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a b s t r a c t

Ag particle-assisted chemical etching of silicon wafers in HF/H2O2 is of interest for its potential to

produce antireflective layers for solar cells. In this work, Ag films containing both nanoscale

(do100 nm) and microscale (do1 mm) particles were deposited through the silver-mirror reaction

on planar p-Si(111), planar p-Si(100) and p-Si(100) pre-etched in KOH/isopropanol to produce

pyramidal textures. Subsequently, these wafers were subjected to metal-assisted chemical etching

(MacEtch) in 1:1:1 (v:v:v) HF(49%):H2O2(30%):EtOH solutions, to produce porous silicon (PSi) contain-

ing both micro- and nanoscale roughness features. The resulting surfaces exhibit morphologies that

evolve with processing conditions, especially the absence/presence of pyramidal textures and the time

the structure is subjected to MacEtch. Under optimal conditions excellent anti-reflection behavior is

observed with surface reflectivities being reduced below 10% for either p-Si(100) or p-Si(111) surfaces.

For p-Si(100) better results (R�5%) were obtained for 30 min KOH/isopropanol pre-etch than for either

no pre-etch or longer (60 min) pre-etch. The influence of the reductant on Ag particle deposition on

p-Si(111) was studied, and MacEtch catalyzed by Ag produced from acetaldehyde reductant produced

surfaces with lower reflectivities than those with glucose reductant.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Fabrication of antireflective layers on all kinds of silicon
surfaces has attracted attention since the 1980s as a key technol-
ogy to effectively improve the efficiency of silicon solar cells, both
in first-generation photovoltaic cells based on bulk materials and
second-generation structures based on thin-films [1–15]. Simple,
practical methods to texturize silicon surfaces for anti-reflection
applications that utilize wet chemical etching are of particular
interest, due to their low cost, compatibility with mass produc-
tion and absence of a residual mechanically damaged layer after
etching.

Wet etching approaches can be categorized grossly into alka-
line and acidic etches. Alkaline etches are valued for their ability
to produce randomly distributed inverted [2,4,14] or upright
pyramids [1,3,15] on monocrystalline Si(100) surfaces, based on
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the fact that different crystallographic planes exhibit different
etching rates. These structures can reduce the surface reflectivity
drastically in the 400–1200 nm spectral region [3,15], the wave-
length band in which most of the energy of the solar spectrum is
contained at normal incidence. However, the average reflectivity
of these materials remains above 10%, the process must be carried
out at elevated temperatures, and sometimes masks are also
needed to spatially direct the etching [14]. Acidic etching,
typically carried out in HF/HNO3/CH3COOH or HF/HNO3/H2O, is
more effective for polycrystalline, rather than monocrystalline,
silicon, because it is isotropic [9]. However, the reactions can be
difficult to control and can be accompanied by the evolution of
undesirable gases, like NO [16,17].

To address some of these processing issues, a novel acid-based
oxidation process, termed metal-assisted chemical etching (MacEtch)
has been introduced [6,7,10,12,18–21]. MacEtch can be applied
to both elemental and compound semiconductors, but it was
used initially to prepare porous Si (PSi) from p-Si(100) wafers. In
MacEtch, noble metal nanoparticles, typically Ag, catalyze the
production of holes from chemical oxidants, commonly H2O2,
which are then injected into the valence band of the semicon-
ductor, resulting in the dissolution of silicon and the formation
of etched structures near the particles [19,22]. Many kinds of
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functional nanostructures from 1D to 3D have been fabricated by
application of the MacEtch process to silicon using Ag particle
catalysts [23,24], with the final etched morphologies being directly
related to the characteristics of Ag particles, e.g. size, initial spatial
distribution, shape etc. For example, quasi-ordered rectangular and
hexagonal structures are obtained by Ag-catalyzed MacEtch of p-
Si(100) and p-Si(111), respectively [25]. The initial particle morphol-
ogy is usually determined by the deposition conditions. Meanwhile,
noble metal deposition on silicon has been extensively investigated
for applications such as plasmonic coupling of incident radiation into
waveguide modes of thin semiconductor photodetectors [26], enhan-
cing layers for surface-enhanced Raman scattering (SERS) [27,28],
working electrodes for Faradaic electrochemistry [12] and localizing
surface plasmons to enhance the absorbance of silicon solar cells
[29]. Thus, the development of Ag particle catalyzed MacEtch to
produce practical antireflective layers is of considerable interest.

Here we report a new approach to the production of anti-
reflective materials from crystalline silicon based on the reductive
deposition of Ag nanoparticles from solution using the silver-
mirror reaction (Tollen’s reagent) [30]. Interestingly, after direct
deposition of Ag particles on Si surfaces followed by MacEtch,
p-Si(100) and (111) surfaces are obtained with surface reflectance
reduced below 10%. The MacEtch process can also be applied as a
second processing step to Si(100) surfaces previously texturized
in KOH/IPA, and these structures are compared to those obtained
from MacEtch of pristine silicon directly.
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2. Experimental section

2.1. Materials

Boron-doped p-Si(100) and p-Si(111) single crystal wafers
with resistivities of r�7–13 O cm and 8–13 O cm, respectively,
were purchased from Emei Semiconductor Factory, China. Single-
polished wafers were cut into 2.0�2.0 cm2 pieces. Deionized (DI)
water (r�18.2 MO cm) from a Milli-Q Gradient water purifica-
tion system (Millipore) was used to prepare all aqueous solutions
and for rinsing. All chemicals were used directly as-received,
without further purification. Hydrofluoric acid (49% electronic
grade) was purchased from Transene Co. Ammonium hydroxide
(NH3 �H2O, 28–30% NH3, ACS reagent) and sodium hypochlorite
solution (NaOCl, 10–15%, reagent grade) were purchased from
Sigma-Aldrich Co. Acetaldehyde (CH3CHO, certified) and hydro-
gen peroxide (H2O2, 30%, certified ACS) were purchased from
Fisher Scientific. Silver nitrate (AgNO3, AR), glucose (CH2OH
(CHOH)4CHO, AR), sodium hydroxide (NaOH, AR), potassium
hydroxide (KOH, AR), nitric acid (HNO3, 32–34%, AR), acetone
(CH3COCH3, AR.CP), isopropyl alcohol (IPA, (CH3)2CHOH, AR)
and ethanol (EtOH) (C2H5OH, AR) were purchased from Tianjin
Chemical Reagent No. 1 Plant.

2.2. Silver particle deposition

A block diagram describing the processing flow is shown in
Fig. S1 in Electronic Supplemental Information (ESI). Before
experiments, the glass beakers were cleaned by boiling 10% NaOH
solution for 10 min, followed by rinsing with DI water for 5 min (2
times). Ammonium hydroxide was diluted to �2%, and acetalde-
hyde was diluted to �10% using DI water. All singly-polished
p-Si(100) and Si(111) wafers were pretreated in �12% aqueous
NaOCl for 15 min to remove surface contaminants [8]. Selected
p-Si(100) wafers were texturized in KOH (1%)/IPA (6v%) at 80 1C
for 30 or 60 min. A combination of micro- and nano-sized
Ag particles was deposited on the cleaned surfaces of p-Si(100)
and Si(111) wafers through the silver-mirror reaction after first



Fig. 1. SEM images of p-Si(100) wafers before and after Ag deposition and subsequent MacEtch in 1:1:1 (v:v:v) HF (49%):H2O2 (30%):ethanol for varying times. (a) SEM of

S1 prior to Ag deposition. (b) SEM of S1 after Ag particle deposition. SEM images after MacEtch for (c) S2, (d) S3, (e) S4, (f) S5, (g) S6, (h) S7, corresponding to 10, 20, 30, 60,

120 and 180 min, respectively. The magnification bar of the inset in (h) is 1 mm.

X. Geng et al. / Solar Energy Materials & Solar Cells 103 (2012) 98–107100
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removing the native SiO2 from the Si surfaces using dilute HF. To
implement the silver-mirror reaction, 2% NH3 �H2O was first
added dropwise into a 2% AgNO3 solution with stirring to prepare
ammoniacal silver nitrate. After immersing the silicon target
surfaces, 6% glucose or 10% acetaldehyde solution was slowly
added dropwise into the ammoniacal silver nitrate solution, after
which the solution was heated to 65 1C. After a short induction
period, an Ag film was formed on the wafer surfaces in several
minutes.

2.3. MacEtch process

The Ag-decorated Si wafers were then subjected to the
MacEtch process in 1:1:1 (v:v:v) HF (49%):H2O2 (30%):EtOH for
the desired time. Table 1 shows the different MacEtch times
and conditions for p-Si(100) and Si(111) wafers, as well as the
conditions used to prepare the Ag catalysts. All samples were
processed at 300K. After etching, samples were removed from the
etch bath and then dipped in �33% aqueous HNO3 for 30 min to
remove any residual Ag particles.

2.4. Characterization

Morphologies of the silver particles and the etched samples were
characterized with a thermionic-field emission scanning electron
microscope (SEM; Camscam, MX2600). Reflectance spectra were
recorded from 300 nm to 800 nm with a UV–vis spectrophotometer
(PerkinElmer, Lambda 950) equipped with an integrating sphere.
Static water contact angles were measured on the original silicon
surfaces and the etched samples under ambient conditions using
4 mL sessile drops with a G10 Drop Shape Analysis System (Krüss,
Hamburg, Germany) and calculated using Data Physics Series Contact
Angle Analyzer Software.
Fig. 2. Reflectivity of p-Si(100) samples before and after MacEtch for various

etching times. (a) Reflectance spectra of samples etched for various times (0, 10,

20 and 30 min); (b) Variation of average reflectivity (300–800 nm) for samples

etched varying times (0, 10, 20, 30, 60, 120, 180 min).
3. Results and discussion

3.1. Ag-catalyzed MacEtch of p-Si(100)

For silver deposition on all p-Si(100) wafers, glucose was used
exclusively as the reductant in the silver-mirror reaction. Typically
broad distributions of particle sizes are obtained using glucose
reductant, and the behavior for both unetched p-Si(100) and base-
etched p-Si(100) presenting pyramidal features is addressed below.

3.1.1. Untreated p-Si(100)

The initial series of samples investigated was comprised of
untreated p-Si(100) subjected to MacEtch in 1:1:1 (v:v:v) HF
(49%):H2O2 (30%):ethanol for varying times from 10–180 min.
After aqueous NaOCl rinsing, untreated (flat) p-Si(100) wafers
were processed as described in Fig. S1(a). Fig. 1(b) shows SEM
images of the deposited Ag particles on p-Si(100). Deposition of
Ag films on these Si(100) surfaces is quite facile via the silver-
mirror reaction, typically producing fully active films within
1 min. The Ag particles distribute in an open network with sizes
ranging from several tens to several hundred nanometers. In the
initial stages of silicon MacEtch, the reaction proceeds vigorously
with a great deal of gas bubble evolution, causing the Ag particles
and clusters to move laterally as they begin to descend into the
substrate, leading to the formation of a layer with large-scale
roughness features and irregular pores at 10 min etch time, as
shown in Fig. 1(c). At 20 min etch time, the top macroporous layer
begins to peel off, revealing a thin nanoporous layer, Fig. 1(d),
which grows into a deep microporous layer, like that shown in
Fig. 1(e), at 30 min etch time.
After the initial vigorous stage of etching, the mechanical
disturbance associated with bubble formation abates, and the
remaining Ag particles reside within physically separated regions,
essentially nascent nanopores. The reflectivity of samples before
and after initiating the MacEtch, shown in Fig. 2, follows the same
trend as the variation in morphology. After a short etch time,
to30 min, the reflectivity decreases to a stable average reflectiv-
ity in the range 300–800 nm of approximately Ravg�10%, where it
remains, even for prolonged etch times, as shown in Fig. 2(b).
Fig. 1(e)–(h) shows that the morphology of the etched Si
continues to evolve over etch times in the range 30–180 min,
but the reflectivity does not change significantly after 30 min.
Fig. 1(h) shows the morphology of a p-Si(100) sample subjected to
MacEtch for 3 h. The formation of a stable microporous layer is
evident, and the inset image shows the formation of steps on the
sidewalls of the nanopores. Although the stepped features do not
correlate with further decreases in reflectance under these con-
ditions, they are a characteristic feature of MacEtch in silicon, and
they do appear to correlate with further reductions in reflectance
under other conditions (vide infra).
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3.1.2. Effect of KOH pre-etching on MacEtch of p-Si(100)

One hypothesis posits that the presence of nano- and micro-
scale roughness features in the same sample structure can aid in
achieving low-reflectance surfaces. In order to test this hypoth-
esis, a two-stage processing strategy was developed in which a
first stage etch in KOH/isopropanol (IPA) is used to produce mm-
scale pyramidal features in the (100) geometry, and this is
followed by Ag-catalyzed MacEtch to produce nanoscale features
on the mm-scale pyramids. The process followed is shown in the flow
chart in Fig. S1(b) in the ESI. The first stage etch was implemented for
either 30 min (S8-S11) or 60 min (S12-S15) to produce two series of
samples.

Fig. 3 shows the results for samples etched 30 min in hot KOH/
IPA, including the micro-pyramids obtained in the first stage etch,
Fig. 3. SEM images of p-Si(100) wafers before and after Ag particle deposition on surfac

1:1:1 (v:v:v) HF (49%):H2O2 (30%):ethanol for varying times. (a) SEM of S8 prior to Ag d

samples (c) S9, (d) S10, (e) S11, etched for 10, 20 and 30 min, respectively.
Fig. 3(a), the morphology of the deposited Ag particles, Fig. 3(b),
and the corresponding morphologies obtained at various MacEtch
times. Starting from uniformly distributed pyramids of average
size �1 mm produced by 30 min exposure to KOH/IPA at 80 1C, Ag
particles or clusters obtained from Tollen’s reagent distributed on
the surface similarly to those on unetched Si, Fig. 1(b), except for
the preferential deposition of Ag along the bases of the pyramids.
Note the square features in Fig. 3(b). The morphologies obtained
from 10–30 min MacEtch are shown in Fig. 3(c)–(e). Unlike the
results obtained from MacEtch of n-Si(100) using Ag particles
deposited by chemical replacement [31], no hierarchical struc-
tures are observed. Instead, porous layers are obtained, in which
the porosity evolves with etch time. Interestingly, as shown in
Fig. S2, these samples all show lower reflectivity than either (a)
es pre-etched to produce a random pyramidal texture and subsequent MacEtch in

eposition. (b) SEM of S8 after Ag particle deposition. SEM images after MacEtch on
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the pyramidal textures not subjected to MacEtch or (b) surfaces
produced from MacEtch of flat silicon. Furthermore, the average
reflectivity in the range 300–800 nm is reduced below 10%, which
is a threshold for potential application as antireflection layers of
solar cells.

Fig. 4 shows the results for p-Si(100) samples etched 60 min in
hot KOH/IPA, including the micro-pyramids obtained in the first
stage etch, Fig. 4(a), the morphology of the deposited Ag particles,
Fig. 4(b), and the corresponding morphologies obtained at various
MacEtch times, Fig. 4(d)–(f). Fig. 4(a) shows that the surface
morphology of the Si(100) micro-textured with pyramids in KOH/
IPA at 80 1C for 60 min is less uniform in size than comparable
samples exposed to KOH/IPA for 30 min. Correspondingly, the
surface reflectivity prior to MacEtch is significantly larger, as
shown in Fig. S3. These rougher structures apparently facilitate
Fig. 4. Behavior of p-Si(100) wafers before and after Ag particle deposition on surface

1:1:1 (v:v:v) HF (49%):H2O2 (30%):ethanol for varying times. (a) SEM of S12 prior to Ag

angle on sample in panel (b). SEM images after MacEtch on samples (d) S13, (e) S14, (
the nucleation and deposition of Ag particles, as the Ag layer
obtained under the same conditions applied in Fig. 3(b) is much
thicker and denser, as shown in Fig. 4(b). This surface exhibits
roughness over a large span of length scales, as supported by the
superhydrophobic behavior in a sessile drop water contact angle
measurement, Fig. 4(c). Consistent with the larger Ag loading,
the MacEtch reaction initially proceeds very rapidly, and the
resulting mechanical disturbance causes the pyramidal textures
to collapse within 1 min, replacing the pyramidal architecture
with an uneven microporous layer, as shown in Fig. 4(d). The
surface morphology continues to evolve in a complex fashion at
longer MacEtch times (not shown) with relatively high average
reflectance values (Table 1). In contrast, very long MacEtch
times (t�120 min) result in a distinctly different morphology
exhibiting large-area disordered bunched nanowire-like structures,
s pre-etched to produce a random pyramidal texture and subsequent MacEtch in

deposition. (b) SEM S12 after Ag particle deposition. (c) Sessile drop water contact

f) S15, subjected to MacEtch for 1, 5 and 120 min, respectively.
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as shown in Fig. 4(f). Importantly, these structures display average
reflectance Ravg�5%—as good as the best results obtained under any
of the etching protocols examined here. Table 1 summarizes the
average reflectance results for all of the pre-etched p-Si(100)
samples. It is evident that the two-step etching strategy is effective
under carefully controlled conditions in producing samples with
lower reflectivity than either the KOH/IPA-produced pyramidal
textures or the flat p-Si(100) subjected to MacEtch only.
3.2. Ag-catalyzed MacEtch of p-Si(111)

To investigate the effect of crystalline facet, a series of experi-
ments were performed on p-Si(111), using two reductants,
glucose and acetaldehyde, which produce distinct Ag catalyst
Fig. 5. SEM images of p-Si(111) wafers before and after Ag particle deposition, us

H2O2 (30%):ethanol for different times. (a) S16 prior to processing. (b) S16 after Ag parti

are etched for 10, 20, 30 and 120 min, respectively.
morphologies. After aqueous NaOCl rinsing, flat p-Si(111) wafers
were processed in the sequences represented in Fig. S1(b).
3.2.1. MacEtch of p-Si(111) with glucose-reduced Ag particles

Typically an alkaline environment is required to ensure the
deposition of metal films by the silver-mirror reaction. Here two
different reducing agents with different reduction potentials, glucose
and acetaldehyde, are compared for their ability to facilitate the
formation of Ag particles, which can then catalyze the MacEtch
process. Fig. 5 shows SEM images of p-Si(111) wafers before and
after Ag particle deposition, using glucose as reductant, and subse-
quent MacEtch in 1:1:1 (v:v:v) HF (49%):H2O2 (30%):ethanol for
different times. The Ag particles produced by the silver-mirror
reaction in 1 min under these conditions display sizes ranging from
ing glucose as reductant, and subsequent MacEtch in 1:1:1 (v:v:v) HF (49%):

cle deposition. SEM images after etching for (c) S17, (d) S18, (e) S19, (f) S20, which
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several tens to several hundred nanometers distributed randomly as
shown in Fig. 5(b), however both the density of Ag particles and
the thickness of the Ag film are much smaller than those produced
on p-Si(100) surfaces. Fig. 5(c) shows a non-uniform morphology –
slightly etched micro-domains surrounded by nanopores – after a
10 min MacEtch. Even at this short etch duration the reflectance
spectrum, Fig. S4, still shows much lower reflectivity than the
polished wafer and the average reflectivity in 300–800 nm is reduced
to about 15%. When increasing the MacEtch time to 20 and 30 min,
viz. Fig. 5(d) and (e), the small porous domains grow into bigger
grooves and the surface becomes more uneven, ultimately evolving
into the bunched wire-like structures appeared, as shown in
Fig. 5(f) at 120 min etch time. After dropping significantly during
the first 10 min etch period the average reflectance stabilizes near
Ravg�10% at all longer etch times. The uniformity of structures
Fig. 6. SEM images of p-Si(111) wafers after Ag particle deposition, using acetaldehy

ethanol for different times. (a) S16 after Ag deposition but prior to etching. SEM images a

10, 20, 30, 60, 120. Note the scale bar is 1 mm for panels (b)–(f).
produced by this method can be controlled by adjusting the experi-
mental conditions affecting etch rates, Fig. S5. MacEtch using metals
deposited by sputtering or evaporation produces etch rates suffi-
ciently fast that control of uniformity is difficult to achieve. For
MacEtch using in situ deposition, the etching process is affected by
the initial conditions, including the crystal orientation, cleanliness
degree. However, the uniformity and the density of the deposited
particles and even the diameter of the particles can be controlled by
adjusting the solution concentration and the deposition temperature,
and the etch rate can be controlled by adjusting the concentrations of
the etchants.

3.2.2. MacEtch of p-Si(111) with acetaldehyde-reduced Ag particles

When acetaldehyde is used as the reductant in the silver-
mirror reaction deposition of Ag on p-Si(111), the induction
de as reductant, and subsequent MacEtch in 1:1:1 (v:v:v) HF (49%):H2O2 (30%):

fter etching for (b) S16, (c) S21, (d) S22, (e) S23, and (f) S25, which are etched for 0,
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period is much longer than when glucose is used, consistent with
the fact that acetaldehyde is a less active reducing agent than
glucose. Furthermore, Fig. 6(a) shows the Ag particle size dis-
tribution is much more homogeneous than that obtained with
glucose, Fig. 5(b). Fig. 6(c)–(f) show the results of MacEtch carried
out for varying times with these Ag deposits, and Fig. S6 shows
the measured reflectance spectra and average reflectances. The
observed morphology changes are similar to those obtained with
the glucose-derived Ag catalyst, with the exception that very long
etches do not produce the wire-like morphology observed in
sample S20 (t¼120 min). Importantly, low average reflectivities
are obtained over a broad range of etch times, as shown in
Fig. S6(b) and Table 1, being below 10% average reflectivity over
the range 20 minoto60 min. This observation is correlated with
the homogeneity of the Ag particle size distribution using
acetaldehyde as the reductant, and the average reflectance
values obtained are as low as the best structures prepared from
the two-stage micro-nano etch strategy used with p-Si(100). They
are certainly low enough to be of technological interest, especially
given the simplicity of the preparation process.

4. Conclusion

Antireflective porous layers can be fabricated in a simple
straightforward liquid-phase process on p-Si(100) and (111) by Ag-
catalyzed MacEtch in 1:1:1 (v:v:v) HF(49%):H2O2(30%):ethanol at
ambient temperature. The catalyst Ag particles are deposited via the
silver-mirror reaction by using either glucose or acetaldehyde as
reductant, and in the case of p-Si(100), the surfaces can be pre-
etched in KOH/IPA to produce pyramidal structures prior to MacEtch.
Processing schemes producing reflectance values below 10% aver-
aged over the wavelength range 300–800 nm are promising for
technological application. The best results, i.e. lowest average reflec-
tance values, are obtained with the two-step etching strategy applied
to p-Si(100). A 30 min KOH/IPA pre-etch coupled with relatively
short MacEtch times (to30 min) produces samples with surface
reflectivities �5%. These results are better than those obtained with
pyramidal textures alone or the MacEtch of flat p-Si(100). Low
reflectivity structures can also be produced from p-Si(111) surfaces
using Ag catalysts derived either from glucose or acetaldehyde
reductants, with average reflectivities r10%. Slightly better results
are obtained using acetaldehyde, Ravgo10%, in a process that is
relatively insensitive to the MacEtch time employed. In summary,
the novel method described here offers a simple route to the
production of antireflective layers directly on p-Si(100) and (111)
surfaces and can likely be extended to antireflection coatings on
polycrystalline wafers.
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