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ABSTRACT: We reported a novel texture method through
one-step Cu/Ag-cocatalyzed chemical etching which can be
widely used in the photovoltaic industry because of its simple
and low-cost process. The etching mechanism of an inverted
rectangular pyramid is the cooperation of Ag-catalyzed vertical
etching and Cu-catalyzed lateral etching. In our texture
method, neither saw damage removal nor post-treatment is
needed. During the etching process, the digging holes by Ag-
catalyzed etching and enlarging holes by Cu-catalyzed etching
completed at the same step. Benefiting from the excellent
light-trapping and passivation effect of the inverted
rectangular pyramid, diamond wire sawing multicrystalline
silicon (mc-Si) Al-BSF solar cells with a super high efficiency of 19.49% had been obtained.
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■ INTRODUCTION

High efficiency and low cost are always the main drives of the
photovoltaic (PV) industry. Up to now, multicrystalline silicon
(mc-Si) solar cells still account for the most share of the PV
market.1 Slurry wire sawing (SWS) has been used to slice
silicon ingots into thin wafers for decades. In order to further
reduce the cost, diamond wire sawing (DWS) is developing
rapidly. Compared with SWS, DWS has the advantages of
higher slicing speed and less thickness of the saw damage
layer,2−4 which greatly reduces the manufacturing cost. Thus,
DWS is becoming the mainstream slicing technique to cut the
silicon ingots into wafers in the short run. Unfortunately, due
to the different surface structure of the DWS Si wafer from the
SWS one, the conventional HF/HNO3 acidic solution texture
does not work well for DWS ones. The reason is that the
amorphous Si layer caused by DWS would hinder the etching
process which was confirmed by Raman spectroscopy,
resulting in relatively high surface reflectivity.5 Meanwhile,
the visible saw marks remaining on the DWS Si surface will
also decrease solar cell’s efficiency.6

Thus, for the texturization of DWS mc-Si, an effective
texture method is desperately required. In recent years, black
silicon (B-Si) has drawn a lot of attention because of its
superior light-trapping effect. B-Si can be fabricated by reactive
ion etching,7,8 laser-based approach,9 microwave and ICP−
CCP plasma texturing,10 atmospheric pressure F2-based dry
etching,11,12 and plasma immersion ion implantation.13,14

Among them, metal-assisted chemical etching (MACE) is
the most cost-effective method to prepare B-Si during mass
production. What is more, the MACE method will work for
virtually any surface roughness, even though the DWS wafer.15

Normally, the saw damage layer must be removed before
MACE and nanowire or nanopore silicon structures with a
high aspect ratio are formed by the mostly used Ag-assisted
chemical etching. However, such highly nanostructured B-Si
will introduce more electron−hole recombination and surface
recombination. In order to balance the optical and the
electrical losses, a post treatment process must be used by
either acid15 or alkali solutions,3 which causes additional
procedure and cost. More recently, Cu-assisted chemical
etching (CACE) had been reported to fabricate the inverted
pyramid in the micrometer scale, which had simultaneous
realization of excellent optical and electrical properties.16−18

However, the inverted pyramid texturization technique cannot
be applied directly on mc-Si wafers because the randomly
oriented grains in mc-Si wafers can cause color differences after
the anisotropic etching of CACE.
In this work, as inspired by the vertical and lateral etching

behavior resulted from Ag and Cu catalysis, respectively, a
novel, cost-effective, and one-step Cu/Ag-cocatalyzed chemical
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etching method without pre or post-treatment is developed.
Three etched structures based on single crystal silicon (c-Si)
(100), (110), and (111) oriented wafers were used to
investigate the etching mechanism. The obtained inverted
rectangular pyramidal structure has the characteristics of low
reflectivity and easy passivation, along with little color
differences, which is very suitable for mc-Si. Because of its
superior light-trapping and structure characteristics, a super
high efficiency of 19.49% based on AL-BSF mc-Si solar cells
had been obtained. Besides, the longest processing time is 210
s, making it very facile to the current mass production.

■ RESULTS AND DISCUSSION
The nanostructure with a high aspect ratio is shown in Figure
1a, which was obtained through Ag-catalyzed chemical etching

on the polished Si(100) wafer. The mechanism of Ag-catalyzed
chemical etching had been systematically studied previ-
ously.19−24 Silicon beneath the Ag nanoparticles will be etched
first, forming shallow-pit structures, accompanied by the
sinking of Ag nanoparticles into the structures. With the
prolongation of etching time, the nanowire arrays finally
formed because of the continuous sinking of the Ag
nanoparticles. As can be seen in Figure 1a, Ag clusters are
found to lie at the bottom of nanowire arrays. Despite its low
reflectivity, this highly nanostructured B-Si cannot be used for
the fabrication of solar cells without post treatment.25 Figure
1b shows the cross-sectional inverted pyramid fabricated by
Cu-catalyzed chemical etching.16,26 The formation mechanism
of the inverted pyramid lies in the anisotropic deposition of Cu
nanoparticles on the Si surface, leading to the anisotropic
etching of Si.16,17,27 Except for the excellent light-trapping
effect, the inverted pyramid structure also has good passivation
effect, which benefits the SiNx deposition and metal-electrode
filling.28,29 However, the inverted pyramid will cause color
differences among different grains in the mc-Si wafer. As
discussed above, the question of whether there is a facile
method to fabricate structures with low reflectivity and easy
surface passivation whereas leading to a minimum reflection
distribution between grains of mc-Si still needs to be answered.
Thus, by taking advantage of Ag-catalyzed vertical etching and
Cu-catalyzed lateral etching, a novel inverted rectangular
pyramid texture with excellent light-trapping ability and
passivation effect is obtained.
To clarify the Cu/Ag-cocatalyzed etching mechanism, three

textured structures based on Si(100), (110), and (111) wafers
were investigated by using this method. Figure 2a,b displays
the SEM images of the p-Si (100) substrate after being etched
in the Cu/Ag-cocatalyzed solution for 210 s followed by
removing of metal nanoparticles by concentrated nitric acid.

Quadrilateral-shaped structures with diameter ranging from 50
to 350 nm are found in Figure 2a and some of them are
overlapping to each other. As can be seen in Figure 2b, funnel-
shaped structures with depth ranging from 120 to 500 nm were
obtained. The etched structure is much different from that
obtained by using single Ag or CACE. The measured apex
angle of the funnel-shaped structure is 26.5°, which is
consistent with the apex angle (26.53°) of the inverted
rectangular pyramid bounded by {331} planes. The structure
formed by {331} facets is a tetrahexahedron with six
rectangular pyramids along the axis of the coordinate. The
inverted rectangular pyramid was obtained by using the (100)
plane to incise the {331}-faceted structure, as shown in Figure
2c. The aspect ratio of the {331}-faceted inverted rectangular
pyramid is three times that of the standard inverted pyramid
composed by {111} facets, as a result, some of the inverted
rectangular pyramids become the inverted quadrangular
frustum pyramid, as the simulated schematics shown in Figure
2d. Both the top and cross-sectional inverted rectangular
pyramid shown in Figure 2a,b are basically the same as the
simulation results. The reflectance of the structure varied with
the depth of the inverted quadrangular frustum pyramid,
generally decreased with the increased depth, reached the
minimum when the structure became a fully inverted
rectangular pyramid.
The above discussion shows that the formation mechanism

of the inverted rectangular pyramid is Cu and Ag-cocatalyzed
in the HF/H2O2 solutions. We have formerly fabricated the
inverted pyramid structure in the micrometer size by Cu-
assisted anisotropic chemical etching of Si. Because of the
lower redox potential of Cu2+/Cu, the etching of the Si surface
is limited, either inverted pyramids or shallow pits with lower
aspect ratio were demonstrated,16,17,27,30 which means that
lateral etching is much easier for CACE. While, for Ag-
catalyzed chemical etching, nanowire or nanopore silicon
structures with a high aspect ratio will be fabricated. Because of
the much higher redox potential of Ag+/Ag, Ag particles can be
easily trapped vertically into the silicon during the etching
process, as the schematics shown in Figure 3, indicating that
vertical etching is much easier for Ag-assisted chemical
etching.22 Thus, the etching mechanism of the inverted

Figure 1. Scanning electron microscopy (SEM) images of the cross-
sectional view: (a) B-Si by Ag-catalyzed chemical etching, (b)
inverted pyramid by Cu-catalyzed chemical etching.

Figure 2. Morphology of the Cu/Ag-cocatalyzed chemical etching
structure on Si(100) wafers: (a) top view, (b) cross-sectional view.
Simulated schematics of {331}-faceted tetrahexahedron and {331}-
faceted inverted rectangular pyramids (c), and truncated inverted
rectangular pyramid (d).
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rectangular pyramid is a cooperation of Cu-catalyzed lateral
etching and Ag-catalyzed vertical etching. That is to say, in our
texture method, digging holes by Ag-catalyzed etching and
enlarging holes by Cu-catalyzed etching completed at the same
step. It is worth mentioning that no Cu nanoparticles were
found on the Si surface, which was confirmed by energy-
dispersive spectroscopy. The reason is that, due to the
replacement reaction, the Cu nanoparticles can obtain holes
from Ag+ ions and become Cu2+ ions. At the same time, Ag+

ions were reduced to Ag nanoparticles. Besides, Cu nano-
particles can also be oxidized by the hydrogen peroxide, while
it is more difficult for hydrogen peroxide to oxidize Ag
nanoparticles. The possible reactions are as follows:
For the Cu/Ag redox process

Cu 2e Cu2 + →+ − (1)

Cu H O 2H 2H O Cu2 2 2
2+ + → ++ +

(2)

2Ag Cu Cu 2Ag2+ → ++ +
(3)

Ag e Ag+ →+ −
(4)

For the silicon dissolution process

Si 4e 2H O SiO 4H2 2− + → +− +
(5)

SiO 6HF H SiF 2H O2 2 6 2+ → + (6)

It is important to note that the reaction mechanism in this
paper is much different from that reported by Wang and
Chen31 and Zheng et al.,32 in which low concentration of Ag+

is used to accelerate the etching rate of Cu. Besides, before the
MACE process, the saw damage layer must be removed by acid
texture, and the final etched structures are still nanopores
which need a post-treatment to enlarge the diameter of the
nanopores.
Figure 4 shows the simulated schematics of {331}-faceted

tetrahexahedron and two orientations of {331}-faceted

inverted rectangular pyramids on Si(110) wafers as well as
the corresponding structures etched by Cu/Ag-cocatalyzed
solutions for 210 s on Si(110) wafers. The simulation method
is using the (110) crystal face to intersect with the {331}-
faceted tetrahexahedron and intersect with two of the
rectangular pyramids. The top view of the intersect structure
on the (110) surface is rhombus-shaped inverted rectangular
pyramids, as shown in Figure 4a. Figure 4b shows the SEM
images of the corresponding structures etched on (110)
oriented wafers and the insets show the amplification SEM
images, which are consistent with the simulation ones. We
formerly fabricated a rhombus-like structure on Si(110) wafers
by CACE,26 which is much different from the structure
obtained by Cu/Ag-cocatalyzed chemical etching. However,
for Cu/Ag-cocatalyzed chemical etching, there are two
orientation inverted rectangular pyramids on the (110) surface
because of two of the rectangular pyramids are intersected by
the (110) plane.
As for the (111)-oriented wafers, we obtained three

orientation inverted rectangular pyramid-like structures using
the same simulation method because three of the rectangular
pyramids are intersected by the (111) plane. The simulated
schematics on the (111) surface are shown in Figure 5a and
the SEM images of the corresponding etched structures are
listed in Figure 5b−e. These results reconfirm the correctness
of our simulations. The structure etched by Cu/Ag-cocatalyzed
chemical etching is also much different from the hexagonal and
triangular structures etched by single CACE,26 and their
average reflectance differences will be discussed in the
following. However, only nanostructures (nanowire or nano-
pore) are obtained for single Ag-assisted chemical etching,
regardless of the silicon orientation.21,24,33,34

For raw DWS mc-Si, although it consists of crystallites with
different orientations, the texture is also effective by Cu/Ag-
cocatalyzed etching. As shown in Figure 6a, damages are
irregularly distributed on the as-cut DWS mc-wafers, such as
damaged pits, cracks, and smooth parallel marks,3 while most
of the visible saw marks are removed after being etched in 4.6
M HF, 0.44 M H2O2, 4 mM AgNO3, and 20 mM Cu(NO3)2
mixture for 210 s at room temperature. The inverted
rectangular pyramid Si surface fabricated by Cu/Ag-cocata-
lyzed etching is very uniform even among the different crystal
orientations, as seen in Figure 6b. The etched structure on
DWS mc-Si is also the inverted rectangular pyramid lined by
{331} planes, as shown in Figure 6c, the measured apex angle
is 26.5° which is consistent with the apex angle (26.53°)
bounded by {331} planes. Figure 6d shows the simulated
inverted rectangular pyramid on the (112) plane. The
simulation method is using the (112) crystal face to intersect
with the {331}-faceted tetrahexahedron. The morphology of
the etched structure is almost the same as the simulated one
which further verifies the mechanism of Cu/Ag-cocatalyzed
chemical etching. The reflectivity of the inverted rectangular
pyramid on different oriented Si wafers has been measured.
The average reflectivity (R̅) is calculated as follows

R
R S

S

( ) ( ) d

( ) d
300 nm

1000 nm

300 nm

1000 nm

∫

∫

λ λ

λ
̅ =

· λ

λ (7)

where S(λ) is the solar flux under AM1.5 standard conditions
and R(λ) is the measured reflectance. As shown in Figure 7,
the R̅ from 300 to 1000 nm is 8.34, 11.38, and 13.01% for

Figure 3. Schematics of the etching process by single Cu- and Ag-
catalyzed chemical etching and Cu/Ag-cocatalyzed chemical etching.

Figure 4. (a) Simulated schematics of {331}-faceted tetrahexahedron
and two orientations of {331}-faceted inverted rectangular pyramids
on (110)-oriented wafers, (b) corresponding SEM images of (a). The
highlighted yellow line in (b) represents the boundary between the
two inverted rectangular pyramids.
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(100), (110), and (111) surfaces, respectively, indicating that
the maximum reflectivity differences of the DWS mc-Si are
lower than 5%, while it is more than 20% for the standard

inverted pyramid,26 and the reflectivity differences will further
decrease to about 1% after the deposition of silicon nitride.
What is more, the (100) crystal grains account for a very small
proportion of the entire DWS mc-Si surface. Thus, the color
differences on inverted rectangular pyramid DWS mc-Si are
comparable to those of the acid-textured SWS mc-Si.
A standard Al-BSF solar cell process was applied on Cu/Ag-

cocatalyzed etching of DWS mc-Si (labeled MCT-DWS). For
comparison, solar cells based on the SWS and DWS mc-Si
silicon wafers textured by conventional acidic solutions also
have been fabricated on the same production line (labeled AT-
SWS and AT-DWS). All the used wafers are from the same
ingot and they are also randomized from different locations of
ingot. For the detailed solar cell fabrication process, please
refer to our previous work.28

Figure 8 presents the reflectance and external quantum
efficiency (EQE) spectra of the AT-SWS, AT-DWS, and MCT-

DWS mc-Si solar cells. The inset shows photographs of AT-
SWS and MCT-DWS solar cells. The R̅ of the as-etched AT-
SWS, AT-DWS, and MCT-DWS mc-Si is 25.15, 30.31, and
12.08%, respectively, and is reduced to 6.90% for AT-SWS,
8.76% for AT-DWS, and 3.25% for MCT-DWS, respectively,
after SiNx antireflection layer deposition. Because of the

Figure 5. (a) Simulated schematics of {331}-faceted tetrahexahedron and three orientations of {331}-faceted inverted rectangular pyramids on
(111)-oriented wafers, (b−e) corresponding SEM images of (a). The highlighted yellow line in (b) represents the boundary of the three inverted
rectangular pyramids.

Figure 6. (a) As-cut morphologies for DWS mc-Si, (b) etched
structure by Cu/Ag-cocatalyzed chemical etching, (c) magnified
image of (b); (d) simulated {331}-faceted inverted rectangular
pyramid on (112)-oriented wafers.

Figure 7. Reflectance spectra of Si(100), (110), and (111) substrates
etched by Cu/Ag-cocatalyzed chemical etching.

Figure 8. Reflectance and EQE spectra of the AT-SWS, AT-DWS,
and MCT-DWS mc-Si solar cells from 300 to 1100 nm. The inset
shows photographs of AT-SWS and MCT-DWS solar cells.
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structural characteristics of the inverted rectangular pyramid,
the reflectivity between different grains is so small that the
color differences in the MCT-DWS mc-Si solar cell are
comparable to the AT-SWS mc-Si cell as the inset shown in
Figure 8. The appearance of the MCT-DWS cells is dark blue,
in contrast to the blue of AT-SWS cells. Because of the
insufficient texturing by HF/HNO3 solutions, the reflectivity of
AT-DWS is still very high, even after the deposition of the SiNx
layer. While, as for MCT-DWS mc-Si, the R̅ is low enough over
the whole range of wavelength due to the superior light-
trapping effect of the inverted rectangular pyramid. The EQE
of AT-SWS-, AT-DWS-, and MCT-DWS-based solar cells is
tested to fully understand the influence of electrical and optical
properties on the performance of solar cells. Obviously, the
EQE of MCT-DWS is the highest in the whole wavelength
range, which implies that both the lower reflectance and better
passivation of the inverted rectangular pyramid attribute to the
performance of the cells. However, the lower EQE value of
AT-DWS-based solar cells in the long wavelength is attributed
to the severe electric loss which was caused by the still visible
saw marks after acid texture.
Figure 9a−d illustrates the box plot of the main electric

performance parameters including short-circuit current density
(Jsc), open-circuit voltage (Voc), fill factor (FF), and conversion
efficiency (Eff) of the AT-DWS, AT-SWS, and MCT-DWS
samples. The sample quantity of AT-DWS, AT-SWS, and
MCT-DWS is 50, 400, and 1200 slices, respectively. The solar
cell efficiency is tested under AM1.5 illumination with an area
of 15.6 × 15.6 cm2. Our best MCT-DWS solar cell efficiency is
as high as 19.49%, which implies that the texturization of DWS
mc-Si with the Cu/Ag-cocatalyzed chemical etching method is
effective. What is more, the mean efficiency of the 1200 slices
MCT-DWS cells has reached 19.25% with a Jsc of 37.62 mA/
cm2, Voc of 640.6 mV, and FF of 79.87%, which is 0.56%
absolute higher than the AT-SWS cells and 1.5% absolute
higher than the AT-DWS cells. Because of the superior light-
trapping and passivation effect of the inverted rectangular

pyramid together with the uniform surface, the Jsc of 37.62
mA/cm2 is much higher than 36.85 mA/cm2 of AT-SWS solar
cells, together with a Voc of 640.6 mV which is 3.1 mV higher
than the production line. However, for AT-DWS solar cells,
the much lower Eff is resulting from the still visible saw marks
and higher reflectance which not only deteriorates the
electrical performance but also decreases light absorption.
That is, the serious saw marks will give rise to the nonuniform
p−n junction depth and poor finger contact to the silicon,
which will greatly decrease FF.6

■ CONCLUSIONS

In summary, the inverted rectangular pyramid fabricated by the
novel Cu/Ag-cocatalyzed chemical etching method simulta-
neously realized the excellent light-trapping and passivation
effect. A highest efficiency of 19.49% based on DWS mc-Si had
been obtained on an industrial production line. The etching
mechanism of the inverted rectangular pyramid is the
cooperation of Ag-catalyzed vertical etching and Cu-catalyzed
lateral etching. The low cost, one-step texturing method
without pre or post-treatment and maximum 210 s processing
time, which not only solves the texturization problem of DWS
mc-Si, but also opens up new prospects for the application of
efficient solar cells.

■ EXPERIMENTAL METHODS
P-type single crystal silicon (c-Si) wafers with (100), (110), and (111)
oriented and p-type commercially used 15.6 × 15.6 cm2 DWS
multicrystalline silicon wafers were used to investigate the texturing
process. The inverted rectangular pyramid texture was obtained by the
truly one-step Cu/Ag-cocatalyzed chemical etching, containing 4.6 M
HF, 0.44 M H2O2, 4 mM AgNO3, and 20 mM Cu(NO3)2, with about
3 μm etching depth on each side. After texturization, concentrated
HNO3 was used to remove the metal nanoparticles on the Si surface,
followed by a standard RCA cleaning. Then, the Al-BSF solar cells
were fabricated on a current production line. Detailed processes and
test methods have been introduced in our previous work.28

Figure 9. Box plot of cell performance: (a) Jsc, (b) Voc, (c) FF, and (d) Eff for AT-SWS, AT-DWS, and MCT-DWS mc-Si solar cells. The box plot
shows the lower quartile, median, and upper quartile and the symbol □, △, and ▽ represent the mean, maximum, and minimum of the data,
respectively.
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