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Abstract
In this paper, we will show that eﬃciency of multi-crystalline silicon (mc-Si) solar cells may be improved by acid texturization. In
order to enhance overall eﬃciency of mc-Si for solar-cell applications, the surface treatment of texturization with wet etching using
appropriate solutions can improve incident light into the cell. Alkali etchant cannot produce uniformly textured surface to generate
enough open circuit voltage (VOC) and high eﬃciency of the mc-Si due to the unavoidable grain randomly oriented with higher steps
formed during etching process. Optimized acid etching conditions can be obtained by decreasing the reﬂectance (R) for mc-Si substrate
below levels generated by alkali etching. Short-circuit current (ISC) measurements on acid textured cells reveal that current gain can be
signiﬁcantly enhanced by reducing reﬂection. The optimal acid etching ratio HF:HNO3:H2O = 15:1:2.5 with etching time of 60 s and
lowering 42.7% of the R value can improve 112.4% of the conversion eﬃciency (g) of the developed solar cell. In order to obtain more
detailed information of diﬀerent defect region, high-resolution light beam induced current (LBIC) is applied to measure the internal
quantum eﬃciency (IQE) and the lifetime of minority carriers. Thus, the acid texturing approach is instrumental to achieve high eﬃciency in mass production using relatively low-cost mc-Si as starting material with proper optimization of the fabrication steps.
Ó 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
Crystalline silicon (c-Si) is a material commonly used by
terrestrial photovoltaics (PV) industry because of non-toxicity and abundance (25% of the Earth’s crust). In recent
years, the multi-crystalline silicon (mc-Si) has become the
most important substrate material for solar-cell applications. For the worldwide PV market, mc-Si solar cells
⇑ Corresponding author. Mobile.: +886 92 8346560; fax: +886 2
24635408.
E-mail address: jackho@mail.ntou.edu.tw (J.-J. Ho).
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account for around 50%, which is expected to steadily
increase in the near future (Panek et al., 2005; Gangopadhyay et al., 2007). This is mainly because mc-Si solar cells
have the lowest manufacturing cost at the mass production
level (Goetzberger et al., 2003; Poullikkas, 2010).
The mc-Si wafers contain high concentrations of impurities and defects, which are detrimental to the minoritycarrier lifetime (Nelson, 2005) and lead to loss of conversion eﬃciency of the solar cells, thus degrading the electrical properties of the bulk material. Meanwhile, commercial
mc-Si solar cells have lower eﬃciencies than those of singlecrystalline silicon (sc-Si) cells. It is known that texturization
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technology can reduce the reﬂection losses (Gangopadhyay
et al., 2007), thus overall eﬃciencies on mc-Si solar-cell
applications can be improved. It has been a growing interest in the development of surface treatment to enhance
light-trapping cells by several methods, such as the use of
physical anti-reﬂection sputter (Ho et al., 2005; Cheng
et al., 2010; Hsu and Lee, 1998), reactive ion etcher
(RIE) (Macdonald et al., 2004), laser process (Dobrzański
and Drygala, 2007), or chemical wet etching (Steinert et al.,
2005; Nishimoto et al., 1999; Yair and David, 2003; Singh
et al., 2001). Among these methods, the wet etching for texturing the surface is the major industrial process because of
its low-cost, high etching rate, and large-area uniformity.
It is well accepted that changes of etching condition will
have a great inﬂuence on the surface morphology of mc-Si
substrates. There are two well-known conditions for the
wet-etching texturization on the mc-Si surface morphology,
i.e., acid and alkali etching solution. Alkaline random texturing is not suitable to apply on mc-Si substrate due to its
anisotropic nature. Because of various grain orientations,
alkali texturization for the mc-Si has little usefulness and
cannot generate suﬃcient open circuit voltage (VOC)
(Hauser et al., 2003).
Acid texturing, performed with solutions containing
hydroﬂuoric acid (HF) and nitric acid (HNO3) that tend to
isotropically etch, can result in features with rounded (pit)
surfaces, as opposed to ﬂat-sided features which arise from
alkaline etches. Thus, acid texturization is an economical
way to improve the VOC value. Because the acid texturization
is very simple, cheap, fast and suitable for mass production,
present technology is very promising for mc-Si solar cells
manufacturing. For the HF:HNO3:H2O mixture used in
our research, the reactions between the mixture and mc-Si
are given as follows (Shimura, 1989):
3Si þ 4HNO3 ! 3SiO2 þ 4NO þ 2H2 O

ð1Þ

SiO2 þ 6HF ! H2 SiF6 þ 2H2 O

ð2Þ

3Si þ 4HNO3 þ 18HF ! 3H2 SiF6 þ 4NO þ 8H2 O

ð3Þ

According to Robbins and Schwartz (1959, 1960, 1961),
HNO3 creates an oxide layer at the silicon wafer surface
(Eq. (1)) that can subsequently be etched away with HF

(Eq. (2)). The overall etching reaction is written in
Eq. (3). The actual reaction mechanism is quite complicated and involves many elementary reactions.
In order to increase the light-trapping as mentioned
above, surface structure analogous to an oval pit is formed
for mc-Si after acid etching. To simplify the model, we
hypothesized that a partial hemisphere makes up a surface,
as shown in Fig. 1, in which the second reﬂections (SRl and
SR2) cannot occur for some light that meets the bottom of
such a partial hemisphere, while several reﬂections could
happen for some other incident light. On the basis of partial hemisphere structure, the surface reﬂectance (R) can be
calculated as follows (Nishimoto et al., 1999):
n 
P

R¼

½f ðhÞi  pr2

ð4Þ

pð2rH  H 2 Þ

"
#
1 sin2 ðh  /Þ tan2 ðh  /Þ
þ
f ðhÞ ¼
2 sin2 ðh þ /Þ tan2 ðh þ /Þ

ð5Þ

where r and H separately refer to radius and height of the
partial hemisphere; h and / are angles of reﬂectance and
transmittance, respectively. The ratio of H to r (H/r) of
acidic etching hemisphere determines the value of surface
reﬂectance, for which the minimal R value is required for
higher H/r value (Cheng et al., 2010). Higher ratios
increases the probability of second bounce in hemisphere
structure for incoming photons.
Increasing overall eﬃciency of solar cells is technically
feasible in laboratory as described previously. However,
the PV industry needs non-destructive technologies permitting the mapping and detection of impurity and defect content in the solar cells. In fact, lower eﬃciencies in large-area
applications are mainly due to localized regions of high
minority carriers recombination. These defects may be sites
of excess recombination, like grain boundaries being characterized by decreasing the ISC values as mentioned above.
Thus, mc-Si wafer mapping is performed using the LBIC
technique to measure the diﬀusion length and the lifetime
of the minority carriers.
The measured short-circuit current ISC, the power PL of
the incident light and the reﬂection coeﬃcient R can be
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Fig. 1. The partial hemispherical structure of surface reﬂection after acid etching mc-Si with HF:HNO3:H2O solution. There are two simpliﬁed incident
light with the ﬁrst reﬂections (FR1 and FR2) and the second reﬂection (SR1 and SR2), respectively.
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converted into the local IQE according to the following
equation (Sze, 2002; Kittidachachan et al., 2007):



I sc =q
1
I electron
IQE ¼
¼
P L =ðhc=kÞ 1  R
I photon ð1  RÞ
¼1

eaW
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 þ a D p sp

ð6Þ

where q is electron charge, h is Plank’s constant, c is the
light velocity, and k is wavelength of the incident light,
Ielectron is the induced electron current of solar cell, Iphoton
is the incident photon current and R is reﬂection coeﬃcient
on the absorbed layer calculated by Eq. (4) when i = 1, a is
the absorption coeﬃcient, W is the depletion-layer layer,
DP and sP are diﬀusion coeﬃcient and lifetime of the
minority carriers, respectively.
In this paper, the acid solutions with diﬀerent ratios and
diﬀerent etching times are examined. Mc-Si surfaces with
diﬀerent textured conditions have diﬀerent electrical
parameters. Using the best acid solution ratio and etching
time, the best overall eﬃciencies can be obtained.
2. Experimental
2.1. Texturing process
Acid etching mc-Si wafer is more adaptable to industrial
manufacture due to its simplicity with lower cost. The isotropic acid texturing for mc-Si wafers has been performed
using the HF and HNO3 mixture. For acid etching solution, the removal of saw damage layer and the surface texturing can be obtained in a single step (Lipiński et al.,
2003). The etching rate is about 5 lm/min. A series of
experiments based on acid etching are carried out by diﬀerent methods. In the ﬁrst part of the experiment for mc-Si
solar cell prototypes, the substrate is etched with the
sequence of acid solution of HF, HNO3 and H2O in the
mixture ratio of 2.5:1:2.5 for 15 s, 20 s and 25 s. During
the etching optimization, in the second part of the experiment, the HF ratios are varied at three diﬀerent recipes
of 7, 15, and 36. The etching-time durations for the four
diﬀerent sets are taken as 25 s, 30 s, 60 s, and 120 s. All
etchings are carried out at room temperature.
In order to compare acid texturing with anisotropic
etching, an alkali solution is used to texture the mc-Si.
The alkali solution is prepared by mixing potassium
hydroxide (KOH), isopropyl alcohol (IPA), and deionized
(DI) water. A series of experiments on mc-Si texturing are
then carried out by using alkali solution with diﬀerent mixture ratio and diﬀerent process time. The best etching solution and etching time are KOH:IPA:H2O = 1:2:30 mixture
and 45 min at 75 °C.
2.2. Solar cell fabrication
Czochralski (CZ) mc-Si of p-type with resistivity 0.1–
0.5 X cm is used as a starting material for experiment. All
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the processes are carried out on 300 lm thick mc-Si wafers
with size of the 125 mm  125 mm. Firstly, the mc-Si surface is textured for reducing its reﬂectance. Secondly, it is
dipped into a clean solution with 1:1:5 HCl:H2O2:H2O
for 20 min and rinsed in DI water. Thirdly, the n-type emitter is diﬀused by phosphorus (P) in open-tube furnace using
conventional POCl3 diﬀusion source at 835 °C for 10 min
pre-deposition followed by 20 min drive-in process. The
front and back metallization of the diﬀused mc-Si wafers
are carried out using standard Ag-paste and Al-paste for
screen-printed metallization technique followed by baking
and co-ﬁring at a temperature of 750 °C in a conveyer belt
furnace. Finally, the solar cells are edge-isolated by a dicing
saw. For reference purpose, non-textured solar cell is made
from same batch purchases.
2.3. Measurement
All textured samples are measured by a spectrophotometer and also the surface of the samples is examined by
scanning electron microscope (SEM). In order to measure
the PV eﬀect, the I–V curves are displayed on a curve tracer
(Wacom, WXS-220S-L2). To characterize terrestrial solar
cell by using the simplest approach, we measure the
induced photocurrents of the developed devices are measured by the air mass (AM1.5G). The parameters of R
and g are measured with 300–900 nm spectral distribution.
The light beam induced current (LBIC) system (model WT2000, by Semilab Company) is operated at room temperature with a laser wavelength at approximately 850 nm and
2 nm/min scanning speed. The solar cells are illuminated by
incident light power of 1000 Wm2. From the values of ISC,
PL and R, the local IQE of the developed mc-Si solar cells
with acid and alkali texturization treatment can be
calculated.
3. Results and discussions
The SEM surface micrographs of two mc-Si wafers
textured with alkali solution and acidic solution are shown
in Fig. 2a and b, respectively. In the case of the anisotropic
etching image in the best alkali solution (KOH:IPA:H2O = 1:2:30, etching time = 45 min), Fig. 2a shows
the small tetrahedron pyramid in conjunction with an
appropriate choice of the crystal plane orientation on the
substrate surface. This morphology results in unwanted
steps and crevasses between the grains and cannot suﬃciently reduce reﬂectance for our solar-cell applications
(Gangopadhyay et al., 2005). However, wet acidic texturing (HF:HNO3:H2O = 2.5:1:2.5, etching time = 25 s) in
Fig. 2b, which tends to etch isotropically, can result in features with oval pits whose sizes are about 10 lm and independent of the grain orientation. It is believed that the
generated oval shape of NO2 gas during texturing reaction
of Eq. (1) leads to a spherical structure (Nishimoto et al.,
1999). In general, the reﬂection is reduced because of the
randomly distributed and scattering etch pits which are
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Fig. 2. The SEM photos of the textured mc-Si, which was etched by (a)
alkali solution with KOH:IPA:H2O = 1:2:30 at 75 °C for 45 min, and (b)
acid solution with HF:HNO3:H2O = 2.5:1:2.5 at room temperature for
25 s.

formed on the surface morphology. The spherical structure
(shown in Fig. 1), which is independent of the grain orientation, also establishes a simpliﬁed model to simulate
reﬂectance behavior simultaneously.
Table 1 compares the opto-electrical parameter values of
the solar cell prototypes of alkali, acid texturization, and
non-etching process techniques. For the case of acid texturing which depends on the oval-pit diameter, the R value
decreases with increasing etching time, thus enhancing
the electrical property of the material. It is evident from
this table that all opto-electrical parameters of surface texturization using acid solution are much better than those of
non-etching and alkali solution. Also, the reﬂectance values
for the acid etchant and the alkali etchant improve by
39.21% and 2.21% from the non-etching value respectively.

This shows that acid texturization has the highest conversion eﬃciency (g = 12.61%) with the lowest reﬂectance
value (R = 22.71%). These phenomena are consistent with
the simpliﬁed model shown in Fig. 1 (Nishimoto et al.,
1999), and the reduction in the R values for the acid texturization technique can be veriﬁed from Eqs. (4) and (5) making them viable for solar-cell applications (Cheng et al.,
2010). The resulting surface morphology (Fig. 2b) simultaneously produces nano-porous layers which are easily damaged by micro-cracks and are thus not suitable for solarcell applications. In order to obtain the etching optimization, the HF ratios (HF:HNO3:H2O) are varied in three
diﬀerent proportions of 7:1:2.5, 15:1:2.5, and 36:1:2.5,
respectively. The etching-time durations for the four diﬀerent sets are obtained as 25 s, 30 s, 60 s, and 120 s.
Fig. 3 shows the surface of a mc-Si wafer textured by an
acid etching solution. With these opto-electrical results presented in Table 2, it could be seen in Fig. 3 that texturing
scheme at 60 s etching duration with all acid recipes creating an oval-pit surface is successful in achieving lower R
and hence better g values. This is attributed to the fact that
the saw damage has been totally removed and a layer with
mc-Si defects has vanished, thereby enhancing values of ISC
and VOC. If the etch time is too long (120 s), the dimension
of the texture becomes too large. This will cause an increase
in reﬂectance (decrease in ISC) and a large increase of surface area (decrease in VOC). Overall conclusions are that
the 15:1:2.5 ratio of acid solution showing the optimal
oval-pit structure (shown in Fig. 3b) by reaching the highest conversion eﬃciency (g = 13.19%) with the lowest
reﬂectance (R = 21.41%). Fig. 3d shows the cross-section
of the acid texturized (HF:HNO3:H2O = 15:1:2.5) surface
at 60 s. The etched pit with radius (r) about 2 lm and a
height (H) about 3.2 lm is consistent with our model mentioned above in Fig. 1.
LBIC measurements which have been performed are used
to reveal the distribution of carrier recombination in the
wafers. Fig. 4a–e provide a series of LBIC maps demonstrating localized regions with comparative performance of the
developed mc-Si solar cells. The dark red regions in the
LBIC images correspond to high carrier recombination
zones, while the blue regions are related to low recombination regions where the current is higher. For the non-etching
condition of Fig. 4a, vast LBIC dark red regions with low

Table 1
The opto-electrical parameters of solar-cell prototypes on the mc-Si substrates textured by acid solution (HF:HNO3:H2O = 2.5:1:2.5), alkali solution
(KOH:IPA:H2O = 1:2:30), and non-etching values included for comparison.
OE parameters
Etching
Non-etching
Alkali
Acid

Etching
time

Reﬂectance
(R, %)

Current
(Isc, A)

Voltage
(Voc, V)

Shunt resistance
(Rsh, X)

Fill factor
(FF, %)

Conversion
eﬃciency (g, %)

45 min
25 s
20 s
15 s

37.36
36.51
22.71
23.6
26.16

2.08
2.65
2.66
2.65
2.66

0.564
0.573
0.571
0.569
0.57

0.44
1.12
2.91
1.88
0.87

45
58.15
65.6
61.75
58.64

6.21
11.04
12.61
11.79
11.27
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Fig. 3. The SEM photos representing the changes of surface morphology for mc-Si etched by the mixture HF:HNO3:H2O of (a) 7:1:2.5, (b) 15:1:2.5, (c)
36:1:2.5, respectively, for 60 s etch duration and (d) cross-section image of HF:HNO3:H2O = 15:1:2.5 for 60 s etching.

Table 2
The opto-electrical parameters of the mc-Si solar cell for acid textured by diﬀerent mixture etchant and etching time.
OE parameter
Acid etching ratio

Etching time (s)

Reﬂectance
(R, %)

Current
(Isc, A)

Voltage
(Voc, V)

Shunt resistance
(Rsh, X)

Fill factor
(FF, %)

Conversion
eﬃciency (g, %)

7:1:2.5

25
30
60
120
25
30
60
120
25
30
60
120

23.26
22.81
22.71
23.13
28.79
23.63
21.41
22.69
29.83
31.56
28.79
29.73

2.55
2.64
2.65
2.56
2.48
2.51
2.71
2.65
2.47
2.35
2.49
2.35

0.568
0.569
0.572
0.568
0.567
0.569
0.575
0.572
0.567
0.566
0.568
0.566

0.96
2.83
2.67
0.98
0.64
0.91
4.12
2.89
0.38
0.36
0.65
0.37

59.07
65.52
65.55
59.27
51.7
57.35
66.73
65.57
50.49
50.01
51.6
50.01

10.866
12.528
12.56
10.929
9.23
10.394
13.189
12.569
8.9882
8.5001
9.22
8.5076

15:1:2.5

36:1:2.5
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Fig. 4. The LBIC maps (step: 150 lm, distance between two metallization lines: 2.9 mm) scanning for (a) non-etching, (b) 45 min alkali etching, and 60 s
acid etching with HF:HNO3:H2O mixture of (c) 7:1:2.5, (d) 15:1:2.5, (e) 36:1:2.5 texturing the mc-Si solar cells. Dark red and blue regions indicate low and
high performance, respectively. Note light yellow colors indicate the discrete grain boundary. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

performance correspond to high minority carrier recombination, while high performance blue regions increase at the
alkali etchant condition (shown in Fig. 4b). Fig. 4c–e show
LBIC maps of mc-Si duration 60 s etched by acid
HF:HNO3:H2O mixtures of (c) 7:1:2.5, (d) 15:1:2.5 and (e)
36:1:2.5, respectively. Although the alkali or acid texturing
solution can remove those low-performance regions, the
process-time budget in the industrial applications should
also be considered in order to improve the overall solar cell
eﬃciency. For the condition of Fig. 4d, the larger absorbing
grain (blue regions) produces the higher current than the
other neighboring grains (light yellow and red regions), thus
reaching the optimal opto-electrical parameter with the least
time-consuming process (60 s for acid solution) as mentioned in Table 2.
The minority-carrier lifetime (sp) as a function of excess
carrier density is extracted from the data. In order to measure surface/interface recombination eﬀects on the developed mc-Si solar cell, the LBIC maps also provide sp

values (in ls) and surface percentage (in %) of minority
carriers. Fig. 5 shows the lifetime of minority carriers of
the area on the surface corresponding to the lifetime of
minority carriers for non-etching (+), alkali etching (s),
and acid HF:HNO3:H2O mixtures of 7:1:2.5 (h), 15:1:2.5
(N), 36:1:2.5 () texturing the developed mc-Si solar cells.
From the ﬁve-texturization comparison of the lifetime of
minority carriers and their corresponding sp it can be
deduced that the choice of the etching solution may aﬀect
the mc-Si surface grains. In the case of the optimal acid textured with HF:HNO3:H2O = 15:1:2.5 mixture ratio, the
largest average sp value (17.34 ls) is proved to be the most
eﬃcient. It is obvious that this most stable surface percentage (with 40 ls lifetime span) occurred in this condition
also provides the optimal oval-pit surface morphology as
SEM imaged in Fig. 3b.
Fig. 6 shows the IQE values (Eq. (6)) and the corresponding reﬂectance (measured at the 300–900 nm wavelength
radiation) of the developed mc-Si solar cells for non-textur-
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Fig. 5. The lifetime (sp, in ls) of minority carriers on the surface occupied percentage (in %) for non-etching (+), 45 min alkali etching (O), and 60 s acid
etching with HF:HNO3:H2O mixture of 7:1:2.5 (h),15:1:2.5 (N), 36:1:2.5 () texturing the developed mc-Si solar cells. All average sp values with
corresponding maps of color codes (a–e) are also inserted.
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Fig. 6. Comparison of the calculated IQE values (bottom-left axes) and the measured reﬂectance (bottom-right axis) for the diﬀerent mixture ratios with
60 s acid etching with diﬀerent solution ratios (HF:HNO3:H2O), 45 min alkali etching and non-etching of the developed mc-Si solar cells.

ing, alkali and diﬀerent acid etchant ratios. The IQE curve
with acid solution (HF:HNO3:H2O = 15:1:2.5) is higher
than those of the non-etching and the alkali textured on
the mc-Si solar cell in a wide-wavelength range (300–
650 nm). The average of measured reﬂectance is consistent
with that derived from Eq. (4). Comparing reﬂectance
curves, the acid textured cell has lower reﬂectance at the
long-wavelength region (more than 500 nm) due to the
homogeneous property of the acid texturization, while alkali
cannot texturize uniformly because of the anisotropic etching on the mc-Si substrate. Therefore, the higher IQE has

contributed to a lower reﬂectance within the longer wavelength range, while the IQE in shorter wavelength (below
500 nm) is caused by the surface recombination. As can be
seen from Table 2, the ISC value depends on oval-pit morphology, and ISC has higher value for acid texturization on
mc-Si substrate, thus resulting in higher g values.
4. Conclusion
Acid texturization based on HF:HNO3:H2O-mixture
ratio has been demonstrated. This texturization does not
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depend on crystal orientation so that it is suitable for texturing the mc-Si substrate. It eliminates a damaged layer in a few
seconds. For a theoretical approach to get lower reﬂectance,
we calculate the reﬂectance considering a texture as an ovalpit spherical structure. In the mean time, the measured reﬂectance is in agreement with the simulation. Comparing the
electrical characteristics of the non-etching, alkali and acid
textured mc-Si solar-cell applications, the overall eﬃciency
(g and IQE) of acid texturization is higher than those of
the others.
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