a) Low-magnification TEM image of a Si nanocone. (b, c)
High-resolution TEM images of different parts of the Si nanocone. In the
inset, two-dimensional Fourier transforms of the lattice images depicting
the [211] zone axis the lattice fringes reveal that the NWs grew along the
Æ111æ orientation.
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effects on themelting point at the nanoscale into account leads to
the following thermodynamic expression,34,36�38

Tm ¼ T0 1� γLV � γSV
ΔH0

� �
A
V

� �
ð4Þ

where T0 and ΔH0 are the melting temperature and the melting
enthalpy of the bulk material, respectively, and A/V is the surface
to volume ratio. In this equation, it is important to note that as
the size decreases or the surface gets rougher, the surface to
volume ratio, A/V, increases and thus, causes a decrease of Tm, as
compared to its bulk counterpart. By combining eqs 2�4, it can
be deduced that the enlarged surface area of the corrugated
surface would decrease Tm and, as a result, the adatom diffusion
becomes faster, which eventually stimulates the VS process to
promote nanocone growth.

Figure 5a shows a photograph of a bare Si Æ111æ substrate and
nanocone arrays under white light illumination, which clearly
reveals their different light reflection characteristics. Because of
the high refractive index of crystalline Si, the flat Si substrate is
mirror-like and highly reflective. On the other hand, the Si
nanocone array is extremely dark colored, which demonstrates
that these nanostructures effectively suppress the reflection of
light in the visible spectral range. The measurement results of the
optical reflection spectra correspond with this phenomenon
(Figure 5b). The average reflection value of the nanocone
array in the range of 300�800 nm is∼2.4%, which is significantly
lower than that of the native Si substrate (∼47%) and com-
parable to those of cone- or needle-shaped 1D nanostructures
(hydrogenated amorphous Si nanocone array ∼7%, Ge nano-
needles below 1%).17,18 To better understand the antireflection
effect of the nanocone array, FDTD analysis was carried out on
the flat Si surface and a periodic array of nanocones with a height
of 15 μm and a cone angle of 5�. The simulation results (red and
blue circles in Figure 5b) agree well with the experimental
reflectance spectra (red and blue lines). The average simulated

reflectance values for the substrate and nanocone array are 44%
and 2.7%, respectively. In addition, to reveal the propagation
behavior of incident light in the nanocone array, the distribution
of the electric field intensity for 800 nm wavelength EM waves is
shown in Figure 5c. Because of the optical absorption of
nanocone, the electric field intensity of the EM waves gradually
decreased along the surface of the nanocones and most of the
electric intensity disappeared at the bottom region of the nano-
cones. Our calculations revealed that only 1.2% of the initial light
can escape from the Si nanocones. Considering that the intensity
of incident light must equal the sum of the reflected, transmitted,
and absorbed light, it was deduced that the Si nanocones absorbed
over 96% of light in the visible spectral range.

We also investigated the nanostructure morphology depen-
dence on the optical characteristics. The cylindrical shaped NWs
with diameters of 200 and 1000 nm were considered as repre-
sentative components of the arrays while the interwire distance
and length were kept the same as those of the nanocone array.
The calculated results show that cylindrical NW arrays exhibited
average reflection values of 22% for 200 nm diameter NWs and
29% for 1000 nm diameter NWs (green and black circles in
Figure 5b), which is 1 order of magnitude higher than that of the
nanocones. Moreover, the optical absorption of the cylindrical
NW arrays was calculated to be in the range of 49�64%.
Therefore, we can conclude that the nanocone array exhibited
a drastic improvement in the optical absorption characteristics
compared to cylindrical NWs.

’CONCLUSIONS

In conclusion, a new approach for controlled synthesis of
vertical SiNWs with a tunable morphology was demonstrated by
exploiting the surface diffusion of adatoms depending on the
surface nanostructure. Specifically, the radial expansion driven by
the VS process with enhanced surface diffusion on the corrugated
surface accompanying axial VLS growth yielded nanocone
structures. The dependence of the NW shape on the surface
properties was further exploited to achieve site-specific growth of
NW arrays with two distinctly different NW shapes by the use
of a local surface treatment strategy. We also demonstrated that
the Si nanocone array exhibited significantly improved antire-
flection characteristics compared to the cylindrical shaped NW
array, leading to an optical absorption of 96% for incident light
over a broad range of wavelengths. Although this study was
restricted to the growth of SiNWs, the synthetic mechanism
which exploits nanoscale surface diffusion may be readily ex-
panded to control the shape and size of many other semicon-
ductor nanostructures.
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Figure 5. (a) Photographs of a bare Si substrate (left) and nanocone
arrays (right) under white light illumination. (b) Experimental (lines)
and simulated (circles) reflectance spectra of a Si substrate (red), Si
nanocones (blue), and Si nanocylinders (the black and green circles
correspond to diameters of 200 and 1000 nm, respectively). Inset,
reflectance spectra of Si nanocones plotted in log scale. (c) Simulated
electric field distribution for 800 nmwav elength propagating light in a Si
nanocone.
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