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Ws) have attracted considerable re-

search interests due to their intriguing
chemical, optoelectronic, and mechanical
properties as well as technical compatibility
with the industrial integrated circuit tech-
nologies. Development of simple and ro-
bust synthetic methods to control the axial
crystal orientation and morphology of
SiNWs will provide researchers a solid plat-
form for thoroughly understanding physi-
cochemical properties of nanowires and
thus for exploring various state-of-the-art
applications of them.'® To date, various
synthetic methods have been developed
for SiNWs with uniform dimensions, mor-
phologies, and crystal orientations. These
include supercritical fluid-phase approach,
vapor—liquid—solid (VLS) growth, reactive
ion etching (RIE), metal-assisted chemical
etching, etc.** "7 Despite large synthetic
advances in the past decade, enormous
challenges remain to achieve fine control
over the axial orientation and morphology
in the fabrication of SiNWs. Herein, we
report the synthesis of extended arrays of
curved SiNWs with ribbon-like cross sec-
tions by metal-assisted chemical etching
of (100)-oriented silicon substrates at room
temperature. The key of our synthetic pro-
tocol is to employ patterned thin gold films
with arrays of nanoholes as silicon etching
catalyst and to induce abrupt local changes
of the reactant concentrations near the
reaction interface during chemical etching
of silicon in aqueous mixture solutions of HF
and H,0,. We first show that structurally
well-defined zigzag SiNWs with ribbon-like
cross sections can be prepared by imposing
vertical gradient of etchant concentrations
during chemical etching. Enabled by our
synthetic protocol, we then demonstrate
fabrication of ultrathin straight [111] SiNWs
with a uniform ribbon-like structure and

S ingle-crystalline silicon nanowires (SiN-
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ABSTRACT A generic process for the preparation of curved silicon nanowires (SiNWs) with
ribbon-like cross sections was developed. The present synthetic approach is based on chemical
etching of (100)-oriented silicon wafers in mixture solutions of HF and H,0, by using patterned thin
gold films as catalyst and provides a unique opportunity for the fabrication of extended arrays of
zigzag SiNWs, ultrathin straight [111] SiNWs, and curved SiNWs with controlled turning angles. On
the basis of our experiments performed under various etching conditions, the factors governing the
axial crystal orientation and morphology of SiNWs were systematically analyzed. We proposed a
model that explains the formation of the present novel silicon nanostructures during chemical

etching of silicon.

KEYWORDS: curved Si nanowires - Si nanoribbons - metal-assisted chemical etching -
gold mesh - anodic aluminum oxide (AAO)

curved SiNWs with controlled turning an-
gles for the first time. On the basis of our
experimental results obtained from various
etching conditions, we provide a model that
explains the formations of the present novel
silicon nanostructures.

To date, several SiNW fabrication meth-
ods based on metal-assisted chemical etch-
ing have been reported. One of the most
intensively utilized methods is wet chemical
etching of silicon substrates with a catalyst
consisting of interconnected networks of
metal nanoparticles (NPs) (e.g, AgNPs,
AuNPs, PtNPs, etc.) that can be deposited
either by galvanic displacement from a
mixture solution containing HF and metal
salt or by sputter deposition.* %9182
However, the resulting SiINWs exhibit poor
spatial ordering and broad diameter distri-
bution due to the random networks of
metal NPs with irregular shapes. As an ex-
ample, recently, Chen et al. reported fabri-
cation of SiNWs with various turning angles
by chemical etching of (111)-oriented Si
substrates in aqueous solutions composed
of HF and AgNOs (an oxidant) at elevated
temperatures (T = 45—75 °C), in which
AgNPs formed by galvanic displacement
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reaction act as etching catalyst.?? The resulting zigzag
SiNWs are characterized by irregular surface etch
profiles, broad size distributions, and also poor 2D
spatial ordering on the starting Si(111) wafer due to
random downward movements of individual AgNPs
along (100) and other crystallographic directions in the
Si(111) wafer.?? In order to overcome these problems,
in the present study, we employed thin gold mesh with
ordered arrays of nanoholes, which could conveniently
be replicated from porous anodic aluminum oxide
(AAO) (see the Methods). Utilization of patterned metal
films as etching catalyst offers several distinct advan-
tages over conventional nanoparticle-based wet etch-
ing processes in terms of control of diameter, location,
and spacing of the resulting SINWs.2>~2”

RESULTS AND DISCUSSION

Curved SiNWs and Straight SiNWs with Ribbon-like Cross
Sections. We obtained vertically aligned zigzag SiNWs
by two consecutive chemical etchings of Si(100) sub-
strates (B-doped, resistivity = 1—10 Q2cm) using etch-
ant solutions with different molar ratios of HF to H,0,
(e = [HF]/[H,0,]) at room temperature under an un-
stirred solution condition (Figure 1a). The first-step
etching was conducted by immersing a gold mesh-
loaded Si(100) substrate into an etchant composed of
2.424 M HF and 10.572 M H,0, (¢ = 0.229) for 10 min,
followed by dipping into 46 wt % HF solution for 10 s.
Etching of silicon under the first-step condition oc-
curred very slowly and resulted in a thin layer of
spaghetti-like porous silicon nanostructures covering
continuously the entire mesh surface (see Supporting
Information, Figures S1 and S2). This thin porous silicon
layer plays an important role for the formation of
zigzag SiNWs during the subsequent second-step
etching process regulating diffusion of the reactants
from the bulk reservoir to the reaction interface, which
will be discussed in detail below. The second-step
chemical etching was carried out by immersing the
resulting sample into an etchant solution composed of
24.242 M HF and 1.057 M H,0, (¢ = 22.935) for a desired
period of time. The nanowire part formed during the
second-step etching exhibited zigzag structures
(Figure 1c). However, the second-step etching con-
ducted under solution stirring conditions yielded ver-
tically aligned straight [100] SiNWs. In addition, direct
chemical etching at room temperature without per-
forming the first etching process produced always
straight [100] SiNWs, irrespective of the ratio ¢ =
[HF1/[H,0,] of the etchant. Our study indicated that
the etchant composition (g) influences only on the
morphology (porous vs nonporous) of the resulting
SiNWs without affecting their axial orientations (i.e., the
etching directions); vertically aligned nonporous [100]
SiNWs could be obtained at ¢ > 1.2 (Figure S3 in
Supporting Information), while porous [100] SiNWs or
a continuous thin layer of porous silicon could be
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thin porous
silicon layer
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Figure 1. (a) Schematic illustration showing fabrication of
zigzag SiNWs; (i) the first-step and (ii) second-step chemical
etching. (b) Typical SEM micrograph of gold mesh prepared
from anodic aluminum oxide (AAO). (c) Cross-sectional SEM
image of Si(100) substrate after the second-step chemical
etching, showing vertically aligned zigzag SiNWs.

obtained at € < 1.2 (Figure S4). On the other hand,
etching temperature (7T) turned out to affect the etch-
ing direction, yielding tilt-aligned utrathin SiINWs with a
uniform ribbon-like structure at a temperature higher
than 60 °C (vide infra).

Figure 2a shows stitched transmission electron
microscopy (TEM) images of a typical SINW with a
zigzag nanostructure, in which nanowire parts formed
during the early, middle, and last stage of the second-
step chemical etching are marked with I, Il, and IIl,
respectively. From high-resolution TEM analysis on the
respective nanowire parts (Figure 2b—d), we found the
following three structural features: (i) Nanowire has
initially a straight [100] orientation down to several
micrometers from the original wafer surface and
changes shapes into a zigzag structure, in which the
wire axial orientations of straight arm parts alternate
between two specific crystallographic directions on
the same lattice plane. (i) The turning angle (0) defined
by two alternating straight arms decreases with etch-
ing time at the early stage of zigzag motions but
stabilizes to an almost steady-state value (ie., 70.5°
formed by two crossing (111) directions) at the later
stage. (iii) The latitudinal amplitude of spontaneous
zigzag motions increases with the etching time. These
three structural features were commonly observed
from all of our zigzag nanowire samples.

Upon closer microscopic examination, we found
that zigzag SiNWs have a unique two-dimensional (2D)
geometry. They were observed to have uniform thick-
ness (corresponding to the hole diameter (d) of gold
mesh) along the directions perpendicular to the 2D
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Zone axis: [110]

Zone axis: [110]

Figure 2. (a) Stitched TEM micrographs of a single SiINW obtained by metal-assisted chemical etching of Si(100) substrate, in
which TEM images of the nanowire parts formed during the early, middle, and last stage of the second-step chemical etching
are marked by |, II, and IlI, respectively. (b—d) Representative high-resolution TEM images obtained from the nanowire parts
corresponding to |, Il, and llI, respectively. Fast Fourier transform (FFT) patterns of the TEM images shown in b—d are displayed

on the right of the respective panels.

zigzag plane (see Figure 3a and its inset). On the other
hand, the thickness of nanowires at the turning points
(wq) and straight arm parts (w,) turned out to be
different with w; > wy, as indicated by the white arrows
in Figure 3b. In other words, our zigzag SiNWs have a
flattened elliptical shape in cross section with a ribbon-
like structure. Such geometric features of zigzag nano-
wires are thought to be the result of uniform down-
ward movements of 2D metal mesh along two
alternate crystallographic directions with turning an-
gles (0) and cannot be expected from metal-assisted
chemical etching of silicon utilizing randomly depos-
ited metal NPs as catalyst. The geometric evolution of
the present zigzag nanowires can be reasonably un-
derstood by simple consideration on the movement
tracts of gold mesh with an ideal geometry. According
to our calculation, as the turning angle (0) decreases,
wire thicknesses (w; and w,) decrease systematically,
and correspondingly the eccentricities (e; and ey, a
measure of departure of the wire cross section from
circularity; see Figure S5 in Supporting Information) of
elliptical wire cross sections increase (Figure 3¢,d). The
calculation predicted further that straight sub-10 nm
thick SiNWs can be obtained by (111) etching of a
Si(100) substrate using a catalyst gold mesh with a
thickness (t) of 25 nm and a diameter (d) of 50 nm. In
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fact, as shown in Figure 4, we were able to demonstrate
successful preparation of ca. 13 nm thick straight [111]
SiNWs with a uniform ribbon-like structure by conduct-
ing wet chemical etching of Si(100) wafers at elevated
temperatures (T > 60 °C), the condition under which
etching proceeds along the (111) direction due to the
enhanced injection of positive holes (h™) into silicon,
which will be discussed in detail below. The present
experimental results suggest that one may conveni-
ently prepare ultrathin silicon nanoribbons with well-
defined thickness and width by employing 2D metal
meshes with arrays of elongated nanoholes.

Factors Affecting the Axial Crystal Orientation and Morphol-
ogy of SiNWs. The formation of the present silicon
nanostructures can be explained by the etching me-
chanism in consideration of the microscopic electro-
chemical events during chemical etching of silicon. For
chemical etching of a p-type silicon in a solution
containing HF and H,0,, the cathodic current density
(j) can be described by the following equation:?®~3°

j = —zekcnscoxexp(— E,/ksT) (1)

where z is the number of electrons transferred during
the reaction, e is the charge of an electron, k. is the rate
constant, ny is the electron density, cox is the H,0,
concentration, E, is the activation energy for the
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Figure 3. (a) Representative SEM image of zigzag SiNW arrays, together with a magnified SEM image of the area marked with
a white rectangle as top right inset. (b) SEM image of a single zigzag SiNW, showing different wire thicknesses at the turning
point (w,) and straight arm part (w;). (c) Schematic cross section of the etching front, together with the parameters defining
the geometry of gold mesh and SiNWs; t = the thickness of gold mesh (25 nm), d = the hole diameter of gold mesh (55 nm), 6 = the
turning angle formed by switching of the movement tract of gold mesh (dashed arrows), y = t/2tan(6/2), w; =d — y, and w, =
(d — 2y)w,sin(6/2). (d) Graph showing the evolution of the nanowire thickness (w,,) and the eccentricity (e,, a measure of
departure of the wire cross-section from circularity; 0 < e,, < 1) of elliptical wire cross section as a function of the turning angle
(0); e, =11 — (W, /d)y21"?, with n =1, 2. The vertical dashed lines represent the angles formed by direction vectors designated on
the top axis of the graph. The nanowire cross sections at the turning point and straight arm part are schematically shown on

the respective dashed lines.

Figure 4. (a) SEM micrograph of [111] SiNWs with ribbon-
like nanostructure formed by chemical etching of Si(100)
substrate in an etchant solution with ¢ = [HF]/[H,0,] =
22.935 at 60 °C. (b) HRTEM image of a SiNW taken from the
sample shown in panel a together with corresponding fast
Fourier transform (FFT) pattern as an inset.

cathodic reaction, kg is the Boltzmann constant, and T
is the absolute temperature. In metal-assisted chemical
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etching of silicon, a metal acts as a microscopic cath-
ode withdrawing electrons from the underlying silicon
(i.e., injection of positive holes (h™) into valence band
of silicon) through the metal—silicon electrical junction
and also as a catalyst for the reduction of the oxidant
(i.e., H,0, + 2HT + 2~ — 2H,0) lowering the activa-
tion energy E, in eq 1.7"32 As a consequence of this
microscopic redox process, silicon contacting with a
metal undergoes local oxidative dissolution in a solu-
tion containing HF (i.e, Si + h'yg + 6F — SiFg> +
3e ), maintaining a metal—silicon junction and thus
enabling continued movement of the etching front
(i.e., metal/silicon interface). In other words, the move-
ment of the etching front is a result of the interplay
between the oxidation of silicon via the injection of
positive holes (h™) and the removal of oxidized silicon
atoms by HF through cleavage of their back bonds.?’”
Since generation of holes (h™) is positively correlated
with the catalytic decomposition of H,O, on the metal
surface, the amount of holes (h™) that can be injected
into silicon would increase with H,O, concentration
(cox) OF temperature (7) (i.e., [h] o< cathodic current (j)).
Accordingly, for an etchant solution composed of low
relative H,0, concentration (e.g., € > 1.2), generation of
positive hole (h™) at low temperature will be limited,
and thus hole (h ™) injection into silicon will be localized
at the least compact (100) plane with the fewest silicon
back bonds to break, resulting in etching along the
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Figure 5. (a) TEM image of porosity modulated SiNWs formed by the second-step chemical etching in an etchant with ¢ =
2.293; SiNWs found to be easily broken at the porous segments, which are indicated by the black arrows. (b) TEM image
obtained from porous region of SiNWs (the area marked by a black rectangle in panel a). (c,d) Optical microscopy images of a
bundle of porosity modulated SiNWs on a Cu grid, in which porous segments are indicated by white arrows; (c) bright-field
and (d) fluorescence image (excitation: a 100 W Hg lamp with a 330—385 nm band-pass filter). (e) Cross-section SEM image of
Si(100) substrate etched in sequence at room temperature by using two separate etchant solutions with ¢; =22.935and ¢, =

2.293, showing curved SiNWs with controlled turning angles.

(100) direction (see Figure S3 in Supporting Informa-
tion). At high temperature, on the other hand, the amount
of the generated holes (h™) is expected to be increased
due to the enhanced catalytic decomposition of H,0, and
also to the thermally activated carrier (h™) injection.27'33 In
this case, silicon atoms of more compact crystal planes
with higher density of silicon back bonds become labile to
the oxidation, resulting in etching along non-(100) direc-
tions, as shown in Figure 4. For etchant solutions with
high relative H,0, concentration (e.g., € < 1.2), genera-
tion of positive holes (h™) is favored. However, removal
of oxidized silicon will take place very slowly in the least
compact (100) plane because HF is not readily available.
In this case, an extra amount of holes (h™) that are not
consumed by oxidative dissolution of silicon can readily
diffuse away from the etching front to the lattice defects
and dopant sites (pore nucleation sites) on the surface
of the already formed SiNWs,>?24%"34736 yagylting in
vertically aligned porous [100] SINWs (Figure S4) or even
spaghetti-like porous silicon nanostructures as observed
from the sample formed by the first-step chemical
etching (Figures S1 and S2).

Origin of Spontaneous Formation of Zigzag SiNWs. We
believe that diffusion-controlled chemical etching of
silicon is mainly responsible for the formation of zigzag
SiNWs during the second-step chemical etching. The
continuous thin layer of porous silicon formed on the
entire mesh surface by the first-step etching plays a key
role not only for imposing vertical gradients of etchant
concentrations but also for regulating diffusion of the
reactants from the bulk reservoir to the reaction inter-
face. As discussed above, the amount of holes (h™)
injected into silicon is proportional to the cathodic
current (j), which is associated with catalytic decom-
position of H,0, at the metal surface. Under an un-
stirred solution condition with a large excess of HF, the
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following consecutive events could take place at the
etching front. Chemical etching will quickly deplete H,0,
near the etching front, accompanying a sharp increase in
cathodic current (j), and establishes a large concentration
gradient of H,0, along the direction perpendicular to the
reaction interface. Depletion of H,0, (i.e, decrease in ¢oy in
eq 1) at the etching front will in turn result in retardation of
etching reaction and thus to a decrease in cathodic current
(j). At this stage, a new cycle will begin by the influx of H,0,
due to the vertical diffusion of the etchant. Iteration of the
cycle corresponds to the periodic oscillations of cathodic
current (j) during the second-step chemical etching. We
think that a consequence of periodic oscillations of catho-
dic current (j) is switching of the etching directions, that is,
etchings along the vertical (100) direction at low j and the
slanted non-(100) directions at high j. In each diffusion
cycle, the concentration difference of H,O, between the
bulk etchant reservoir and the etching front will be
proportional to the diffusion length of the etchant, that
is, the etching time. Correspondingly, oscillating catho-
dic current (j) may be a sinusoidal function of time, of
which amplitude increases with time at the early stage
of etching, but stabilizes to a certain value at the later
stage. This would explain the observed evolutions of
both the latitudinal zigzag amplitude and the turning
angle (0) in zigzag SiNWs as a function of etching time
(Figure 2a).

The present diffusion-controlled periodic local var-
iations of etchant concentrations near the etching
front could be supported by our control etching
experiments performed at room temperature by using
etchant solutions composed of low relative HF con-
centration (e.g., ¢ = 2.293—4.586). The second-step
chemical etchings of Si(100) substrates did not yield
zigzag SiNWs but produced porosity modulated straight
[100] SiNWs, in which optically active porous nanowire
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segments are sandwiched between two nonporous seg-
ments (Figure 5a—d).? For the solution conditions em-
ployed, one may expect that HF, rather than H,O,, can
completely be depleted by etching reaction, resulting in
porosification of SINWs due to the available holes (h™),
provided that fresh reactants are not replenished from the
bulk reservoir to the reaction interface. Accordingly, for-
mation of porosity modulated SiNWSs in our control
experiments undoubtedly manifests diffusion-controlled
oscillations of the reactant concentrations at the reaction
interface during our second-step chemical etching pro-
cess. Our experiments further reveal that switching of the
etching direction at room temperature can be triggered by
abrupt local change of H,0, concentration at the reaction
interface. In fact, we could demonstrate fabrication of
curved SiNWSs with controlled turning angles by chemical
etching of Si(100) in sequence by using two separate
etchant solutions of different [HF]/[H,0] ratios (e.g., &, =
22935 and &, = 2.293) (see Figure 5e).

CONCLUSION

In summary, we have shown that chemical etching
of Si(100) substrate utilizing a patterned thin film of

METHODS

Pretreatment of Si Wafers. The (100)-oriented p-Si wafers (B-
doped, p = 1-10 Qcm) were cleaned by using either an RCA
solution (NH3+-H,0/H,0,/H,0, v/v/v = 1/1/5) or a Piranha solu-
tion (98% H,504/30% H,0,, v/v = 4/1) and then thoroughly
rinsed by copious amounts of deionized (DI) water prior to use.

Preparation of Porous Anodic Alumina. Self-ordered nanoporous
Al,O3 membranes were prepared by anodization of surface
finished aluminum. In brief, aluminum sheets (Goodfellow,
99.999%, typical diameter = 2 cm) were anodized under a
regulated cell voltage of 40 V using 0.3 M H,(,0, as an
electrolyte for 24 h by using an electrochemical cell equipped
with a cooling stage that is in thermal contact with the
aluminum substrate to remove the reaction heat.>” After ano-
dization, the aluminum substrate was removed by using an
aqueous mixture solution containing 3.4 g of CuCl,-2H,0,
50 mL of 38 wt % HCI, and 100 mL of DI water. Subsequently,
the barrier oxide layer at the bottom of the pores was removed
by using 5 wt % H3PO,4 (32 °C). The membranes used for the
present study had nominal pore diameters of 55 nm and
contained 1 x 10'° pores per cm? of membrane surface area.

Fabrication of Au Mesh. Fabrication of gold mesh was accom-
plished by modifying the method reported previously (see
Figure S6 in Supporting Information).2”~® In brief, a 25 nm thick
Au film was deposited onto the bottom surface of the AAO
membrane in a sputter coater (208HR, Cressington, U.K),
equipped with a high-resolution thickness monitor (MTM-20,
Cressington, U.K.). Deposition of metal was carried out with a
rotating sample stage (rpm = 100) that was oriented at a
glancing angle of ca. 10° with respect to the sputter source in
order to minimize the deposition of metal on the pore wall
surface of AAO. The resulting Au-coated AAO membrane was
floated on the surface of 1 M NaOH solution to remove the oxide
membrane. After that, solution neutralization was carried out by
replacing the oxide etching solution with DI water. A 25 nm
thick Au mesh (typical diameter = 1.6 cm) remained floating on
the surface of aqueous solution and could be conveniently
transferred onto substrates of choice without any structural
disintegrations. The structure of Au mesh is characterized by a
hexagonal arrangement of nanoholes, of which pitch distance
corresponds to the interpore distance (D;,; = 100 nm) of the
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gold as catalyst can be successfully implemented to
fabricate extended arrays of silicon nanowires (SiNWs)
with controlled axial orientations and morphologies,
demonstrating fabrication of structurally well-defined
zigzag SiNWs, ultrathin straight [111] SiNWs, and
curved SiNWs with controlled turning angles. From
our systematic experiments performed under various
etching conditions, we found that the axial crystal
orientation and morphology of SiNWs are dictated by
delicate interplay between the injection of positive
holes (h™) into the valence band of silicon, which is
associated with the catalytic reduction of H,0, on the
gold surface, and removal of oxidized silicon by HF. In
addition, we also found that abrupt local change of
reactant concentrations at the reaction interface may
trigger switching of etching direction even at room
temperature. We provided a phenomenological model
that may explain the formation of the present silicon
nanostructures. Our results are expected not only to
provide a viable mechanistic insight into metal-as-
sisted chemical etching of silicon but also to pave the
way for controlled synthesis of SiNWs for advanced
applications.

AAO membrane. On the other hand, the edges of nanoholes at
the bottom side of the metal mesh are contaminated with
loosely connected gold particles, which are originated from the
metal deposited into the pore walls of oxide nanopores during
the sputter deposition process. Since individual gold nanopar-
ticles can also participate in the silicon etching reaction result-
ing in irregular etched profiles, we removed them from the
bottom side of the gold mesh by floating the free-standing gold
mesh on the surface of a diluted aqua regia solution for 10 s.
After solution neutralization with DI water, the resulting gold
mesh was transferred onto the polished surface of silicon
substrate. Subsequently, the sample was dried in air to remove
the residual amount of water from the interface between the
metal mesh and the underlying silicon substrate.

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. Optical microscopy investigation of
porosity modulated barcode-type nanowires was performed by
using an Olympus BX 51 inverted microscope equipped with a
bright-field reflectance filter set using a 150 oil immersion lens
(NA=1.3). A 100 W Hg lamp with a 330—380 nm band-pass filter
was used for excitation.
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Supporting Information Available: Schematic experimental

procedure for the preparation of patterned gold film with
ordered arrays of nanoholes, electron micrographs of vertically
aligned [100] SiNWs, porous [100] SiNWs, representative SEM
micrographs showing a thin layer of porous silicon nanostruc-
ture formed by the first-step chemical etching, and mathema-
tical derivation of the eccentricity (e). This material is available
free of charge via the Internet at http://pubs.acs.org.
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