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Assisted by noble metal particles, non-(100) Si substrates were etched in solutions with different oxidant
concentrations at different temperatures. The etching directions of (110) and (111) Si substrates are found to
be influenced by the concentration of oxidant in etching solutions. In solutions with low oxidant concentration,
the etching proceeds along the crystallographically preferred 〈100〉 directions, whereas the etching occurs
along the vertical direction relative to the surface of the substrate in solutions with high oxidant concentration.
These phenomena are found for both n- and p-type substrates as well as in experiments with different oxidants.
The experiments on metal-assisted chemical etching are complemented by additional experiments on metal-
assisted electrochemical etching of (111) Si substrates with different current densities. As a function of current
density, a change of etching directions is observed. This shows that the change of the etching directions is
mainly driven by the oxidation rate. On the basis of these phenomena, we have demonstrated fabrication of
Si nanopores with modulated orientations by periodically etching a (111) substrate in solutions of low and
high oxidant concentrations.

Introduction

Nanostructures of silicon (Si), which is the most important
material in semiconductor industry, have attracted increasing
attention over the past decade. Applications of Si nanostructures
are not limited to field-effect transistors1,2 but include solar
cells3–5 and renewable energy devices6 as well as sensors.7,8 As
in the case of other nanomaterials or nanostructures, the
properties of Si nanostructures are determined by their sizes,9

morphologies,10 crystallographic orientations,11,12 and alignment
directions relative to the substrate used.5 Therefore, controllable
fabrication is essential for most applications of Si nanostructures.

Among many fabrication methods, metal-assisted chemical
etching has gained importance as a low-cost and versatile
method for fabricating Si and SiGe nanostructures,13–16 enabling
easy control of position, diameter, and length17,18 and partially
also of the orientation direction of the Si and SiGe nanostruc-
tures.5,14,19–23 In metal-assisted chemical etching, noble metal
particles or films with pores are used to catalyze the etching of
a Si substrate in a HF solution containing an oxidant. The Si
substrate below the noble metal particles or the film is etched
much faster than the Si substrate without noble metal coverage.
Consequently, by control of the morphology of the deposited
noble metal, the resulting morphology of Si nanostructures can
be controlled. Various Si nanostructures such as nanowires,17,18

nanofins,24 and nanopores25 have been successfully fabricated
with controllable diameters and lengths.

However, a simple approach to control the direction of Si
nanostructures fabricated by metal-assisted chemical etching is
yet to be developed because metal-assisted chemical etching is
influenced by the crystallographic orientation of the Si substrate,
similar to what happens in the electrochemical etching of Si26

(e.g., etching prefers to proceed along 〈100〉 directions in metal-
assisted chemical etching, even if (110), (111), or (113)
substrates are used19–21). The etching behavior of (111) substrates
remains confusing because in literature preferred etching direc-
tions along 〈100〉 or [111] have been published.5,14,20,21 A
systematic study of the etching behavior of (111) substrates has
not been performed so far.

In this article, we demonstrate that the concentration of the
oxidant is an important factor affecting the etching direction of
non-(100) substrates (i.e., (111) and (110) substrates). We will
first present the etching directions of the (111) substrate in
solutions with different oxidant concentrations, which will help
us to explain the confusing and partially contradictory results
in literature and then show the influence of the oxidant
concentration on the etching direction of (110) substrate, which
has not been reported in the literature so far. In etching solutions
with low oxidant concentrations, the usual crystallographically
preferred 〈100〉 etching directions prevail, and the etching
proceeds in inclined directions with respect to the surface
normal, whereas the etching mostly occurs along the surface
normal if the concentration of oxidant is sufficiently high.
Instead of changing the chemical oxidant concentration to
influence the etching direction, the electrochemical etching
allows a direct control of the dissolution speed of Si by changing
the current density. On the basis of these findings, we can control
the etching directions during the etching and are able to fabricate
orientation-modulated Si pores.
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Experimental Methods

The Si substrates used this study, which were p-type (111)
Si (F: 1-10 Ω · cm), n-type (111) Si (F: 1-10 Ω · cm), and
p-type (110) Si (F: 1-10 Ω · cm), were obtained from Silicon
Materials (Landsberg am Lech, Germany). Prior to etching, the
substrates were cut into 5 × 5 mm2 pieces. The Si pieces were
cleaned by an RCA cleaning procedure (NH3 ·H2O/H2O2/H2O
1/1/5 v/v/v, 80 °C, 1 h) and then rinsed with copious amounts
of deionized water.

Silver was used to catalyze etching in our experiments. The
silver particles were deposited onto the Si substrates by
electroless plating. The plating solution was a mixture of
aqueous solution of silver nitrate and hydrofluoric acid ([AgNO3]
) 2 mM, [HF] ) 4.6 mM). The cleaned Si substrates were
immersed in the plating solution for 30 s at room temperature
with room light illumination. The silver-loaded substrates were
rinsed by deionized water and then etched with etching solutions
with different concentrations of H2O2 in the dark. After the
etching, the substrates were rinsed by deionized water and dried
on a 100 °C hot plate under an ambient atmosphere.

Six chemical etching solutions were used in our experiments,
which were solution I ([H2O2] ) 100 mM, [HF] ) 4.6 M),
solution II ([H2O2] ) 20 mM, [HF] ) 4.6 M), and solution III
([H2O2] ) 2 mM, [HF] ) 4.6 M) for the etching of the (111)
substrates and solution A ([H2O2] ) 400 mM, [HF] ) 4.6 M),
solution B ([H2O2] ) 1 M, [HF] ) 4.6 M), and solution C
([H2O2] ) 2 M, [HF] ) 4.6 M) for the (110) substrates. The
etching experiments were conducted at different temperatures,
which were 4 °C in a refrigerator, room temperature
(ca. 20 °C) under an ambient atmosphere, and 30 and 45 °C in
water baths. Before etching, the etching solutions were stored
under the desired conditions for >6 h to stabilize the temperature
of the solutions.

The electrochemical etching was performed in a Teflon cell
at room temperature. A solution of 3.6 wt % HF in water was
used. The electrical current was regulated by the power supply
to obtain galvanostatic conditions. The plating recipe for the
Ag particles was the same as that for the chemical etching.

Scanning electron microscope (SEM, JSM-6701F, JEOL) and
transmission electron microscope (TEM, JEM4010F, JEOL)
were employed to investigate the morphologies of samples. For
cross-sectional view SEM images, samples were cleaved along
〈112〉 edges, exposing {111} surfaces. Cross-sectional TEM
samples were fabricated by focused ion beam (FIB, Nova Lab
600, FEI) mining. In the FIB mining, the samples were cut
parallel to the cleaved edge. A layer of SiO2 was deposited to
fill the pores or the interstice between Si nanowires; then, a Pt
layer with thickness of 2 µm was deposited to protect the sample
during the mining.

Results and Discussion

Silver deposited on (111) silicon substrates via electroless
plating resulted in isolated silver particles on the substrate
(Figure 1a); then, the silver-loaded substrates were etched in
mixed solutions of HF and H2O2. The etching proceeded along
different directions depending on the concentrations of H2O2

in the etching solutions. The etching showed three typical
behaviors, as presented in Figure 1b-d. Cross-sectional view
and plan view SEM images of a sample etched in a solution
with high H2O2 concentration (solution I, [H2O2] ) 100 mM)
(Figure 1b) suggest that etching occurred along the vertical
direction of the substrate, which was a [111] direction, leaving
behind vertically aligned Si nanopores or nanowires. When the
concentration of H2O2 was decreased to 20 mM (solution II),
the etching began to occur in inclined directions, with the angle
relative to the substrate normal ∼23°, as shown by the

Figure 1. Plan view SEM image of (a) silver particles loaded p-type (111) substrate and cross-sectional view SEM images of samples etched in
(b) solution I (high [H2O2]), (c) solution II (medium [H2O2]), and (d) solution III (low [H2O2]). Plan view SEM image of sample etched in solution
I (inset of b).
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corresponding cross-sectional view SEM image (Figure 1c).
With concentration of H2O2 lowered to 2 mM (solution III),
the tilt away from the substrate normal increased to ∼50° (Figure
1d), suggesting a [100] etching direction.27 (Also see Figure
S1 in the Supporting Information.) This H2O2-concentration-
related etching occurs not only in p-type Si substrates but also
in n-type substrates (Figure S2 in Supporting Information). For
samples etched in solutions with different concentrations of
Fe(NO3)3, which is another frequently used oxidant in metal-
assisted chemical etching, the etching directions of (111)
substrates also depend on the concentration of Fe(NO3)3 (Figure
S3 in Supporting Information). These observations suggest that
the concentration of the oxidant is an important factor affecting
etching directions of (111) substrates.

To investigate the origin of different etching directions in
different solutions, etching experiments were carried out in
different solutions at different temperatures. Figure 2 shows
representative results of a series of experiments. Etched with
solution III, etching always proceeded in inclined directions,
even though the temperature of the etching solutions was varied
from 4 to 45 °C. In contrast, etching in solution I varied its
directions with temperature. All samples were etched for the
same time (10 min) in solution I. At 4 °C and room temperature,
the etching occurred along the vertical direction. However, the
etching switched its direction from the surface normal to an
inclined direction in samples etched at 30 and 45 °C.

Etching rates are different at different temperatures. The
higher the temperature is, the faster the etching occurs. After
10 min of etching in solution I, the pores proceed vertically
into the substrate for ∼2.5 µm at 4 °C (Figure 2a), 3.5 µm at
room temperature (Figure 1b), 5 µm at 30 °C (Figure 2b), and
10 µm at 45 °C (Figure 2c), respectively. It is worth noting
that the switch of etching direction in samples etched at 30 and
45 °C occurs nearly 4 to 5 µm vertically away from the surface
of the substrates, which is larger than the etching depth of
samples etched at 4 °C and room temperature. It implies that if
the etching at 4 °C and room temperature occurred for longer
times, then a switch of etching direction would also occur at
these two temperatures.

To verify this assumption, the substrates were etched in
solution I at room temperature for 4-24 min. As expected, a
switch of etching direction occurred when the etching depth
was larger than ca. 4 µm (Figure 3). The cross-sectional SEM
images of samples etched for different times show that the
etching direction varies gradually from vertical direction to
inclined directions and finally maintains one of the 〈100〉
directions.

The vertical distances of switch points to the surface of the
substrates are similar for samples etched with the same solution
at different temperatures, suggesting that the change in etching
directions could be ascribed to a solution effect. When etching
proceeds to the same depth, the consumption of HF and H2O2

should be similar. This solution-dependent etching can be
confirmed by etching the substrate in sequence in different
solutions. If the concentration of H2O2 in the etching solution
was reduced by varying the etching solution from solution I to
solution III, then the switch of etching direction occurred at a
depth of ∼200 nm (Figure 4a), which was smaller than the
switching depths shown in Figure 3. When etching solution was
varied from solution III to solution I, etching switched from
inclined 〈100〉 directions to the vertical [111] direction (Figure
4b). Accordingly, by periodically varying etching solutions, the
etching direction could be periodically switched, resulting in
orientation-modulated pores (Figure 4c,d).

Although it has been found that the morphologies of silver
particles can affect etching directions28 and the morphologies
of silver particles might change during etching because of slight
dissolution of silver in an oxidative solution,27,29 etching along
different directions in solutions with different oxidant concentra-
tions cannot be ascribed to the morphological variations of the
silver particles. This assumption can be confirmed by the
fabrication of orientation-modulated structures presented in
Figure 4c,d. If the morphologies of the silver particles varied
and led to a switch of the etching direction from [111] in solution
I to [100] in solution III, then the morphologies of the silver
particles could not be recovered when etching solutions were
changed from solution III to solution I. A switch of the etching
direction from [100] to [111] cannot be expected because the

Figure 2. Cross-sectional view SEM images of p-type (111) Si substrates etched in solution I for 10 min at (a) 4, (b) 30, and (c) 45 °C and in
solution III for 20 min at (d) 4, (e) 30, and (f) 45 °C, respectively.
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dissolution of silver in the oxidative solution is an irreversible
process, especially because the sample was washed with copious
amounts of water after each etching step.

It has been found that the surface morphology of etched
structures is affected by the concentration of the etching solution
in metal-assisted chemical etching.25 In solutions with very high
HF and H2O2 concentrations, walls of etched pores were rough
and a layer of porous Si is formed on the walls of the pores.25

However, the concentrations of HF and H2O2 in all solutions
we used are much smaller than those reported in ref 25, and no
porous layer is found on the walls of the etched structures
(Figure 4). To get insight into the morphology of the etching
front and the interface between silver particles and Si, we carried
out high-resolution TEM (HRTEM) investigations. Figure 5
shows a low-magnification TEM image and a HRTEM image
of a pore proceeding along [111] direction. The crystalline Si

Figure 3. Cross-sectional view SEM images of p-type (111) Si substrate etched in solution I at room temperature for (a) 4, (b) 8, (c) 12, (d) 16,
(e) 20, and (f) 24 min.

Figure 4. Cross-sectional view SEM images of p-type (111) Si substrates etched at 4 °C for (a) 1 min in solution I and then 10 min in solution
III and (b) for 10 min in solution III and 1 min in solution I, (c) for three periods of the sequence (1 min in solution I and then 10 min in solution
III), and (d) for three periods of the sequence (10 min in solution III and 1 min in solution I).
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lattice pattern at the etching front is clearly shown (Figure 5b),
in which the bright contrast at the etching front might be
attributed to a thinner Si in this region or to the existence of an
amorphous oxide in this region. The HRTEM image confirms
that the etching front is solid and not porous. Therefore, the
interface morphology at the etching front should not be a major
factor that induces the vertical [111] etching in our experiments.

Similar phenomena occur in metal-assisted chemical etching
of (110) substrates in solution with different oxidant concentra-
tions. In solutions with low H2O2 concentrations, the etching
proceeds along a [100] direction (Figure 6a, see also ref 22).
When the concentration of H2O2 is sufficiently high, the etching
occurs in the [110] direction, leading to vertically etched
structures (Figure 6b). Moreover, a switch of etching direction
is also found in the etching of the (110) substrate, provided
that the etching time is sufficiently long. Figure 6c shows an
example that in the same etching solution the etching occurs
first in vertical [110] direction and then proceeds along inclined
〈100〉 directions. Therefore, our results imply that the influence
of oxidant concentration on the etching direction might be a
general phenomenon that happens in non-(100) substrates. Our
finding offers an alternative approach to control the etching
direction in non-(100) Si substrates via choosing a proper
solution, besides control via the lateral size of the metal film
used.22

The effect of changing etching direction as a function of
oxidant concentration is observed for two different oxidants and
Si substrates with two different orientations. This leads to the
assumption that this observation is a general behavior of the
etching of Si. To verify this assumption, we performed the
metal-assisted electrochemical etching of Si (111) substrate with
different current densities. With low current density, the etching
occurs in inclined directions (Figure 7a,b), whereas the etching
occurs in the vertical [111] direction with high current density
(Figure 7c,d). The results clearly show that the change of the
etching direction is mainly influenced by the oxidation rate.
Rapid oxidation leads to etching perpendicular to the surface,
whereas slow oxidation results in etching along 〈100〉 directions.

Independent of the details of the experiments in all three
cases, the dissolution of Si requires an electron transfer. The Si
in the bulk is electrically neutral, and by removing electrons it
can be changed into an ionic state. The positive Si ion cannot
be dissolved directly in water. The formation of a negatively
charged complex containing fluorine ions or OH- ions is
necessary. In all three cases, the noble metal increases locally
the reaction rate. During chemical etching, the walls of the
already etched structures are only slowly etched, and a high
aspect ratio can be obtained. A similar shape is observed after
metal-assisted electrochemical etching. Noble metals (e.g., Ag30

and Au31) are very well-known for their catalytic effect on the

Figure 5. (a) Low-magnification cross-sectional TEM image of p-type (111) Si substrate etched along the [111] direction. (a) The solid white
arrow indicates a silver particle at the etching front, the solid black arrow indicates the etching direction, and the broken black arrow indicates the
direction of the surface normal. Insert shows a fast Fourier transform (FFT) of the TEM image of Si substrate. (b) High-resolution TEM image
showing details of Si/Ag interface enclosed by white rectangle in part a. The black lines show the projections of (111) and (1j11) planes of Si along
the direction of electron beam, respectively.

Figure 6. Cross-sectional SEM images of (110) substrates etched at room temperature in (a) solution A for 3 min, (b) solution B for 1 min, and
(c) solution C for 3 min.
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reduction of H2O2. In this experiment, the Si atoms need to be
removed from the covalent bonds to the Si crystal and change
their oxidation state to produce the complex ions. Therefore, in
principle, the effect of the metal can be either to break the
covalent bonds or to assist the electron transfer.

The change of the etching direction might be understood by
a combination of the surface state of Si in different solutions
(or current densities) and the back-bond strength,32 which is
used to explain direction dependence of chemical and electro-
chemical reactions on Si surfaces.20,33,34 Because of the lattice
structure of Si crystals, atoms on {100} planes have two back
bonds to the underneath atoms, whereas atoms on {111} planes
have three back bonds. Therefore, the atoms on {100} planes
are easier to dissolve compared with the atoms on {111} planes,
and the substrate is preferentially etched in 〈100〉 directions.

The concentration of H2O2 and current density affects the
surface state of Si in metal-assisted chemical etching and metal-
assisted electrochemical etching, respectively. It has been
proposed by analogy to the anodic electrochemical etching of
Si35,36 that there are two competing dissolution processes of Si
in the metal-assisted chemical etching. The first one is direct
dissolution in the divalent state (Model I, as eq 1),37,38 and the
second one is Si oxide formation, followed by the dissolution
of oxide (Model II, as eq 2 and 3).14,20,38–42

If the concentration of H2O2 or the current density is low,
then the etching is limited by the transfer of electrons, and the
dissolution of Si proceeds in a way described by Model I.
Consequently, the etching direction of Si should be discussed
by considering back-bond strength. As a result, the 〈100〉 etching
directions prevail in non-(100) substrate. In contrast, Model II
prevails if the concentration of H2O2 is sufficiently high in metal-
assisted chemical etching or current density is sufficiently high
in metal-assisted electrochemical etching so that Si oxide is
formed at the etching front because the rate of Si oxide dissolved
by HF is slower than the formation rate of Si oxide. In this
specific case that the etching front is completely covered by
the Si oxide, the etching of Si proceeds through the dissolution
of the Si oxide layer by HF at the etching front, which is a
well-known isotropic process.26 Both reactions are locally
accelerated by the catalytic effect of the noble metal particles.
During the etching of Si in HF solution, hole injection from
oxidant to Si is essential for the oxidation of Si and either
dissolution or formation of Si oxide. The noble metal (e.g., Ag30

and Au31) could catalyze the reduction of H2O2, so that the
reduction of H2O2 is much faster on the surface of the noble
metal than on bare Si surface without metal coverage. Accord-
ingly, more holes will be injected into Si through the noble
metal/Si interface than through the bare Si surface; therefore,
Si oxide prefers to form locally at the noble metal/Si interface.
Consequently, oxidation and etching of Si occur preferentially

Figure 7. (a) Cross-sectional view and (b) plan view SEM images of Ag-particles-loaded p-type Si (111) substrate etched electrochemically with
current density J ) 0.2 mA/cm2 (etching time: 90 min). (c) Cross-sectional view and (d) plan view SEM images of Ag-particles-loaded p-type Si
(111) substrate etched electrochemically with current density J ) 4 mA/cm2 (etching time: 4 min).

Si + 4HF2
- f SiF6

2- + 2HF + H2 + 2e- (1)

Si + 2H2O f SiO2 + 4H+ + 4e- (2)

SiO2 + 6HF f H2SiF6 + 2H2O (3)
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at the noble metal/Si interface, and the etching of Si below noble
metal proceeds much faster than the etching of bare Si and the
wall of already etched structures. Therefore, even if the
dissolution of Si oxide by HF is isotropic, the etching appears
more like anisotropic, along the vertical direction, because of
the catalytic effect of the noble metal.

Influence of surface state on the back-bond strength is also
found in the alkaline solution etching of Si, where surface
termination varies from Si-H to Si-OH in the presence of an
oxidizing agent, and Si-OH bonds enable weakening of Si back
bonds and reduce anisotropy.43 Therefore, in metal-assisted
chemical/electrochemical etching, even if the concentration of
H2O2 or current density is not high enough to form a continuous
Si oxide but remains sufficiently high to form Si-OH surface
bonds, the back-bond strength can be weakened, and the etching
deviates from the crystallographically preferred 〈100〉 directions.

The above-mentioned model implies that if the ratio between
HF and H2O2 concentrations ([HF]/[H2O2]) is sufficiently high
so that the dissolution rate of Si oxide is faster than the formation
rate of Si oxide, then Si oxide or Si-OH bonds cannot form
and the etching will proceed in inclined direction even if the
concentration of H2O2 is high (e.g., as high as in solution I).
This assumption can be confirmed by experiment. The Si (111)
substrate has been etched in an etchant in which the concentra-
tion of H2O2 is as high as that in solution I, whereas the [HF]/
[H2O2] is as high as that in solution II. The etching direction
does deviate from the vertical direction (Figure S4 in Supporting
Information), confirming the model we proposed.

Accordingly, the actual etching direction is a result of a
competition between 〈100〉 etching, determined by back-bond
strength, and vertical etching, due to weakening of back-bond
strength. If the concentration of oxidant or current density is
sufficiently large, then vertical etching prevails (Figures 1b and
7c), whereas crystallographically preferred 〈100〉 etchings are
pronounced (Figure 1d) if the concentration of the oxidant is
sufficiently small. Otherwise, etching proceeds between the
vertical direction and the 〈100〉 directions (Figure 1c).

In the initial stage of etching, the silver particles tend to move
vertically into the Si substrate if the concentration of oxidant is
sufficiently large. With the etching proceeding, etched pores
extend further and further into the Si substrate. In this case, the
oxidant in the pores is consumed, and the concentration of
oxidant near the etching front in the etched pores is reduced
and has to be supplied by oxidant diffusion from the bulk
solution into the pores.44 With the decrease in oxidant concen-
tration, the surface state of Si might vary. Consequently, the
etching switches gradually from the vertical [111] direction, to
inclined directions, and finally to 〈100〉 directions (Figure 3).
Therefore, in experiments, it can be found that the etching
proceeds initially in the vertical [111] direction and finally in
〈100〉 directions if the etching time is long enough.20,21

In this article, we present that the oxidation rate is an
important factor affecting the etching direction of non-(100)
substrates under otherwise identical conditions. It is worth noting
that the etching direction of Si is affected by many factors beside
crystallographic orientation of Si substrate and the concentration
of the oxidant or the current density. Tsujino et al. found that
the shape of the Ag particle can affect the etching direction.15

That is, Ag with irregular shape resulted in random etching
leading to disordered structures, whereas the etching varied from
random directions to the vertical [100] direction in a (100)
substrate when the shape of Ag particle became round because
of the slow dissolution of Ag.15 We also found that the
connection between Ag particles influenced the etching direc-

tion.22 When isolated Ag particles were used, the etching
proceeded along crystallographically preferred 〈100〉 directions,
whereas the etching proceeded along the vertical direction if
Ag particles were interconnected and formed a sufficiently large
mesh, no matter what the crystallographic orientation of Si
substrate is.22

Conclusions

In summary, oxidation-rate-dependent etching of the (111)
and (110) silicon substrates has been observed. In solutions with
a high oxidant concentration, the etching prefers to proceed
along the surface normal, whereas the etching tends to proceed
along crystallographically preferred 〈100〉 directions in solutions
with a low oxidant concentration. A similar change of the
etching direction as a function of current density is observed
during metal-assisted electrochemical etching. On the basis of
these phenomena Si nanopores with modulated orientation
directions can be fabricated. Furthermore, a tentative model has
been developed to explain the etching behaviors by comparing
the oxidation rate and dissolution rate of Si.
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