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Surface texturing methods using an alkaline solution for monocrystalline Si (c-Si) solar cells have been widely accepted to improve
cell performance. However, multicrystalline Si (mc-Si) cells are difficult to be texturized by alkaline etching, because the grains in
the substrates are randomly oriented. In this study, we considered aHF/HNO

3
/H
2
SO
4
acid solution for texturing themc-Si cells.We

evaluated themorphology of the textured surfaces and the reflectance spectra from the surfaces.Thedeep dimple textured structures
are formed on the surfaces for only 30 seconds of the acid texturing process. This behavior results from the effect of H

2
SO
4
in the

solution. This process obtains up to 14.7% conversion efficiencies of the acid textured cells. These conversion efficiencies are up to
1.3 times larger than those of the mirror-etched cells.

1. Introduction

Bulk silicon-based solar cells are considered as a first choice
for mass production and constituted more than 80% of total
shipments in 2010 [1]. Specifically, the share of multicrys-
talline silicon (mc-Si) solar cells is still above 40% due to the
possibility of lowermanufacturing cost thanmonocrystalline
silicon (c-Si) solar cells.

Surface texturing for Si solar cells is a key technology
for improving cell efficiency and is beneficial for low-cost
cells. A surface texturing method can reduce light reflectance
on the surface of the cells quite efficiently and achieve more
adequate light absorption enhancement inside the cells than
the absorption of the flat surface cells [2, 3].

A low cost surface texturing method by wet etching using
an alkaline solution is widely accepted for improving short
circuit current of the c-Si cells.This method uses dependence
of the etch rate on crystalline orientation of silicon. Random
pyramid structures with a few micron orders can be formed
by the alkaline wet etching process.

In contrast to c-Si cells, surface texturing methods for
mass production ofmc-Si cells have not beenwell established.
Alkaline texturing is not effective for mc-Si cells, because
the grains in mc-Si wafers are randomly oriented. Various
alternative methods for texturing the surface of mc-Si cells
have been explored [4–7]; however, these methods also have
several problems for practical use. For example, reactive ion
etching (RIE) [7] is one of the candidates for texturing mc-
Si cells and can enhance cell efficiency sufficiently. However,
after the RIE etching process, an additional post process is
needed to remove the damaged surface layers, and this will
increase the cost of production. Other methods, for instance,
mechanical etching [4, 5] and/or laser etching [6], have also
been suggested. However, these methods are difficult to use
practically because of cost and/or productivity issues.

Acidic texturingmethods usingHF/HNO
3
solutions with

an additional diluent like CH
3
COOH are currently being

developed for texturing mc-Si cells [8–11]. Although the sur-
faces of the cells textured by an acid solution have relatively
high reflectance compared with those of RIE textured cells
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Figure 1: Schematic diagrams for acid texturing procedure.

[11], the acidic texturing method is a candidate for a mass
production due to its low cost.

In our study, we consider an alternative diluent instead
of CH

3
COOH to realize a more suitable acidic texturing

method.Weused aHF/HNO
3
solutionwithH

2
SO
4
instead of

a HF/HNO
3
solution with CH

3
COOH. A HF/HNO

3
/H
2
SO
4

system for surface texturing has previously been reported
[12–15]; however, cell performance has never been investi-
gated. As far as we know, this paper is the first to consider
the cell performance of the acid textured cells using the
HF/HNO

3
/H
2
SO
4
system. In this report, we demonstrate

comparable conversion efficiency up to 14.7% by using the
wet etching process for only 30 seconds. The acid texturing
method using a HF/HNO

3
/H
2
SO
4
solution with sufficiently

short etching time is preferable for mass production.

2. Experimental Procedure

2.1. Surface Texturing. In this experiment, 156 × 156mm as-
cut p-type boron-doped multi-crystalline Si substrates with
190 ± 20 𝜇m thicknesses were used. Resistivity of the wafers
was from 0.5 to 2Ωcm. The texturing procedure in Figure 1
was as follows. After the wafers were cleaned by deionized
water (DIW), the acidic texturing for the wafers was carried
out using 24 kg of HF/HNO

3
/H
2
SO
4
solutions. The volume

ratio of the solution used in this experiment was mainly
HF :HNO

3
: H
2
SO
4
= 1 : 1.6 : 8.2. In each etching experiment,

six wafers were simultaneously etched. The temperature of

the solution was fixed at 17∘C for each experiment. Etching
time was changed from 30 to 60 seconds. Typical etched
depth was about 5𝜇m for 60 seconds. Then the wafers
were rinsed with DIW for 2 minutes followed by drying.
After acidic texturing of the wafers, the etched surfaces were
observed with scanning electron microscopy (SEM). Optical
reflection measurements were performed using a double
beam spectrometer with an integrating sphere. An angle
spacer was also used to prevent specular reflection.

After the texturing process, we fabricated mc-Si solar
cells using a conventional method [16]. The cell fabrication
procedure is summarized in Figure 2. First, the substrates
were cut to 20 × 30mm2 pieces and then chemically cleaned
with a hot alkaline solution (NH

4
OH :H

2
O
2
: H
2
O = 1 : 1 : 6).

The substrates were rinsed with DIW, dipped into a diluted
HF solution, and rinsed again with DIW. To form a p-n
junction, phosphorus was doped by thermal diffusion to the
textured substrates at 940∘C for 40 minutes. The spin-on
diffusion source T-1 P59320 (Tokyo Ohka Kogyo Co. Ltd.)
was used as a phosphorus source to form doped oxide films
onto the substrates during the diffusion process. After the
diffusion process, the diffused layers of the rear side and near
the edge were removed by etching using an acid solution
(HF :HNO

3
: CH
3
COOH=2 : 3 : 6).The area of themeasured

diffused layer was 4.32 cm2. Then, aluminum films were
evaporated and patterned to form the front and rear elec-
trodes, and the substrates were sintered at 450∘C in nitrogen
ambient. After cell fabrication, the electrical characteristics of
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Table 1: Electrical parameters of the acid textured and the mirror-etched cells.

Etching time
(sec) 𝑉oc (mV) 𝐽sc (mA/cm2) Fill factor Efficiency (%)

Absorption
(%, at

600 nm)
Normalized 𝐽sc

Normalized
efficiency

Normalized
absorption

Textured
30 564 34.1 0.76 14.7 81.1 1.30 1.32 1.35
45 558 32.2 0.77 13.8 78.0 1.22 1.24 1.30
60 577 30.6 0.77 13.6 76.7 1.16 1.23 1.27

Mirror 563 26.3 0.75 11.1 60.2 1 1 1

the fabricated solar cells were investigated at 25∘C under the
illumination of AM1.5 using a solar-simulated light source
(type XC-500EFSS, Seric Ltd.). The solar-simulated light
source has a spectral distribution according to the class A of
JIS C-8912, between 400 and 1100 nm. Power density of the
illumination was calibrated using a solar power meter (type
ANS-001, San-ei Electric Co.) for a solar simulator. Note that
in this study we focus on the properties of texturing, thus
we mainly fabricated the cells without antireflection coating
(ARC) to prevent ambiguity.

3. Results and Discussion

3.1.Morphology of the Textured Surface. First, we investigated
time dependence of surface morphology of the wafers by
acid texturing using SEM. The cleaned mc-Si substrates
were dipped into the acid solution (HF :HNO

3
: H
2
SO
4
=

1 : 1.6 : 8.2) for 30, 45, and 60 seconds, respectively. Figure 3
shows the SEM images of the textured surfaces for each
etching time condition. The figures show that the textured
structure is a few micrometers. Note that in this experiment
sufficient textured structures can be obtained in shorter
etching times (30 to 60 seconds) than those in previous
reports (a few minutes).

Figures 3(d)–3(f) show cross-sectional images of the
textured surfaces. These figures indicate that deep dimple
textured structures are generated on the surface of the
substrates. Aspect ratio of the textured structure decreases as
the etching time increases. These behaviors agree with those
in previous research [8]. According to Nishimoto et al. [8], at
an initial stage textured structures are formed by preferential
etching of the damaged region, such as the cracks formed
during wafer sawing. However, excess etching will result in
smoothing the surfaces.

Next, we investigated the difference in the morphology
between conventional acidic textured surfaces (HF/HNO

3
/

CH
3
COOH solution) and the textured surfaces using a

HF/HNO
3
/H
2
SO
4

solution. Figure 4 shows an example
of the morphology of the acidic textured cells using
a HF/HNO

3
/CH
3
COOH solution. Figure 4 indicates that

semispherical structures are formed on the surface. It is
considered that generated gas bubbles consist of NO

2
while

texturing leads to semispherical structures on the surface [8].
In the case of HF/HNO

3
/H
2
SO
4
acid solution, the tex-

turing shape is slightly roughened and worm-eaten. It has
been reported that the H

2
SO
4
in the solution stabilizes

the intermediary formed nitrogen containing species (e.g.,

p-Si

p-Si

p-Si

p-Si

p-Si

n+

n+

n+

n+

Al

Al

Al

Al

Figure 2: Schematic diagrams for solar cell fabrication process.

NO
2

−, NO+, etc.) that are responsible for the silicon etching
process, and this enhances the etching reaction [13–15]. Also,
high viscosity of the H

2
SO
4
can prevent convection of these

species and enhance the localized reaction. We expected that
the localized enhancement of etching would maintain the
textured structures.

3.2. Reflectance Measurements. We investigated the etching
time dependence of the reflectance of the acid textured sur-
faces. Figure 5 shows the reflectance spectra of the textured
surfaces that were etched with a HF/HNO

3
/H
2
SO
4
solution

for 30 to 60 seconds. In this experiment, we also fabricated
a sample etched for 30 seconds and covered by an ARC,
where theARCwas deposited by an RFmagnetron sputtering
method using a Si

3
N
4
target. Evaluated refractive index of

the ARC was 1.7 at a wavelength of 600 nm, and the value
is slightly lower because of unexpected oxidization during
the deposition. In addition, the reflectance spectrum of the
mirror-etched sample is also shown as a reference in Figure 5.
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Figure 3: SEM images of acid textured surfaces using H
2
SO
4
diluent. ((a)–(c)) Top view. ((d)–(f)) Cross-sectional view. (a), (d) 30 sec, (b),

(e) 45 sec, and (c), (f) 60 sec of etching.

(a) (b)

Figure 4: Typical SEM images of acid textured surfaces using CH
3
COOH diluent. (a) Top view. (b) Cross-sectional view.

Figure 5 indicates that the reflectance of the textured sur-
face increases as the etching time increases. These behaviors
correspond to the surface morphology of the substrate as
mentioned before. For longer etching times, the textured
surface is smoothed and the aspect ratio of the texturing
is decreased. In our experiment, 30-second acid etching is
preferable for maintaining the texturing effect and suppress-
ing light reflection from the surface of the wafers. Thus,
reflection is effectively reduced after only 30 seconds of
etching using the HF/HNO

3
/H
2
SO
4
acidic solution.

Figure 5 also indicates the reflectance of the textured
surface with the ARC. This shows that low reflection below
5% is achieved at a wavelength of 600 nm.

3.3. Cell Characterization. Table 1 lists the electrical param-
eters of the acid textured mc-Si cells under the illumination
of AM1.5. The parameters of the mirror surface cell are also
shown as a reference in Table 1. The right side of Table 1
also indicates normalized values of 𝐽sc, conversion efficiency,
and absorption (𝜆 = 600 nm, rest of the reflected light) of
the textured cells with respect to those of the mirror cell.
The table clearly shows that the cell textured for 30 seconds
has the highest efficiency. Also the textured cell etched for
30 seconds shows a relatively high 𝐽sc value compared with
other samples. Sufficient light confinement in the textured
cells results in low reflectance and 𝐽sc enhancement. Table 1
also shows that the increases in the 𝐽sc and the conversion
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Figure 5: Reflectance spectra from the acid textured surface using
H
2
SO
4
diluent. Etching times are 30, 45, and 60 seconds.Dotted line:

reflection from 30-second etched surface with ARC.

H2SO4 content (%)

C
on

ve
rs

io
n 

effi
ci

en
cy

 (%
)

20

15

10

55 60 65 70 75 80

5

0

Figure 6: Conversion efficiencies of cells versus H
2
SO
4
content in

acid solution.

efficiency of the cells are consistent with the increase in light
absorption in the cells. This indicates that the acid etching
process usingHF/HNO

3
/H
2
SO
4
solution barely affects the fill

factor or surface recombination losses and only enhances cell
absorption.

3.4. Solar Cell Fabrication. We also fabricated the textured
cells with the ARC. The cells with the ARC show enhanced
conversion efficiency of 1% to 2% higher than that of the cells
without ARC.

Figure 6 shows the conversion efficiencies of the cells
versus the H

2
SO
4
content in the acidic solution. In our study,

the H
2
SO
4
content was changed from 60% to 75%.The figure

indicates that the conversion efficiencies slightly increase as
the ratio of H

2
SO
4
increases. When the content of H

2
SO
4
is

75%, maximum conversion efficiency is achieved.
In our experiments, the mc-Si cell, which was textured by

the HF/HNO
3
/H
2
SO
4
acid solution for 30 seconds, achieved

a conversion efficiency of up to 14.7% and fill factor of 0.76.
The cells textured by HF/HNO

3
/H
2
SO
4
solution can achieve

properties comparable with those of acid textured mc-Si
cells using other diluents reported by other researches [8–
10]. Specifically, Nishimoto et al. [8], Kim et al. [9], and
Gangopadhyay et al. [10] reported conversion efficiencies
ranging from 11.51 to 14.94% and fill factors from0.692 to 0.77.
Therefore, the cell textured by theHF/HNO

3
/H
2
SO
4
solution

performed equivalent to or better than those by the other acid
solutions.

4. Conclusion

The conversion efficiency of mc-Si solar cells textured
with the HF/HNO

3
/H
2
SO
4
solution (HF :HNO

3
: H
2
SO
4
=

1 : 1.6 : 8.2) has relatively high values. In our study, sufficient
light confinement is achieved, which contributes to the
improvement of both the short circuit current and the
conversion efficiency of the acid textured cells. Moreover, it
takes only 30 seconds to obtain sufficiently textured surfaces.
The H

2
SO
4
content in the solution likely maintains textured

structures during etching. Sufficient acid texturing properties
with fast texturing time are adequately beneficial for themass
production of high efficiency and low cost mc-Si solar cells.
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