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Metal-assisted chemical etching is a very popular method of fabricating silicon nanostructures. For the

dissolution and recrystallization of Ag and the inertia of Au, we present a co-catalytic mechanism of

silicon etching using non-overlapping Au and Ag nanofilms. Meanwhile, two kinds of novel

nanostructures are obtained by changing the relative positions of the two nanofilms. The results show

that regardless of whether the Ag or Au nanofilm is the upper layer, the Ag nanofilm will first react to

etch the silicon substrate into silicon nanowires (Si NWs). Afterwards, the Au nanofilm will re-etch the Si

NWs into thick pillars (Ag upper) or ultrathin porous Si NWs (Au upper). It should be noted that the

vertical etching rates of the two layers are not observably different, in contrast to when the Au and Ag

nanofilms are used separately, in which the vertical etching rate of the Ag nanofilm is much higher than

that of the Au nanofilm. This occurs because the subsequent re-etching process by the Au nanofilm is

conducted at multiple surfaces because Au can generate excessive holes during the decomposition of

hydrogen peroxide. Furthermore, this study presents a feasible method for the fabrication of individual,

thick (�200 nm) silicon pillars and ultrathin (�25 nm) porous Si NWs. These insights are significant for

the syntheses of many nanostructures.
Introduction

Silicon nanostructures have attracted a lot of attention in many
areas such as microelectronics,1–3 energy storage,4 bio-medical
devices,5–7 ultra-sensitive sensors,8–11 and solar cells.12–14

Vapor–liquid–solid (VLS) growth has achieved great success in
fabricating various silicon nanostructures.31 However, this
technique requires high energy consumption, high vacuum,
and other harsh conditions and results in low output and poor
reproducibility. To overcome the above drawbacks, the metal-
assisted chemical etching (MACE) process has been developed
and is gradually becoming one of the most popular methods for
fabricating silicon nanostructures. In this technique, the
essential reaction occurs between silicon and HF, and a noble
metal is employed to accelerate the reaction.15–17 The noble
metal decomposes H2O2 and injects holes into silicon
substrates by forming a galvanic cell on the metal/silicon
interface.

Ag and Au are the most commonly used noble metals. Due to
their different physical features, they exhibit quite different
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etching characteristics.18,19 In the Ag catalytic etching process,
the Ag's hole-generating ability just matches its hole-injecting
ability; thus, the silicon is only etched vertically downwards to
from sidewall-like, smooth Si NWs.16 In contrast, in Au catalytic
etching, porous Si NWs structures are formed since Au can
generate excessive holes.22 However, to date, there are few
reports on the etching process using both Ag and Au. Kim
et al.20,21 fabricated Si NWs using an Au and Ag bilayer nanolm.
They demonstrated that the Au nanolm protects the Ag
nanolm; thus, using such a bilayer can overcome the tapering
that occurs when only the Ag nanolm is used. In their work,
the bilayer nanolm was synthesized by a template method;
therefore, the two layers were completely overlapping so that
only the underlying Ag nanolm served in a catalytic role. If the
Au and Ag layers are not overlapping, the etching process
should become much more complex and follow a co-catalytic
mechanism.

In this study, we rst compared the vertical etching rates of
individual Au and Ag nanolms. The vertical etching rate of the
individual Ag nanolm was found to be much higher than that
of the Au nanolm. The co-catalytic mechanism of the Au and
Ag bilayer nanolm was then investigated by analyzing the
etching features. We found that during the co-catalytic etching
processes of non-overlapping bilayer nanolms, the Ag nano-
lm rst etches the silicon substrate into sidewall-like smooth
Si NWs. Subsequently, the Au nanolm re-etches them. When
the Ag nanolm is the upper layer, thick silicon pillars are
RSC Adv., 2015, 5, 96483–96487 | 96483
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Fig. 1 SEM images of the cross-sectional morphologies etched by
individual (a) Ag and (b) Au nanofilms.

Table 1 Vertical etching rates obtained using individual Ag and Au
nanofilms as catalysts

Catalyst 1 2 3 4 5 6 AVG RMSE

Ag (nm s�1) 7.0 6.8 7.2 7.3 6.4 6.8 6.9 0.3
Au (nm s�1) 1.8 2.0 1.9 1.6 1.7 1.7 1.8 0.1
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obtained; in contrast, when the Au nanolm is the upper one,
ultrathin porous Si NWs are obtained. This study enriches our
understanding of the fundamental principles in MACE and
guides the fabrication of new types of silicon nanostructures.

Experimental
Materials

Silicon wafers (N (100), resistivity of 2–4 U cm) were purchased
from China Electronics Technology Group Corporation No. 46
Research Institute, China. H2O2 and HF were purchased from
Aladdin Industrial (Shanghai) Co. Ltd, Shanghai.

Substrate preparation

The silicon substrates were prepared in three steps. First, the
silicon wafer was cut into 10 mm � 10 mm pieces. The silicon
pieces were then cleaned by acetone (5 min), anhydrous ethanol
(5 min), and DI water (10 min) under ultrasonic conditions at
room temperature. Subsequently, they were dipped into a solu-
tion of diluted HF (5 mol L�1) for 5 min to remove native oxides.
Finally, the cleaned pieces were dried by pure nitrogen gas ow
and moved to a vacuum drying chamber (60 �C) as soon as
possible in order to avoid contamination.

Nanolm deposition

Noble metal nanolms were deposited using a magnetron
sputtering apparatus (Quorum Q150-TS) aer the silicon
substrates had been treated by UV for 15 min.23 For the etching
process using either the Ag or Au nanolm, the thickness was
5 nm. For the etching process using the Au and Ag bilayer
nanolm (when Ag covers Au, the biolm is described as Au/Ag;
when Au covers Ag, it is referred to as Ag/Au), the thicknesses of
the Ag and Au sub-layers are 4 and 2 nm, respectively.

Catalytic etching process

Aer deposition, the silicon substrates were dipped into the
ternary etchant (HF 5 mol L�1, H2O2 0.5 mol L�1) for 5 min at
25 �C (maintained by water bath). Finally, the silicon substrates
were quickly taken out and rinsed with plenty of DI water to
remove the residual etchant.

During the etching procedure, a galvanic cell is formed on
the metal/silicon interface, which can greatly accelerate the
etching. The reaction equations24 are:

Cathode: H2O2 + 2H+ / 2H2O + 2h+ (1)

Anode: Si + 4HF2
�/ SiF6

2� + H2[ + 2e� (2)

In this etching process, the holes generated during cathodic
reduction are attracted to the metal nanolm by image force,
the electrostatic force on a charge in the neighborhood of
a conductor, and injected into the silicon substrate.18 This hole
injection leads to the oxidation of the silicon atoms into silica,
which can be rapidly dissolved by the HF. The hole injection
mainly occurs at the metal/silicon interface, making the vertical
etching rate at this location much higher than in other places.
96484 | RSC Adv., 2015, 5, 96483–96487
Characterization

In our study, the morphologies of the nanostructures were
characterized by scanning electron microscopy (SEM; FEI
Quanta 200F). The porous structure of a single silicon nanowire
was characterized by transmission electron microscopy (TEM;
ZEISSLIBRA 200 FE).

Results and discussion

To investigate the co-catalytic etching mechanism of the Au and
Ag bilayer nanolm, the etching characteristics using the indi-
vidual Ag or Au nanolm were rst studied. Then, catalytic
etching using bilayer nanolms with the Ag or Au nanolm on
the upper layer was carried out, and the results were carefully
analyzed.

Etching features using Ag and Au separately

The etching characteristics of the Ag and Au nanolms are of
great help in understanding the co-catalytic mechanism of
them together. Fig. 1a and b show the Si NW morphologies
etched for 5 min by the Ag and Au nanolms, respectively. All
other experimental conditions were the same (HF 5 mol L�1,
H2O2 0.5 mol L�1, 25 �C). The vertical etching rates can be
analyzed by comparing the lengths of the Si NWs.

We can see that the lengths of the Si NWs using the Ag
nanolm as catalyst are about 2 mm, while the lengths of Si NWs
obtained using the Au nanolm are only about 500 nm. This
indicates that the Ag nanolm has a much better catalytic
ability than the Au nanolm. Based on repeated experiments,
we have calculated the average vertical etching rates obtained
using individual Ag and Au nanolms as the catalysts; as shown
in Table 1, their values are 6.91 and 1.78 nm s�1, respectively.

The superior catalytic ability of the Ag nanolm can be
mainly attributed to fact that the Ag nanolm can be oxidatively
dissolved in H2O2 and then recrystallized into nanoparticles.
Small particles can contact the silicon substrate more
This journal is © The Royal Society of Chemistry 2015
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effectively; therefore, the catalytic activity of the Ag nanolm
can be greatly improved. However, Au is inert with respect to
oxidative dissolution and thus cannot be dispersed into nano-
particles.20 The inertia of Au can be directly veried by the fact
that aer the etching process, the Au nanolm can still be
observed, as shown in the ESI.†
Catalytic etching by the Au/Ag bilayer nanolm

For etching using the bilayer catalyst, the case in which the Ag
nanolm is the upper layer was rst investigated. To under-
stand the etching process, a series of experiments with etching
times ranging from 30 s to 5 min was carried out. The etchant
(HF and H2O2) concentrations were the same as were used in
the above section (HF, 5 mol L�1; H2O2, 0.5 mol L�1). Fig. 2
shows the SEM images of the cross-sectional morphologies
etched for 30 s, 1 min, 3 min, and 5 min.

Aer 30 s, short Si NWs with heights of about 200 nm were
obtained, as shown in Fig. 2a. Therefore, the vertical etching
rate was v z 200 nm/30 s z 6.7 nm s�1. It should be noted
that this value is very close to that obtained using the Ag
nanolm alone (6.9 nm s�1). This indicates that in this time
period, the etching process is mainly dominated by the Ag
nanolm. Because the Ag nanolm can easily be dissolved and
recrystallized into nanoparticles, a reasonable etching process
for this stage is that depicted in Fig. 3a–c. In this stage, the Ag
nanolm rst transforms into nanoparticles, which penetrate
into the interspaces of the Au nanolm and etch the silicon
substrate into Si NWs. Because the vertical etching rate of the
Ag nanolm is much higher that of the Au nanolm, as
mentioned above, the Au nanolm should be on top of the Si
NWs.
Fig. 2 SEM images of the cross-sectional morphologies etched by the
Au/Ag bilayer nanofilm for (a) 30 s, (b) 1 min, (c) 3 min, and (d) 5 min.

Fig. 3 Illustration of the etching process using the Au/Ag bilayer
nanofilm. (a) Au/Ag bilayer nanofilm. (b) The interspaces of the Au
nanofilm are filled up by crystallized Ag nanoparticles. (c) Formation of
sidewall-like Si NWs. (d) Formation of a sporadic Si pillar. (e) Hole-
injection process from the Au nanofilm to the Si NWs.

This journal is © The Royal Society of Chemistry 2015
Fig. 2b shows that aer 1 min, the Si NWs had disappeared,
except for some scattered thick pillars with heights of about
400 nm. The calculated vertical etching rate was 400 nm/60
s z 6.7 nm s�1, which is still close to the vertical etching
rate obtained using the Ag nanolm alone. This means that
the vertical etching rate was determined by Ag as before.
Because the vertical etching rate of the individual Au nanolm
is much lower than that of the Ag nanolm, it can be logically
concluded that a sidestep-like structure will result. However,
in practice, no sidestep-like structure appeared. This can be
rationally explained as follows. Au can generate excessive
holes during H2O2 decomposition; thus, in the re-etching
process conducted by the Au nanolm, hole injection not
only occurs at the Au/Si interface, but also at the nearby
sidewall nearby. Therefore, the etching actually takes place at
multiple surfaces simultaneously, as shown in Fig. 3d and e.
The multi-surface etching greatly enhances the vertical etching
rate of the Au nanolm, which even reaches the vertical
etching rate of the Ag nanoparticles. As a consequence, almost
the entire silicon surface is etched down by the Au nanolm
with the exception of the big bare locations not covered by the
Ag or Au nanolm. This also provides a logical explanation for
the disappearance of the Si NWs and the appearance of the
sparse pillars.

With the increase in etching time from 3 to 5 min, the height
of the silicon pillars increased gradually, as shown in Fig. 2c and d.
The calculated vertical etching rates are about 6.7 and 7.9 nm s�1,
respectively, which are also consistent with the above rate
obtained by Ag etching.

The thick Si pillars we fabricated can be used as substrates
for the growth of carbon nanotubes25,32–34 and Cu nanolms.26

In addition, they may also have great potential in broadband
heterojunction photodetector manufacturing engineering.27,28
Catalytic etching by the Ag/Au bilayer nanolm

We also carried out experiments in which the silicon substrate
was etched by the Ag/Au nanolm for 5 min. Because the Ag
nanolm was beneath the Au nanolm, the etching area of the
Ag nanolm no longer depended on the apertures of the Au
nanolm in the initial stage. The actual etching process should
be a kind of double-screen process by the Ag and Au nanolm,
as shown in Fig. 4. In this process, the Ag nanolm rst etches
the silicon into vertical sidewall-like smooth Si NWs. Soon
aerwards, the Au nanolm re-etches the Si NWs into ultrathin
porous Si NWs.
Fig. 4 The schematic diagram of the Ag/Au nanofilm catalytic etching
process. (a) The Ag/Au bilayer nanofilm. (b) The crystallized Ag nano-
particles etch the silicon substrate into sidewall-like Si NWs. (c) The Au
nanofilm re-etches the Si NWs into ultrathin porous Si NWs.

RSC Adv., 2015, 5, 96483–96487 | 96485



Fig. 5 (a) SEM image of the cross-sectional morphology of ultrathin
porous Si NWs. (b) HRTEM image of the surface of a single ultrathin
porous Si NW.
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The etching morphology is shown in Fig. 5a. Homogeneous
ultrathin Si NWs were obtained. Their average diameter was
about 25 nm, which can be ascribed to the double-screen effect.
The much larger density of the Si NWs compared to those
etched by the Au/Ag nanolm clearly indicates a greatly
different etching mechanism. The HRTEM image of the surface
of an individual nanowire shown in Fig. 5b indicates that the
nanowire is covered by dense and homogeneous nanoscale
pores. These pores, marked by red dotted circles, have diame-
ters of about 2 nm. The formation of these pores was due to the
catalytic etching effect of the Au nanolm. A metal's catalytic
activity is related to its ability to decompose H2O2 and seize
electrons from silicon. In the etching stage by Ag, the hole-
generating ability of the cathodic reduction reaction matches
the hole-injecting ability. Therefore, the silicon substrate will
only be etched vertically, leading to the formation of sidewall-
like Si NWs. In the Au etching stage, because Au's hole-
generating ability is much stronger than its hole-injecting
ability, excessive holes will exist. These excessive holes can
escape the image force of the Au nanolm and diffuse to the
sidewall of the Si NWs. That is, the hole-injection not only
occurs in the Au/Si interface, but also on the sidewalls of the Si
NWs. The hole-injection on the sidewalls leads to the formation
of the pores.

The ultrathin porous Si NWs may have great potential in
a wide range of applications due to their ultrathin and porous
properties. For example, both of these features can greatly
improve the abilities of lithium batteries to store electric
charges.29,30

Conclusions

In summary, the co-catalytic etching mechanism is due to the
synergetic action of Ag- and Au-assisted etching. The quick
etching feature of Ag can effectively complement the inertia of
Au and bring about the rst etching of the silicon into nano-
wires catalyzed by the Ag lm. Subsequently, the excellent hole-
generating ability of Au will bring in the 3D etching of Si NWs,
which results in a high vertical etching rate and the formation
of extraordinary nanostructures. In detail, the Ag nanolm rst
takes part in the etching process, and the Au nanolm then
conducts the subsequent etching procedure. In the initial step,
the Ag nanolm etches the silicon substrate downwards to form
96486 | RSC Adv., 2015, 5, 96483–96487
sidewall-like Si NWs. In the latter step, when the Ag nanolm is
on the upper layer, thick silicon pillars are obtained; when the
Ag nanolm is in the lower layer, ultrathin porous Si NWs are
obtained. Notably, the vertical etching rates of the two layers do
not show observable differences. In contrast, when the layers
are used separately, the vertical etching rate of the Ag nanolm
is much higher than that of the Au nanolm. We attribute this
synchronism to the fact that Au can generate excessive holes
during H2O2 decomposition; hole injection not only occurs at
the Au/Si interface, but also at the sidewall nearby in the re-
etching process. That is to say, the Au nanolm simulta-
neously etches multiple surfaces. Themechanisms we proposed
could provide guidance for the fabrication of a wide range of
nanostructures. This study also provides feasible ways to
fabricate single silicon pillars and ultrathin porous Si NWs.
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