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S
ilicon nanowires (SiNWs) have at-
tracted much attention because of
their many unique properties and po-

tential applications as building blocks for
advanced electronic devices, biological sen-
sors, and optoelectronic devices, as well as
for renewable energy devices.1-6 For both
fundamental studies and practical applica-
tions of SiNWs, fabrication of ordered arrays
of SiNWs with precise control of the loca-
tion, diameter, length, and density will be of
great value. Moreover, it is of utmost im-
portance to synthesize SiNWs with con-
trolled crystal orientations and morpholo-
gies because of the close relation between
physicochemical properties of SiNWs and
their detailed crystal structures, as in many
nanostructured low-dimensional materials.
Among many fabrication methods, metal-
assisted chemical etching (MaCE) has re-
cently attracted considerable attention as
a promising alternative SiNW fabrication. In
this approach, noble metals (e.g., Ag, Au, Pt,
etc.) on a silicon substrate are used as
catalysts in the chemical etching of silicon
with an aqueous solution containing HF and
anoxidant (H2O2ormetal salts, suchasAgNO3,
KAuCl4, K2PtCl6, Fe(NO3)3, Mn(NO3)3).

2-4,6-16

It is generally accepted that a metal acts
as a microscopic cathode withdrawing
electrons from the underlying silicon (i.e.,
injection of positive holes (hþ) into silicon)
through metal-silicon quasi-Schottky inter-
face, and also as a catalyst for the decom-
position or reduction of the oxidants.11,12

As a result of the microscopic electrochemi-
cal process, the silicon that comes in direct
contact with a metal undergoes oxidative
dissolution in a solution containing HF,
maintaining a metal-silicon junction and
thus enabling continued movement of the
etching front (i.e., metal/silicon interface).
Several SiNW fabrication methods employ-
ing MaCE have been reported. One of the

most intensively utilized methods is wet
chemical etching of silicon substrates with
a catalyst consisting of interconnected net-
works of metal nanoparticles (NPs) that
can be deposited either by galvanic displa-
cement from a mixture solution containing
HF and metal salt or by sputter deposi-
tion.2,3,6-17 However, the resulting SiNWs
exhibit poor spatial ordering and broad
diameter distribution due to the random
two-dimensional (2D) networks of nonuni-
form metal nanoparticles (see Supporting
Information, Figure S1). On the other hand,
recent developments have shown that MaCE
utilizing metal thin film patterned on a
silicon substrate offers several distinct ad-
vantages over nanoparticle-based MaCE in
terms of control of the location, diameter,
spacing, and density of aligned SiNWs.18-23

Patterning of metal thin films with arrays of
nanoholes have been achieved by utilizing
polystyrene beads, block copolymers, or
ultrathin anodic aluminum oxide (AAO) as
patterning masks or by employing laser
interference lithography or focused ion
beam (FIB) technique.18-24 However, the
reported patterning methods involve com-
plicated processing steps, requiring multi-
ple processes (e.g., sputter deposition of SiO2,
resist removal, oxygen plasma treatment, and
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ABSTRACT Au/Ag bilayered metal mesh with arrays of nanoholes were devised as a catalyst for

metal-assisted chemical etching of silicon. The present metal catalyst allows us not only to overcome

drawbacks involved in conventional Ag-based etching processes, but also to fabricate extended

arrays of silicon nanowires (SiNWs) with controlled dimension and density. We demonstrate that

SiNWs with different morphologies and axial orientations can be prepared from silicon wafers of a

given orientation by controlling the etching conditions. We explored a phenomenological model that

explains the evolution of the morphology and axial crystal orientation of SiNWs within the

framework of the reaction kinetics.
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reactive ion etching (RIE)) as well as special techniques
for mask preparation. The surfaces of the fabricated
SiNWs are often contaminated with numerous metal
nanoparticles, which cause porosification of SiNWs due
to undesired chemical etching of the wire surface.19,20

Herein, we report a straightforward and readily acces-
sible method for synthesizing extended arrays of
SiNWs with controlled dimensions. Our approach is
based on MaCE of silicon wafers by using Au/Ag
bilayered metal meshes with arrays of nanoholes that
can conveniently be prepared from AAO membranes,
overcoming some of the drawbacks involved in con-
ventional MaCE processes using randomly distributed
Ag nanoparticles or patterned Ag films. We further
show that arrays of SiNWs with different axial orienta-
tions andmorphologies can be prepared from a silicon
wafer of a given orientation by changing the etching
parameters. We provide a phenomenological model
that explains the evolution of the morphology and
axial crystal orientation of SiNWs within the framework
of the reaction kinetics.

RESULTS AND DISCUSSION

Au/Ag Bilayered Metal Meshes for Controlled Fabrication of
SiNWs. Previously, silver has been popularly employed
as a catalyst material for the synthesis of SiNWs arrays
by MaCE of silicon because of its superior etching
performance over other metal catalysts (e.g., Au, Pt,
Cu, or Fe). However, our studies revealed that a silver
mesh with regular arrays of nanoholes undergoes
dissolution-induced structural failure during silicon
etching for an extended period of time or at an
elevated etching temperature, which prevents

preparation of uniformly aligned SiNWs with con-
trolled diameter and density (see Supporting Informa-
tion, Figure S2). The problem associated with
dissolution of silver metal catalyst becomes serious as
the thickness of the patterned silver film decreases.
This observation is somewhat in line with the recent
reports that silver can be anodically dissolved in an
etchant solution containing HF and H2O2 (Agþ/Ago,
1.72 V vs NHE at pH 0.3), giving rise to surface rough-
ening or porosification of the resulting SiNWs.6,13,25 In
fact, Huang et al. reported recently that short SiNWs
(aspect ratio = ca. 5) prepared by using a patterned thin
film of silver have tapered morphologies with different
diameters at the top and the bottompart duemainly to
the dissolution-induced gradual increase of the hole
sizes of silver film during etching even for a short
period of time (10-30 s).19,20 To overcome these
problems, we devised a new type of metal mesh with
a Au/Ag-stacking configuration, in which the Ag side
comes in contact with the polished surface of a silicon
wafer during MaCE reaction. Since Au is inert against
oxidative dissolution in a mixture solution of HF and
H2O2, the upper Au layer in our Au/Ag bilayered metal
mesh can effectively prevent not only undesired struc-
tural disintegration of the underlying Ag layer but also
tapering of SiNWs (vide infra), still acting as a catalyst
for H2O2 decomposition on its surface (i.e., H2O2þ 2Hþ

þ 2e- f 2H2O).
The experimental procedure employed in the pre-

sent work is schematically illustrated in Figure 1.
Fifteen nm-thick Ag and 5 nm-thick Au were sequen-
tially sputtered onto an AAO membrane at a deposi-
tion rate of 10 nm/min (Figure 1a). The Au/Ag-coated

Figure 1. Schematic of the SiNW fabrication process: (a) sequential sputter depositions of Ag and Au on the surface of AAO
membrane; (b) transfer of Au/Ag bilayeredmetal mesh onto a siliconwafer from the surface of etching solution after removal
of AAO membrane and also loosely bound metal nanoparticles from the bottom side of the metal mesh; (c) metal-assisted
chemical etching (MaCE) of (100)-oriented silicon wafer for the fabrications of SiNWs with controlled axial orientations and
morphologies; (d) a photograph of Au/Ag bilayered metal mesh on a Si(100) wafer.
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AAO membrane was floated on the surface of an
etching solution (0.1 M NaOH, room temp) to release
Au/Ag bilayered metal mesh from the oxide mem-
brane. The resulting metal mesh remained floating on
the surface of the aqueous etching solution and could
be easily transferred onto any substrates. The edges of
nanoholes at the bottom side of the metal mesh were
contaminated with loosely connected metal nanopar-
ticles, which were originated from themetal deposited
into the pore walls of oxide nanopores during the
sputter deposition process. It should be noted that
nanometer-sized metal particles participate in the
etching reaction during MaCE of a silicon substrate,
resulting in SiNWs with irregular surface etch profiles.
Therefore, it is recommended to remove the undesired
metal nanoparticles from the bottom side of a metal,
which can be achieved by floating the sample for
about 5 s on a diluted nitric acid solution (10 wt %
HNO3). After removal of metal nanoparticles, nitric acid
solution was replaced with deionizedwater, and finally
with a silicon etching solution. The resulting metal
mesh was transferred onto a silicon substrate (Figure 1b).
Subsequently, the sample was dried to remove the
residual amount of silicon etching solution from the
interface between the metal mesh and the underlying
silicon substrate. The silicon surface contacting with
metal was partially etched during the drying step.
Since a conformal contact between the metal mesh
and the underlying silicon surface was established
upon drying, the metal mesh was not separated from
the silicon surface even if the sample was exposed to a
strong stream of water or nitrogen jet. Fabrication of
arrays of SiNWs with controlled morphology and axial

orientation could be achieved by immersing metal
mesh-loaded silicon wafers (B-doped, resistivity =
1-10 Ωcm) into mixture solutions of HF (46 wt %),
H2O2 (35 wt %), and H2O at temperatures ranging from
20 to 70 �C in ambient light (Figure 1c). Our
process allowed us to obtain a wrinkle-free metal
mesh (diameter = ca. 4 cm) on a silicon wafer
(Figure 1d), and thus to prepare uniform arrays of
epitaxial SiNWs on the entire silicon surface covered
with metal mesh.

AAO membranes have been utilized as versatile tem-
plate materials for fabricating 2D extended arrays of
various functional nanostructures due to the unique
tailoring capability of the pore size, pore density, pore
shape (e.g., circular, square, or triangular pore openings),
as well as 2D arrangement of oxide nanopores.26-29 AAO
membranes with a uniform pore diameter in the rage of
20-400 nm and with a pore density in the range of
108-1010/cm2 can conveniently be prepared by anodic
oxidation of aluminum.27 Moreover, oxide nanopores of
an as-prepared AAO membrane can be enlarged in a
tightly controlled manner via a pore wall etching process
by using an H3PO4 solution.30 Figure 2 panels a and b
display representative scanning electron microscopy
(SEM) images of AAO membrane and Au/Ag bilayered
metal mesh prepared from it, respectively. The structure
of metal mesh is characterized by an ultrathin film
perforated by arrays of nanoholes, in which hole array
pattern, hole shape, and pitch distance are identical to
those of the AAO replication master. It was observed that
an averagenanohole size of an as-preparedmetalmesh is
slightly smaller than that of the pore openings of the AAO
membrane used for mesh replication. This can be

Figure 2. SEM micrographs of (a) AAO membrane and (b) Au/Ag bilayered metal mesh. (c) Typical plan-view SEM image of
extended arrays of vertically aligned SiNWs obtained by metal-assisted chemical etching (MaCE) of Si(100) wafers by using
Au/Ag bilayered metal mesh. (d,e) Cross-sectional SEM images of vertically etched Si(100) wafers, showing SiNWs with
different diameters; (d) 63.9 ( 9.2 and (e) 39.5 ( 4.2 nm. (f) A magnified cross-sectional SEM image of a vertically etched
Si(100) wafer taken near the etching front. (g) Histogram showing the diameter distribution of SiNWs shown in panel c,
together with a Gaussian fit (solid line) of the measured statistical data.
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attributed to the progressive decrease of the hole size of
metal mesh as a function of deposition time during the
metal sputtering process (i.e., the closure effect).31

Figure 2c-f show typical SEM micrographs of extended
arrays of vertically aligned SiNWs fabricated by MaCE of
(100)-oriented silicon wafers at room temperature by
using Au/Ag bilayered metallic meshes where panel c is
the top-view and panels d-f are the cross-section views.
Our microscopic investigation indicated that spatial ar-
rangements of nanowires follow exactly the hole array
pattern of metal mesh (Figure 2c). To get access to the
quantitative information on the size distribution of SiNWs,
we performed real-space image analysis on the SEM
micrograph shown in Figure 2cbyusing a standard image
processing package (e.g., ImageJ).32 According to statis-
tical analysis, the mean and standard deviation of the
nanowire diameters turned out to be 49.1 ( 5.1 nm
(Figure 2g). In the present study, we were able to achieve
fine control of the diameter of SiNWs without affecting
their separations (ca. 100 nm) by taking advantage of the
generic tailoring capability of the pore size of the AAO
membrane through the pore wall etching process, as
demonstrated in Figure 2d (diameter = 63.9 ( 9.2 nm)
and Figure 2e (diameter = 39.5 ( 4.2 nm). It should be
mentioned that our nanowire samples exhibit fairly uni-
form etching fronts (i.e., the interface between metal
mesh and the underlying silicon substrate), revealing
homogeneous metal-assisted etching of silicon without
structural failure of catalyst metal mesh (Figure 2d-f).
Moreover, individual nanowires have smooth surfaces

and uniform diameters along their axes without
showing tapered morphology, which can be ascribed to
the inert nature of the Au layer of our bilayered
metal mesh against anodic dissolution as discussed
earlier.

Etching Kinetics versus Axial Crystal Orientation and Morphol-
ogy of SiNWs. In MaCE of silicon wafers, the direction of
etching (i.e., the movement direction of catalyst metal)
determines the axial crystal orientation of the resulting
SiNWs. In the present work, we found that the etching
direction of silicon of a given crystal orientation can be
changed by altering etching conditions to yield arrays
of SiNWs with different axial orientations. As in the
electrochemical etching of silicon, etching direction in
MaCE has known to be mainly dependent on the
crystallographic orientation of starting silicon wafers with
preferred etching along the Æ100æ directions.12,33-35 On
the other hand, it was reported recently that etching
direction is mainly determined by the molar ratio of HF
to H2O2 (i.e., ε = [HF]/[H2O2]) irrespective of crystal
orientations of the starting silicon wafers.14,24 How-
ever, the results in literature are rather conflicting, and
the origin of different etching behaviors remains to be
further explored for controlled fabrication of aligned
SiNWs with defined axial orientations. We found that
the evolution of etching directions should be under-
stood in terms of reaction kinetics involved in MaCE of
silicon, rather than just simple considerations on the
concentration ratio (ε) of HF to H2O2, as we will discuss
in detail below.

Figure 3. The evolution of etching rate (nm/min), nanowire axial orientation (i.e., etching direction), andmorphology during
metal-assisted etching of Si(100) wafers in ternary mixtures of 46 wt % HF, 35 wt % H2O2, and H2O at room temperature. The
numbers on symbols are the measured etch rates in nm/min. Circle and cross symbols denote experimentally determined
axial orientations of SiNWs. Triangle symbols represent experimentally observed peeling-off of catalyst metal mesh from the
silicon surfaces. The phenomenon can be attributed to dominant formation of thick oxidized layer over removal of oxidized
silicon at lowHF and high H2O2 concentration.

37 The background areas coloredwith pale yellow, green, and purple represent
the projected etchant conditions, yielding solid nonporous SiNWs, porous SiNWs, and oxidized silicon surface without any
etched features due to peeling-off of metal mesh (see Figure S3d), respectively. The region enclosed by dashed line
corresponds to the etchant compositionwindow,where etching proceeds along slanted Æ110æ directions to yield [110] SiNWs.
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Figure 3 shows the evolution of etching rate
(in nm/min), etching direction (i.e., nanowire axial
orientation), and morphology (solid nonporous vs

porous) of SiNWs during MaCE of Si(100) wafers in
ternary mixtures of HF, H2O2, and H2O at room tem-
perature. Each red line in the present ternary diagram
represents the solution composition of the samemolar
ratio (ε) of HF to H2O2. Experimentally observed vertical
etchings and slanted ones are marked with circle and
cross symbols, respectively. The numbers on symbols
are the measured etch rates in nm/min. The vertical
etchings are defined as the movement of the etching
front perpendicular to the wafer surface, resulting in
[100] SiNWs. On the other hand, the slanted etchings
are defined as those proceeding in inclined directions
(tilted by 45�) with respect to the surface normal,
resulting in [110] SiNWs. Under our experimental con-
ditions, we could not observe etching along the Æ111æ
directions that are tilted by 35.3� from the wafer sur-
face (i.e., (100) plane). Representative electron micro-
graphs of SiNWs obtained from a vertical Æ100æ etching
and a slanted Æ110æ one are shown in Figure 4. Contrary
to the recent reports,14,24 one may see from Figure 3
that there is no correlation between the etching

direction and the concentration ratio (ε) of HF to
H2O2, although the latter appears to affect the mor-
phology of the resulting SiNWs (i.e., solid nonporous
SiNWs at ε g 1.15 and porous SiNWs at 0.3 < ε e 1.15;
see Figure S3 for morphologies of silicon nanostruc-
tures formed at ε < 1.15). It turned out that etchings
along slanted Æ110æ directions occur within a narrow
window of solution composition, giving high
etching rates (the region enclosed by dashed line in
Figure 3). It appears that etching direction is mainly
dictated by the etching rate, that is, etching occurs
along vertical Æ100æ directions at low etching rates,
while occurring along slanted Æ110æ directions at high
etching rates.

In MaCE of silicon, the movement of the etching
front (i.e., metal/silicon interface) is a net consequence
of the following two competing events; injection of a
positive hole (hþ) into bulk silicon through the metal-
silicon quasi-Schottky interface (a process accompany-
ing partial oxidation of silicon) and removal of oxidized
silicon by HF from just underneath the catalyst metal.
Therefore, the overall etching rate would be governed
by the interplay between these two processes. Since
the generation of holes (hþ) is related to the catalytic
decomposition of H2O2 at the interface between the
bulk electrolyte and the catalyst metal surface, the
amount of holes (hþ) injected into silicon is propor-
tional to the H2O2 concentration or its decomposition
activity which increases with temperature (vide infra).
On the other hand, removal of oxidized silicon by HF is
associated with the cleavage of its back bonds,36 of
which effective number density in different crystal
planes increases with the order {100} < {110} <

Figure 4. Representative cross-sectional SEM micrographs
of SiNWs formed by (a) vertical and (b) slanted etching of
Si(100) wafers. (c,d) High-resolution transmission micro-
scopy (HRTEM) images of SiNWs taken from the samples
shown in panels a and b, respectively. The corresponding
fast Fourier transform (FFT) patterns of HRTEM images in
panels c and d are displayed below the respective panels,
from which the directions of etching were confirmed to be
Æ100æ and Æ110æ for the samples shown in panels a and b,
respectively. Note that, in a Si(100) wafer, fracture occurs
preferentially along Æ110æ directions.41 Accordingly, viewed
from [110] axis, SiNWs formedby [101] etching appear to be
tiled by 54.7� with respect to the wafer surface (although
they are actually tiled by 45�), as denoted by the dashed
arrow in panel b.

Figure 5. Arrhenius plots showing the temperature de-
pendence of the etching rates (ln(rate) vs 1/T) for metal-
assisted etching of (100)-oriented silicon wafers by using
etchant solutions with different compositions, in which the
concentration of H2O2 was varied in the range 0.242-1.057M
by controlling the amount of water, while themolar ratio of
HF to H2O2 was fixed to ε = 22.931. Blue symbols represent
experimentallymeasured rates of etching along the vertical
Æ100æ direction, while red ones represent rates of etching
along the slanted Æ110æ directions. The solid lines represent
the best fits to the experimental data.

A
RTIC

LE



KIM ET AL. VOL. 5 ’ NO. 4 ’ 3222–3229 ’ 2011

www.acsnano.org

3227

{111} (see Supporting Information, Table S1). Under
solution conditions ensuring ready removal of oxidized
silicon (i.e., etching solutions with high [HF]), catalytic
decomposition of H2O2 would become the rate deter-
mining process. In other words, the etching rate is
proportional to the amount of positive holes (hþ)
injected into silicon (i.e., reaction rate � [H2O2]), and
the following etching behaviors will operate: At low
H2O2 concentration, hole (hþ) injection into silicon
atoms will be localized at the (100) plane, where there
are the fewest silicon back bonds to break, resulting in
etching along the Æ100æ direction. As the concentration
of H2O2 increases sufficiently and thereby the amount
of the generated holes (hþ) exceeds a certain thresh-
old, removal of silicon atoms would occur with great
rapidity in the crystal planes, where there are more
silicon back bonds to polarize, resulting in Æ110æ and
even possibly Æ111æ etchings. Analogously, the follow-
ing etching behaviors will operate for the solution
conditions ensuring a large generation of positive
holes (hþ) (i.e., etching solutions with high [H2O2]), in
which removal of oxidized silicon byHF governs overall
etching reaction (i.e., reaction rate � [HF]) and also
etching direction: At low HF concentration, removal of
oxidized silicon will take place slowly in the least
compact (100) plane due to limited amount of HF. In
the mean time, an extra amount of injected holes (hþ)
can readily diffuse away from the etching front to
lattice defects and dopant sites (pore nucleation sites)
on the surface of the already formed SiNWs,3,11,37-39

resulting in porous [100] SiNWs. At high HF concentra-
tion, on the other hand, removal of oxidized silicon
would be kinetically favored in the crystal planes with a
higher density of silicon back bonds, resulting in etch-
ings along non-Æ100æ directions. Porous nanowire
morphology may emerge, if there are extra holes (hþ)
that are not consumed completely at the etching front.
In other words, both high H2O2 concentration for large
generation of positive holes (hþ) and low HF concen-
tration for limited removal of oxidized silicon are
the necessary condition for porous nanowire
formation (i.e., etching solutions with low [HF]/[H2O2]
ratio, ε).

Etching Directions versus Activation Energies. The present
kinetic relevance of the etching directions could be
corroborated by demonstrating that MaCE of Si(100)
wafers with etching solutions of a fixed [HF]/[H2O2]
ratio (ε = 22.931) can result in switching of the
etching direction from vertical Æ100æ at room tem-
perature to slanted Æ110æ at elevated temperature.
Since decomposition activity of H2O2 on the surface
of catalyst metal increases with temperature,40 hole
(hþ) injection into silicon can be promoted at an
elevated temperature. Correspondingly, tempera-
ture positively correlates with the etching rate, pro-
vided that HF is readily available (i.e., high [HF]).
Figure 5 shows the temperature dependence of the

etching rates (i.e., Arrhenius plots; ln(R) = ln(A) -
Ea/(kBT), where R is the etching rate, A is the pre-
exponential (frequency) factor, Ea is the activation
energy for etching, and kB is the Boltzmann constant-
). Etched in solutions with [H2O2] e 0.485 M, etching
proceeded always along the vertical Æ100æ direction
even though the temperature was varied from 20 to
70 �C. In contrast, for etchant solutions with [H2O2]g
0.727 M, switching of the etching direction from
vertical Æ100æ to slanted Æ110æ took place at an
elevated temperature. Upon closer examination of
the present kinetic plots, one may see that the
switching temperature decreases with increase in
H2O2 concentration, and switching of the etching
direction is accompanied by changes of the slopes.
According to our analysis, averaged activation en-
ergy for Æ110æ etching turned out to be higher than
that for Æ100æ etching; EaÆ110æ = 0.57 ( 0.03 eV and
Ea

Æ100æ = 0.35 ( 0.05 eV. The activation energy for
etching corresponds to the energy barrier for displa-
cing a silicon atom from its site. We attribute the
observed higher activation energy for Æ110æ etching
to higher density of silicon back bonds in (110) plane
compared to the (100) one. On the other hand, the
observed H2O2 concentration dependence of the
switching temperature strongly implies that there
is a threshold amount of the positive holes (hþ).
Above the threshold, weakening of silicon back
bonds in the (110) planemay occur effectively. Below
the threshold, however, hole injection will be limited
to the silicon atoms in the (100) plane resulting in
etching along the Æ100æ direction, even if the etching
rate is high enough due to increased reaction tem-
perature. We propose here that etching along the
non-Æ100æ directions occurs only if the etching con-
dition can guarantee both the generation of a large
amount of positive holes (hþ) and the fast removal of
oxidized silicon by HF (i.e., a condition satisfying fast
etching reaction). Although we mainly discussed
the evolution of the morphology and axial orienta-
tion of SiNWs during MaCE of Si(100) wafers, our
preliminary results indicate that the arguments
made above can be generally applied to non-(100)-
oriented Si wafers.

CONCLUSION

We developed Au/Ag bilayered metal meshes with
regular hexagonal arrays of nanoholes as a catalyst for
wet-chemical etching of silicon. The newly developed
etching catalyst allows us not only to overcome draw-
backs involved in conventional Ag-based silicon etch-
ing processes, but also to fabricate arrays of uniform
silicon nanowires. We demonstrated that SiNWs with
different axial orientations and morphologies can be
prepared from a silicon wafer of a given orientation by
deliberately controlling the etching conditions. Our
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results revealed that reaction kinetics has profound
implication for the evolution of morphology and axial

orientation of SiNWs during metal-assisted chemical
etching of silicon.

METHODS
Membrane Preparation. Free-standing self-ordered nanopor-

ous anodic aluminum oxide (AAO) membrane was prepared by
anodization of aluminum as follow: As-received aluminum discs
(Goodfellow, 99.999%) were used in anodization experiments
without the annealing step. On the other hand, the aluminum
discs were electrochemically polished in an 1:4 mixture solution
of 65% HClO4 and 99.5% ethanol (5 �C) in order to exclude, if
any, potential side effects (e.g., localized field concentration)
that could arise from the surface roughness during anodization.
A surface finished aluminum disk was placed in an electroche-
mical cell with an O-ring, so that one side of metal could be
anodized. Anodization was conducted under a regulated cell
voltage of 40 V using 0.3 M H2C2O4 (5 �C) as an electrolyte for
15 h. Anodization of aluminum in the presentworkwas performed
by using an electrochemical cell equipped with a cooling stage
that is in thermal contact with the aluminum substrate to
remove the reaction heat.26 After anodization, the remaining
Al substratewas selectively removedby using amixture solution
containing 3.4 g CuCl2 3 2H2O, 50 mL of 38 wt % HCl, and 100 mL
of DI water. The bottom surface of AAO that originally came in
contact with the aluminum substrate is sealed by a ca. 46 nm-
thick barrier oxide layer. This barrier oxide layer was removed by
exposing the bottom surface of AAO to 5 wt % H3PO4 (30 �C) for
30 min to obtain a through-channel membrane.

Pretreatment of Si Wafers. A set amount of (100)-oriented p-Si
wafers (B-doped, F = 1-10Ωcm) were cleaned by using either a
RCA solution (NH3 3H2O/H2O2/H2O, v/v/v = 1/1/5) or a Piranha
solution (98% H2SO4/30% H2O2, v/v = 4/1) and then thoroughly
rinsed by copious amounts of deionized (DI) water prior to use.

Microscopic Characterization. A Hitachi S-4800 field emission
scanning electron microscope (FE-SEM) was employed for the
morphological characterization of the samples. The samples
were mechanically cleaved for the cross-sectional SEM investi-
gations. The crystallographic orientation of the SiNWs were
investigated by a transmission electron microscope (TEM, Tec-
nai F30, FEI, USA) operated at a primary beam energy of 300 kV.
To prepare specimens for TEM investigation, the surface of an
etched Si substrate was scraped using a razor blade, and SiNWs
in the scrapings were collected and dispersed in absolute
ethanol. A drop of the resulting suspension solution was placed
on a carbon-coated Cu grid.
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