25
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Multicrystalline silicon surface texturing using the mixed etching solution of the sodium hydroxide
(NaOH) and of the sodium hypochlorite (NaClO) has been investigated. The reaction rate during the
texturing process is easier to control due to the presence of NaOCI as an oxidizing agent in NaOH
solution. The advantage of this etching is that the uniform mc-Si surface texturing with a low step
height and less grain boundary delineation can be obtained. The Mc-Si surface after NaOH-NaOCI
mixed etching with the 1:4 ratio in the case of 20% NaOH has the optimum light trapping effect. In
the case of the optimum etching condition, the average reflectivity for the textured surface of a large
area (156x156 mm?) mc-Si can be reduced to less than 10%.
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INTRODUCTION

Surface texturing plays a critical role in the
silicon solar cell performance, affecting both
reflectance and light trapping. Numerous techniques
for texturing monocrystalline or multicrystalline
silicon have been examined in the past decades. For
monocrystalline silicon, an isotropic etching by
alkaline solution such as sodium hydroxide (NaOH)
or potassium hydroxide (KOH) results in the surface
covered by pyramids, which can collect the reflected
light and trap the light inside the cells by repeated
reflections. As opposed to multicrystalline silicon
(mc-Si), which is today the dominant technology for
solar cells fabrication, this alkali texturing has little
usefulness and cannot generate sufficient effect due
to its inherently randomly oriented grains. Nowa-
days the industry-standard solution is an isotropic
etching with hydrofluoric acid (HF) and nitric acid
(HNO3). This etching process simultaneously
removes some saw damage and forms a scalloped
surface texture, and is fast enough to be performed
with an inline tool. However, its main drawback is
that both cell voltage and current do not
simultaneously maximize. The reason is that the
typical isotropic etching process still leaves residual
saw damage in the wafer, because a deeper etching
would result in a non-textured surface.

A new method has been developed recently for
mc-Si texturing [1], and isotropic etchants such as
NaOH and sodium hypochlorite (NaClO) solution
have been adopted. NaOH-NaClO texturing can
generate low mc-Si grain boundaries and thus has an
excellent isotropic etch characteristics to enhance
related solar cell parameters [2]. For the industrial
production of mc-Si solar cells, the NaOH-NaCIO
texturing can provide a convenient and low-cost
alternative [3]. In addition, sodium chloride (NaCl)
is the main reaction product formed during etching,

so there is no special requirement for the disposal of
the reaction product. However, NaOH-NaCIO tex-
turing is also having its inherent problems in the
photovoltaic application due to its polishing
effect [4].

The present paper reports the investigation of the
surface morphology and the reflectance of mc-Si
etched by NaOH-NaClO texturing method. Using
the optimum etching conditions of the NaOH-
NaOCI solution, the average reflectivity in the
wavelength range of 350-800 nm for the textured
surface of a large area (156x156 mm?) mc-Si can be
reduced to less than 10%.

EXPERIMENTAL DETAILS

Boron-doped p-type mc-Si wafers with the
resistivity of 1.0~3.0 Q/cm and the size of
156x156 mm? were used in the present study. The
etchant solution was heated with a temperature-
controlled hot plate. While texturing with the
NaOH-NaOCI solution, the concentration of NaOH
solution as well as the ratio of NaOH and NaOCI
(AR, 10.5%) varied. The key parameters as studied
here in the process steps of texturing with the
solution of NaOH-NaCl can be described as follows:
the ratio of NaOH and NaClO, the concentration of
NaOH, the etching time, and the temperature. The
temperature of mc-Si etching is an important
technology parameter, and it is maintained on 80°C
during the entire etching process. When the etching
temperature is lower than 80°C, the etch rate reduces
substantially. However, if the etching temperature is
higher than 80°C, the self-decomposition rate of
NaOH-NaOCI to O, and NaCl increases greatly [5].
The concentration of NaOH in the solution varied
from 5% to 40%, the ratio of NaOH:NaClO from 1:1
to 1.6, and the etching time from 5 to 20 min. After
finishing the texturing process, all Si wafers were
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analyzed with an optical microscope, and also the
etched-off thickness was calculated from the
standard gravitometry. The surface morphology was
observed by scanning electron microscope (SEM)
and the surface reflectance was measured using a
spectrophotometer.

RESULTS AND DISCUSSION

NaOH is a well-known anisotropic etchant
widely used for crystalline Si solar cell texturing and
in  Micro-Electro-Mechanical Systems (MEMS)
application, and NaOCI is a strong oxidizing agent
[4, 6]. The strong oxidation is equally effective for
all crystallographic directions. It has been assumed
that the mechanism of silicon dissolution is shifted
from the orientation-dependent process to the
isotropic “layer-by-layer” removal. The appropriate
ratio of NaOCI and NaOH in the etching solution,
therefore, makes the change of the behavior of
etching from anisotropic towards isotropic [7]. The
conventional alkali (NaOH or KOH) etching of as-
cut mc-Si wafers results in high steps between
successive grains, which may result in tailing off or
breaking of the metal lines in the metallization stage.
Smaller steps along the grain boundaries were
obtained using NaOCI-NaOH etching, because
lower anisotropy leads to a lower etch rate diffe-
rence between the differently oriented grains.

The etching process of NaOH-NaClO texturing
mc-Si is composed of two parts: oxidation and
dissolution. Firstly, NaClO is a strong oxidizing
agent that controls the oxidation rate, and SiO, is
produced on the surface.

NaClO = Na* +CIO",
CIO" +H,0=HCIO+OH",
Si+CIO™ =Si0, +2CI.

Secondly, NaOH controls the etching of the oxide
layer formed during the etching process. Namely,
the SiO, layer can prevent NaOH rapid anisotropic
corrosion.

NaOH = Na“"+OH",
SiO, + 20H™ =Si0s* +H,0.

The increase of the concentration of NaOH in
NaOH-NaOCI solution can enhance the etching rate
of the formed silicon oxide layer after the
dissociation of NaOCI in the solution. However, too
high concentration of NaOH solution will result in
the polishing of mc-Si surface due to the rapid
etching of the produced oxide layer. In order to
minimize the impact of grain boundaries on the
surface texturing, the mount of NaOH in NaOH-
NaOCI mixed solution should be maintained at a
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reasonable value, which does not hinder the etching
of the oxide layer produced by NaOH. A large
proportion of NaClO in the mixed etchant will
results in a large amount of the saw damage marks
in the surface of the mc-Si wafers. It takes a long
time to remove the damage marks, which ultimately
affects the rate of industrial production. If the
proportion of NaClO in NaOH-NaOCl mixed
etchant is lower than a specific value, then NaOH
plays the role of the rapid polishing rather than
texturing. The etching time is one of the parameters
that affects mc-Si surface morphology. When the
etching time increases from 5 to 15 min in the case
of texturing with NaOH (concentration varied from
5% to 40%) with different ratios of NaOH:NaOCI
(from 1:1 to 1:6), the observation with an optical
microscope indicates that the surface structures are
not yet satisfactory. The etched-off thickness in
almost all samples was not more than 10 um after
15-min etching. A layer with the thickness of at least
10 um should be removed before subjecting the
silicon wafers to cell processing for proper cleaning
and saw damage marks removal from the Si surface
[8]. Therefore, in the present study, the etching time
was fixed for 20 min for NaOH-NaOCI etching at
different experimental conditions.

Figure 1 shows SEM micrographs of the textured
mc-Si surfaces etched in NaOH:NaOCI 1:1
solution with various NaOH concentrations (5%,
10%, 15%, 20%, 25% and 40%). When NaOH
concentration is low, the etching of the mc-Si
surface is not very sufficient, as shown in
Figs. 1(a)-(c). With the increase of NaOH
concentration, the etching rate of NaOH on the oxide
layer formed after the dissociation of NaOCI
enhances rapidly. However, too high concentration
of NaOH in NaOH-NaOCI solution can cause the
polishing effect on the Si wafer, as shown in
Figs. 1(e) and 1(f), which results in the flattening of
the mc-Si texturing surface. The surface morphology
shown in Fig. 1(d) indicates that 20% concentration
of NaOH in the etching solution of NaOH-NaOCI
with the ratio of 1:1 is suitable. When the ratio of
NaOH:NaOCI varies from 1:2 to 1:6, the changing
trend of the texturing surface morphology is the
same as that of 1:1 with the increase of
concentration of NaOH. Figure 2 shows SEM
micrographs of the textured mc-Si surfaces etched in
NaOH:NaOCI solution, with the different ratio (1:1,
1:2, 1:3, 1:4, 1.5, and 1:6) and the 20% concent-
ration of NaOH. When the NaClO ratio is small, the
polishing effect of NaOH is stronger than its
texturing effect, which leads to the flattening
surface, as shown in Figs. 2(a)—(c). A too high ratio
of NaClO can cause a large amount of the saw
damage marks in the surface of the mc-Si wafers,
which means that the texturing effect of NaOH:
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Fig. 1. SEM micrographs of textured mc-Si surfaces after etching in NaOH:NaOCI = 1:1 solution with NaOH concentrations of (a)
5%; (b) 10%; (c) 15%; (d) 20%,; (e) 25%, and (f) 40%.
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Fig. 2. SEM micrographs of textured mc-Si surfaces after etching, with 20% NaOH concentration and NaOH:NaOCI ratio of (a)
1:1; (b) 1:2; (c) 1:3; (d) 1:4; (e) 1:5, and (f) 1:6.



NaOCI etching solution becomes weak within the
same etching time, as shown in Figs. 2(e) and 2(f).
Therefore, in order to obtain a uniform mc-Si
surface texturing with a low step height and less
grain boundary delineation, the most appropriate is
NaOH-NaOCI mixed etching solution with 1:4 ratio
and the 20% NaOH.
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Fig. 3. Reflectance of textured mc-Si surfaces using
NaOH:NaOCI = 1:1 etching solution with NaOH concentration
of (a) 5%; (b) 10%; (c) 15%; (d) 20%; (e) 25%, and (f) 40%.
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Fig. 4. Reflectance of textured mc-Si surfaces after etching with
20% NaOH concentration and NaOH:NaOCI ratio of (a) 1:1;
(b) 1:2; (c) 1:3; (d) 1:4; (e) 1:5, and (f) 1:6.

To compare the light-trapping effect on the
surfaces of mc-Si wafers etched with different
approaches, the surface reflectance was measured
after each etching. Figure 3 gives the reflectivity of
the textured mc-Si surfaces etched in NaOH:
NaOCI = 1:1 solution, with NaOH concentrations of
5%, 10%, 15%, 20%, 25% and 40%. With the
increase of NaOH concentration, the reflectivity of
the texturing surface first increases and then
decreases. When NaOH concentration is 20% in the
case of NaOH:NaOCI 1:1, the reflectivity is
minimal and its average value in the range of
350-800 nm is 13.1%. Figure 4 shows the
reflectivity of the textured mc-Si surfaces etched in
NaOH:NaOCI solution, with different ratio (1:1, 1:2,
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1:3, 1:4, 1:5, and 1:6) and the 20% concentration of
NaOH. With the increase of the ratio of NaOH:
NaOCl, the reflectivity of the texturing surface first
increases and then decreases. When the ratio of
NaOH:NaOCI is 1:4, the reflectivity is minimal and
its average value in the range of 350-800 nm is
9.5%. These results of reflectivity measurements are
consistent with SEM results. The reduction observed
in the reflectivity could be explained by a higher
roughness of the surface. The higher the roughness,
the higher the scattering and the lower the
reflectance. The polished surface tends to a higher
reflectance due to its lower light scattering. Mc-Si
surface after NaOH-NaOCI mixed etching with the
1:4 ratio in the case of 20% NaOH has the optimum
light trapping effect, and is suitable for achieving
higher efficiency of solar cells compared to that with
other etching condition.

CONCLUSIONS

In this work, multi-crystalline silicon surface
texturing using NaOH-NaOCl mixed etching
solution was investigated for solar cells fabrication
of a very large area (156x156 mm?). Compared with
the traditional acid etching of HF-HNO; the
reaction rate during NaOH-NaOCI texturing process
is easier to control due to the presence of NaOCI as
an oxidizing agent in NaOH solution. NaOH-NaOCI
etching can generate the uniform mc-Si surface
texturing with a low step height and less grain
boundary  delineation. Mc-Si  surface after
NaOH-NaOCI mixed etching with 1:4 ratio in the
case of 20% NaOH has the optimum light trapping
effect. In the case of the optimum etching condition,
the average reflectivity in wavelength range of
350-800 nm for the textured surface of a large area
(156x156 mm?) mc-Si can be reduced to less than
10%. Using NaOH-NaOCI etching solution, the
procedure of HCI disposal can be omitted, and the
production environment is greatly improved.
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Llens mccnenoBaHMs — W3y4YEHHE TEKCTYPHPOBAHMUS
MTOBEPXHOCTH TOJUKPUCTAIINIECKOTO KPEMHHUS, HCIIOb-
3ysl JUISl TPABJICHUSI CMEIIAHHBIA PacTBOP M3 THAPOKCHIA
marpust (NaOH) wu runoxmopura wmatpus (NaClO).
CKOpOCTh peakiiuy ObUTO TpoIe KOHTPOIUPOBATEH Oaro-
Japsi TPUCYTCTBHIO THUIIOXJOPUTAa HATPHs B KadecTBe
oxucnutens. [IpenMyImecTBo Takoro BuAa TPaBICHUS B
TOM, 4YTO MOXXHO JOOUTBCS OJHOPOJHOTO TEKCTYpH-
POBaHHMS ITOBEPXHOCTH MOJIMKPHUCTAIUTUUECKOTO KPEMHHS
C MEHbIIEH BBICOTOM CTYIEHM U MEHEE SIBHBIM OYEp4YH-
BaHMEM MEX3EpPEeHHBIX rpaHul. OnrtumanbHeId 3ddekT
CBETOBOTO KJarnaHa JOCTUTaeTcsi Ha IOBEPXHOCTH
MOJMKPHCTAJUIMIECKOTO KPEMHHUSI B PE3yJIbTaTe TpaBJie-
aus cmemanabiv NaOH/NaOCI pactBopoM B cOOTHO-
mennu 1:4, pu cogepskannu NaOH B pazmepe 20%. [pu
ONTHUMAIBHBIX YCIOBHUSX TPaBICHUS CPETHSS OTpa)kare-
JIbHAS CIIOCOOHOCTH TEKCTYPUPOBAaHHOW ITOBEPXHOCTH
MOJMKPHCTAJUINYECKOTO KPEeMHHUS OONBIION IUIOMaan
(156x156 Mm?) Moxer 65ITh 10% 1 MeHbIIe.

Knrouesvie cnosa: noaukpucmaniuueckuu KpemHui,
MeKCmypuposanue ¢  UCHOIb306AHUEM  PACMEOpA
NaOH/NaOCl, ompascamenvnas cnocobrnocme.



