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ABSTRACT: Metal-assisted chemical etching (MaCE) has
been extensively studied as a cost-effective way to produce
silicon nano/micro structure arrays. However, it is hard to
keep the resultant morphologies of the nano/micro structures
exactly consistent with the original designs because the MaCE
process is affected by multiple factors, such as catalyst type,
etching solution, temperature, and the interaction with one
another. Here, we first proposed an etching model to address
the different MaCE behaviors of using Ag, Au, and Ag/Au as
catalysts. The model was then independently proven by
systematic experiments on the Ag/Au catalyst, with the Au film playing mainly as the frame and the lower Ag film boosting the
catalytic activity by increased tiny cavities. With the Ag/Au catalyst, silicon nano/micro arrays with smooth and controllable
morphologies from the bottom to the top surface can be successfully formed. Finally, fine-tuned silicon microwire arrays were
applied to produce radial junction solar cells, showing a 1.8% increase in absolute efficiency in comparison with the reference
cell made by a single metal catalyst. Our findings show that the modified MaCE with Ag/Au catalyst can be an effective way to
acquire shape-controlled solar cells with enhanced efficiency.
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■ INTRODUCTION

Owing to their extraordinary properties in optical manage-
ment, surface wettability, high aspect ratio, and so on, three-
dimensional (3D) silicon (Si) nano/micro structure arrays
have been widely studied and extensively applied in many
areas, such as photovoltaics (PVs), optical devices, biomedi-
cine devices, photoelectrochemical cells, and so on.1−6 In
terms of the fabrication procedure, solution-based wet etching,
especially metal-assisted chemical etching (MaCE), has been
successfully demonstrated as an easy-handling and cost-
effective way to produce a wide range of 3D Si nano/micro
structure arrays.7−12 In consideration of the requirements in Si
PV, the configurations of the 3D Si nano/micro arrays must be
well controlled to balance the gain by light trapping and the
loss by surface recombination. For example, tiny nanowire
arrays may always suffer from severe surface recombination
due to the large surface areas and the excessive defects derived
by the catalytic process. While, our recent works showed that
radial p−n junction can be more easily formed on the
microwires with relatively large diameters (large pitches), upon
it both surface and Auger recombination were effectively
suppressed.13 However, it was found that the uniformity and
quality of Si microwire arrays sharply declined with the growth
of pitch (distance between adjacent microwires), especially for
the pitches larger than 2 μm.14,15

In conventional MaCEs, Ag and Au thin films are two of the
most popular catalysts. The Ag film is not chemically stable in
etchant solution for Si microwires, and it will be dissolved as
the etching process continues running. The morphology of
resultant microwires should be varied along with the
configuration changes of the Ag films. Thus, the conventional
Ag-catalyzed chemical etching is most often used in fabricating
random Si nanowires.16−19 On the other hand, the Au film is
too compact to allow the etchant solution to penetrate
effectively, leading to uneven etching at edges (fast) and the
central section (slow). This uneven etching will become more
prominent with the growth of pattern size and hinder timely
refreshment of catalysts because the etchant has to pass
through a longer way to reach the middle region. Therefore, to
reduce the diffusion length of the etchant, small cavities were
always introduced into the basal plane of Au catalyst films by
either increasing the evaporation rate or adding tiny sphere
patterns.14,20 However, silicon nanowires will also be formed
during the etching process due to the presence of cavities in
the metal films. That is why the reported Si microwire solar
cells are always made from reactive-ion etching (RIE).6,21,22
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To fully boost the merit of MaCE, it is important to find a
way to increase the stability of the fabrication process as well as
to raise the quality of Si microwire arrays with large pitches.
Here, combining the rough property of thin Ag film and the
chemical stability of Au, we successfully fabricated a bilayer
Ag/Au catalyst film rich with tiny cavities. Meanwhile, etching
models for different types of metal catalysts were proposed to
understand the advantage of the Ag/Au catalyst in keeping
even etch and a smooth top surface. Following that with
systematically designed experiments, we further verified the
accuracy of the model on the Ag/Au bilayer catalyst film,
where the Au film acts as a framework and Ag particles
accelerate the etching rate through filling the tiny cavities. With
the Ag/Au bilayer film and the help of ethanol, high-quality Si
microwire arrays (2.4 μm pitch) were fabricated and continued
to construct radial junction solar cells. It showed obvious
enhancements among open-circuit voltage (Voc), short-circuit
current density (Jsc), and efficiency for the Ag/Au catalyst
derived solar cell over the one formed solely by the Au catalyst.
The modified MaCE method provided here may be beneficial
to the shape-controlled Si microwire solar cells.

■ EXPERIMENTAL SECTION
Fabrication of Silicon Micropillar Arrays. Double-sides

polished p-type (100) silicon wafers (1−10 Ω·cm, 400 μm thick)
were utilized in this work. First, 1.2 μm (or 2.4 μm) diameter
monolayer polystyrene (PS) spheres were deposited on the wafers
through the Langmuir−Blodgett (LB) method,23 and then the
diameter of spheres was reduced to around 1.0 μm (or 2.0 μm) by
reactive-ion etching (RIE) through adjusting the etching time with
fixed O2 flow at 60 sccm and power at 60 W. Here the etching times
for 1.2 μm-PS (or 2.4 μm-PS) are 45 s (or 90 s). Second, metal films,
such as the adhesive layer of 0.5 nm Ti and catalyst films of Au or Ag/
Au, were deposited sequentially on the PS spheres side by using
electron beam evaporation (E-beam) with a deposition rate of 0.5 Å/
s. Third, PS spheres were removed by chloroform with sonication, and
metal mesh will be formed on the wafers. At last, the samples were
immersed in the etching solution at room temperature, and then the
pillar structure can be achieved via this metal-assisted chemical
etching. In this study, the etching solution of the traditional method is
HF/H2O2/H2O = 5/1/20 by volume, while that of the modified
method is HF/H2O2/EtOH/H2O = 5/1/10/10 by volume. The
concentrations of HF and H2O2 are ∼4.8 and ∼0.4 M, respectively,
and EtOH is ethanol. The micropencil arrays were fabricated by a
multiple-cycle chemical etching process, and more details can be
found in the previous publication.24

Fabrication of Silicon Photovoltaic Devices. It is noted that a
planar region on the wafer surface was retained to carry on the later
processing step of depositing top electrodes (∼10% areas in total
front surface of device). As reported by our previous paper,25 this was
achieved by a photolithography protection and then exposed the rest
of the surface for fabricating corresponding pillar textures by using the
above-mentioned methods (fabrication of silicon micropillar arrays).
After that, the metal mesh was removed by aqua regia, following
which the samples were cleaned by the standard RCA process,26 and
then an indirect doping method13 with spin-on dopant (SOD) was
used to form the emitter layer on the surface of the pillar structure.
The whole diffusion process was implemented under the atmosphere
of O2 (375 sccm) and N2 (1125 sccm) for 30 min, and the diffusion
temperature was fixed at 850 °C. This diffusion process produced a
thin phosphorosilicate glass (PSG) layer with a quite uniform
thickness of 30−40 nm on the surface of silicon.13 This PSG layer was
directly served as a passivation layer, showing a satisfied passivation
quality. After that, back metal contact was formed by printing
aluminum paste on the rear side of the devices and following an
alloying process at 750 °C. Photoresist patterns were then fabricated
by the photolithography method for deposition of the top electrode.

Finally, the PSG layer exposed by the photoresist patterns was totally
removed by using 10 wt % HF solution, and the top electrode (Cr/
Pd/Ag) was fabricated by using the deposition and lift-off process.

Characterization. The morphologies of the samples were
conducted by a scanning electron microscope (SEM, Zeiss Ultra
Plus). Light J−V of solar cells was measured under a simulated AM
1.5 spectrum sunlight illumination and with an 0.5 cm2 effective
illumination area through a measurement mask. External quantum
efficiency (EQE) and reflectance spectra were measured by a
quantum efficiency system (QEX10).

■ RESULTS AND DISCUSSION
First, let us review the basic principle of MaCE.12 It is a
catalytic process with accelerated reduction/oxidation reaction
at the interface between silicon and metal catalysts. The
reduction reaction on oxidant (here is H2O2) catalyzed by a
metal film will generate and inject holes into the silicon surface.
The silicon near the interface of metal/silicon is then oxidized
by the holes and dissolved by HF. The etching rate is thus
determined by the diffused holes, and therefore it will be much
faster at the metal/silicon interface than the bare silicon
portions without metal coverage. That means the shape of
silicon textures may mainly depend on the pattern config-
uration of the metal catalyst. For example, in our experiment,
the Au mesh arrays will produce pillar arrays.
However, the etching results do not always straightforwardly

follow the initial patterns, whereas the etching shapes show a
high dependence on the employed metal catalysts. As shown in
Figure 1, the top-view SEM images of different catalyst films

(a−c) and the corresponding mechanism models (d−f) were
tentatively presented to explain the difference. Actually, a thin
Ti film was inserted as an adhesive layer between the metal
catalysts and silicon surface. Because the Ti will be easily
dissolved by HF during the etching process, it is convenient to
only mark the components of catalysts while omitting Ti in the
following description. First, we discuss the situation of the Ag
catalyst. It is well-known that Ag has a better chemical activity
and will be slowly dissolved in the HF/H2O2 etching solution.
As a consequence, the Ag film will gradually become isolated

Figure 1. Top-view SEM images of different catalyst films (a−c) and
corresponding etching models (d−f) of MaCE: 20 nm Ag film (a, d),
20 nm Au film (b, e), and 5/10 nm Ag/Au bilayer film (c, f). All scale
bars in the SEM images are 200 nm.
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Ag particles during the etching process, leading to the
appearance of Si nanowires between adjacent microwires
(see Figure 1d). Compared with Ag, the Au film has not only
good chemical stability but also good continuity, so the Au film
would be kept as a whole during the etching process. However,
an inherently negative effect of the compact Au Film is the
difficulty of penetrating the etchant (Figure 1b), leading to a
nonuniform distribution of fresh etching solution at the metal/
silicon interface during etching process. This will result in
uneven etching, where the etching rate at the edge of Au
pattern is much higher than that at the center (Figure 1e).
More importantly, this difference of etch rate will be passed on
to the final etching configuration. Meanwhile, at the Au/Si
interface, because of the difficulty of exchanging etching
solution, the oxidation of silicon and the consumption of
injected holes will be slowed down. That means a number of
excess holes will diffuse from the Au/Si interface to the top
surface of the microwire and then etch the silicon and form a
nanopore structure (see the top part of silicon in Figure 1e). In
other words, the compact property of the Au film partially
hinders the etching reaction of silicon at the Au/Si interface
and transfers a part of the etching reaction of silicon to the top
surface of the microwire, resulting in a rough top surface. For
the situation of the Ag/Au bilayer film, as shown in Figure 1c,
it is not as compact as the Au film, and the surface becomes
more rough. This indicates that there should exist amounts of
tiny cavities on the metal film, which will largely increase the
penetration of etching solution, facilitating quick exchange of
etching solution and uniform etching. Therefore, after using
Ag/Au bilayer as catalyst, we can expect to obtain high quality
silicon microwire arrays with a flat bottom plane and a smooth
top surface (Figure 1f).
As shown in Figure 2, we exhibit the etching results with the

traditional method (Figure 2a−c) and the modified method

(Figure 2d−f). Here the traditional method refers to Au as the
metal catalyst and HF/H2O2/H2O solution as the etchant,
while the modified method uses Ag/Au as the metal catalyst
and HF/H2O2/EtOH/H2O solution as the etchant. Here, the
purpose of adding EtOH in the modified method is to
eliminate the blebs engendered from the reaction. Figures 2b
and 2e are 2.4 μm pitch arrays, while others samples in Figures
2a, 2d, 2c, and 2f are 1.2 μm pitch arrays. From the SEM

images, we can clearly find that with the increase of pitch from
1.2 to 2.4 μm the flatness of the array’s bottom plane (blue
color) becomes worse in the traditional method, while that in
the modified method remains smooth. Meanwhile, the top
surface of 2.4 μm pitch microwire arrays in the modified
method (Figure 2e) is also obviously smoother than that in the
traditional method (Figure 2b). In Figures 2c and 2f, we also
exhibited examples of achieving 1.2 μm pitch micropencils with
different etching methods. From that, white spots and color
differences appear in the traditional method, while they are not
found in the samples from the modified method. That
indicates the modified etching method can produce uniform
pillar structures with smoother surface over the whole sample
scale. Therefore, from above experiments, the mechanism
models shown in Figures 1e and 1f were well proven.
To further understand the difference among them, SEM

images of the catalyst films after the etching process are shown
in Figure 3. The Au film is still compact and smooth (Figure

3a), while the Ag/Au bilayer film is relatively rough (Figure
3b). After using HNO3 to remove Ag component in the Ag/Au
bilayer film (Figure 3c), we can clearly see the tiny cavities of
the Au film, manifesting the accuracy of the mechanism model
in Figure 1f. In addition, to only study the influence of metal
catalyst to the etching rate, in the following experiments, the
same etching solution (HF/H2O2/EtOH/H2O = 5/1/10/10
by volume) was used. According to the cross-sectional SEM
image in Figures 3d, 3e, and 4f−h, the etching rate of MaCE
with different catalyst films can be calculated, as shown in
Figure 3f. It shows that the 20 nm Ag film (the first bar in
Figure 3f) has the largest etching rate up to 0.45 μm/min.
However, the resultant morphology by the Ag catalyst becomes
noticeably worse, and the amounts of the nanowire structure
were presented between each adjacent microwire (Figure 3d).
In contrast, the 20 nm Au film (the rightmost bar) has the
lowest etching rate of down to 0.05 μm/min, but the
microwire morphology produced is relatively better than that
from the Ag film. The Ag/Au bilayer films have a moderate
etching rate of in between the values of pure Au and pure Ag.
With the decrease of the Ag/Au ratio, the etching rate will be
reduced. For example, the etching rate was found to decrease
from 0.30 μm/min for 10 nm Ag/10 nm Au to 0.09 μm/min
for 2.5 nm Ag/10 nm Au.

Figure 2. Comparison of etching results from traditional Au catalyst
(a−c) and modified Ag/Au bilayer catalyst (d−f). SEM images of (a,
d) a micropencil with 1.2 μm pitch on polished silicon wafer, (b, e) a
micropillar with 2.4 μm pitch on polished silicon wafer, and (c, f)
photo images of micropencil with 1.2 μm pitch on a polished silicon
wafer. All scale bars in the SEM images are 1 μm.

Figure 3. (a−c) SEM images of different metal films after MaCE
process: (a) 20 nm Au film, (b) 5/10 nm Ag/Au bilayer film, and (c)
the remained Au film after removing Ag by HNO3. (d−f) The
measurements of etching rate. Cross-sectional SEM images for
measuring the etching rate of MaCE with different metal films: (d) 20
nm Ag film and (e) 20 nm Au film. (f) Etching rate of MaCE with
different metal films at room temperature. All scale bars are 200 nm.
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To clearly understand the main functions of Ag and Au in
Ag/Au bilayer film, the reaction results from the Ag/Au
catalysts with varied thickness were examined. Figure 4 shows
the top-view SEM images of the Ag/Au film with a varied
thickness on the silicon wafer and the corresponding
morphology of resultant microwire arrays (including cross-
sectional and top-view SEM images after 10 min etching).
From Figure 4a, one can see that the Au film can also form tiny
cavities when its thickness was reduced from 20 to 13 nm.
With the help of tiny cavities, the bottom surface of silicon
arrays produced by 13 nm Au is much flatter than the 20 nm
Au film (Figure 3e), except for a large number of tiny
nanowires between adjacent microwires. Meanwhile, the top
surface of the 13 nm Au derived microwires is still slightly
worse than the situation in Figures 4f and 4j, in which the
metal films contain 2.5/10 nm Ag/Au. Then, we further
studied the influence of the Ag film thickness in the Ag/Au
bilayer film, where we fixed the thickness of Au as 10 nm. From
Figures 4b−d and 4f−h, the roughness of the Ag/Au bilayer
film and the etching rate will increase with the growth of the
Ag film thickness. Meanwhile, in comparison to the

morphology of the top surface, as shown in Figures 4k,l, it
shows the roughness will become very important once the Ag
film is thicker than 10 nm. This is because the Au film is too
thin to well cover the thick Ag particles, facilitating the
dissolution and deposition of Ag on the top surface of the
structures through the redox reaction and then forming new
nucleation sites for etching. Therefore, considering the quality
and the etching rate, one optimized thickness of the Ag film is
5 nm. From the above studies, we concluded that the Au film
mainly plays the role of a frame, while Ag increases the tiny
cavities of bilayer films for realizing effective penetration of
etching solution and improving etching uniformity and
catalytic activity.
After well studying the difference of etching results caused

by different metal catalysts, we applied the pillar textures to
photovoltaics, as shown in Figure 5. Because only the Au
catalyst is difficult to fabricate silicon micropillar arrays with a
large pitch, we chose the 2.4 μm pitch pillar as the object in
this application. The schematic of Si microwire solar cells is
shown in Figure 5a. Note that the Si surface beneath the top
electrodes was not textured and always maintained a planar
state, which is beneficial for good contacts and better
conductivity. Details about how to reserve the planar surface
for metallization can be found in our previous paper.25 Figures
5b and 5c show the SEM images of pillar arrays fabricated by a
single Au metal catalyst and Ag/Au catalyst, respectively. The
pillar structure fabricated by the Ag/Au film is smoother than
that by the Au film, especially the top surface of pillar (see the
insets). The corresponding PV performances are shown in
Figure 5d and Table 1. To have a reference, we added a planar
solar cell with the same fabricating process in them. Even the
efficiencies of our solar cells are still not high enough
considering the immature manufacture and large shaded area
of the top electrodes; the results give obvious trends of
different structures. Through use of the Ag/Au bilayer film as
catalyst, Voc, Jsc, and η all have a large increase, from 564 mV,
31.9 mA/cm2, and 12.8% of the Au film case to 593 mV, 33.9
mA/cm2, and 14.6%, respectively. The Voc of pillar (Ag/Au)
solar cells is very close to that of planar ones, indicating a good

Figure 4. Top-view SEM images of Ag/Au bilayer film (a−d);
corresponding cross-sectional (e−h) and top-view SEM images (i−l)
of the etched Si microwire arrays. The thickness of Ag/Au is (a, e, i)
0/13 nm, (b, f, j) 2.5/10 nm, (c, g, k) 5/10 nm, and (d, h, l) 10/10
nm, respectively. Scale bars are 200 nm in (a−d) and 1 μm in (e−l).

Figure 5. Comparison of pillar textures with different methods in Si solar cells. (a) Schematic illustration of pillar textured solar cell. (b, c) SEM
images of 2.4 μm pitch silicon micropillar arrays fabricated by 20 nm Au film as catalyst (b) and 5/10 nm Ag/Au films as catalyst (c). (d) Light J−V
curves and (e) EQE as well as reflection spectra for the three kinds of devices. All scale bars in the SEM images are 2 μm.
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passivation on the surface of pillar (Ag/Au) structure. That can
also well be proven by measuring the dark saturation current
density (J0) and minority carrier lifetime through passivation
samples (more details are shown in Figures S1 and S2). Pillar
(Au) has the highest J0, ∼800 fA/cm2, while J0 for pillar (Ag/
Au) and planar Si are 300 and 85 fA/cm2, respectively. For the
minority carrier lifetime, pillar (Ag/Au) and planar Si both are
∼220 μs, which is twice as large as that of pillar (Au). This
result does indicate that a bilayer of Ag/Au catalyst can
fabricate a higher quality pillar structure, which is a crucial step
to obtain high quality passivation. Anyway, on the basis of one
example of using passivation strategy combining diffused N+-Si
layer and PSG layer, we have proven the pillar array from the
Ag/Au catalyst can render a passivation level even comparable
to the planar Si wafer. At the same time, we also exhibit the
corresponding EQE and reflection spectra in Figure 5e. From
the reflection spectra, the planar structure has the highest
reflection (>30%) over the whole spectrum, while the
reflection of pillar structures is only ∼11%. It should be
noted that the reflection of pillar (Au) is slightly lower than
that of pillar (Ag/Au) due to the presence of nanopores on the
top surface of pillar (Au). However, because of the nanopore’s
structure, it will also increase the surface area of the original
pillar structure, which may be the main reason leading to the
worst passivation of pillar (Au). More importantly, with the
formation of nanopores structure on the top parts of pillars, it
will increase the real doping depth of this region. That will lead
to the increase of Auger recombination.13,18 Therefore, at last,
pillar (Ag/Au) has a higher EQE compared with that of pillar
(Au).
It is well-known that a damaged layer enriched with defects

will be produced at the surface of nano/micro structure in all
fabrication methods, including MaCE using pure Ag catalyst,
the dry-etching method, and our MaCE using Ag/Au catalyst.
However, the thickness of the damaged layer is different. The
first two methods will produce a thicker damaged layer,
especially the first one due to the chemical instability of Ag.
Therefore, for the as-fabricated Si nanostructures, it is a
common way to improve their quality by using post chemical
treatments to partially remove the damaged layer.16 Compared
with MaCE with Ag catalyst, our Ag/Au bilayer film can well
limit the dissolution of Ag and largely reduce the thickness of
damaged layer. More importantly, from the measurement of
the lifetime in Figure S2, we can see the lifetime of pillar (Ag/
Au) is nearly close to that of planar Si wafer (without damaged
layer), reaching ∼220 μs. That indicates the damaged layer in
our method can be well controlled, and it nearly does not affect
the surface passivation quality. All the results showed above
indicate that the MaCE with Ag/Au bilayer catalyst could be
an effective way to produce high quality micropillars with
highly suppressed surface and Auger recombination.

■ CONCLUSION
In summary, a modified metal-assisted chemical etching
method with Ag/Au bilayer catalyst was presented to

successfully produce high quality (including flat bottom
surface, smooth top surface, and uniform height) silicon
micropillar arrays. The mechanism models of different metal
catalysts were analyzed and then confirmed through system-
atical experiments. It proven that the Au film in the Ag/Au
bilayer mainly plays the role of frame while Ag can accelerate
the etching process by increasing tiny cavities through the
bilayer film. With the help of tiny cavities, the effective
penetration of etching solution was realized in the bilayer film,
which increases the etching uniformity. Finally, we applied
pillar textures with traditional and modified methods to
photovoltaics, showing a champion efficiency of 14.6% for the
solar cells from modified method and 12.8% for the one from
traditional method. It indicates that the modified MaCE
method can obtain a high quality of silicon pillar arrays for
shape-controlled solar cells.
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