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Abstract: Diamond-wire-sawn (DWS) technology has been widely used in the photovoltaic industry. When
using the HF/HNO3/H20 acid etching solution for texturing of DWS multi-crystalline silicon(mc-Si), the aid
of additive is required to improve the reactivity of the mc-Si surface in the acid texturing solution. It also
needs to enhance the nucleation and uniform growth of the texturing surface. This paper proposes a non-
metallic additive for DWS mc-Si texturing. Sodium polyacrylate is added to the HF/HNO3/H20 acid etching
solution to reduce the reflectance of DWS mc-Si and improve surface morphology. Compared to the textured
wafers without additive, the surface of the wafers using this method is uniformly distributed with pits whose

size is 0.5 pmx1 pm. And the weighted average reflectance of the textured wafers can be reduced from 33.32%
to 23.9% in the wavelength range of 350-1100 nm, with the lowest reflectance of 19.8% reached at 950 nm.

It shows a promising application prospect.

1 Introduction

Diamond-wire-sawn (DWS) technology has replaced
slurry-wire-sawn(SWS) technology because of low
sawing loss, fast speed and environmental protection.
However, for multi-crystalline silicon (mc-Si), the
repetitive motion of diamond wires leads to obvious line
marks on the wafer surface and hinder the texture!'l. In
addition, the lack of defect positions which provide
starting points for HF/HNO3/H,O system leads to high
reflectance, resulting in the low efficiency of mc-Si solar
cellsl.

There are two main texturing methods for DWS mc-
Si: dry texturing and wet texturing. The dry texturing
method mainly includes femtosecond laser etching and
reactive ion etching. The weighted average reflectance of
the wafer after dry texturing can be less than 5%,
However, the strict requirements and expensive
equipment of dry texturing inhibit its scale application.
Wet texturing mainly includes metal assisted chemical
etching (MACE). MACE takes metal nanoparticles as
catalysts for redox reactions during acid etching to
promote the dissolution of silicon in HF/HNOs/H,O
system. Nanowire arrays are formed on the surface, and
the reflectance is less than 10 % after MACE!®. However,
there are still metal particles on the bottom of these
texturing surfaces of the silicon wafer, which require extra
cleaning process to remove. Moreover, MACE requires
NaOH solution for pore expansion to reduce the surface
area of nanostructured silicon for surface passivation,
which making the weighted average reflectance up to
20%!81.
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In this paper, an efficient, low-cost and low wafer loss
method is proposed for DWS mc-Si texturing. In
experiments, sodium polyacrylate was added to the
solution of HF/HNOs3/H,O. This method has a high degree
of compatibility with existing acid texturing lines, does
not require additional steps and is highly safe. The wafers
obtained in laboratory achieved the weighted average
reflectance of 23.9%, while the surface weighted average
reflectance of the textured wafers without additives was
33.32%. The surface of the wafers using sodium
polyacrylate is uniformly distributed with pits whose size
is 0.5 pmx1 pm. The experiment results show that this is
a promising research.

2 Materials and Methods

The experiments were conducted with P-type 156
mmx156 mm, 180 mm thick, the resistivity of 1 Q-cm
DWS mc-Si wafers. Metallic impurities were removed
from silicon wafer surface by Radio Corporation of
America (RCA) cleaning. Then the silicon wafers were
sawn into small slices of 25mmx*25mm by a laser. HF (40
wt.%), HNO3(69 wt.%) and deionized (DI) water were
mixed in a volume ratio of 1:1:1 to form the conventional
acid solution with the volume of each component solution
was 30 ml in experiments. An amount of 50% sodium
polyacrylate aqueous solution was added to the
conventional acid solution. The temperature of the entire
acid solution was maintained at 15 °C by a constant
temperature water bath. After the acid etching, the
residual acid solution on the silicon wafer surface was
removed by cleaning with DI water. To enlarge the size of
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pits on the wafer surface, these samples were etched in
NaOH (1 wt.%) solution for 1 min. The temperature of the
entire NaOH solution was maintained at 20 °C by a
constant temperature water bath. Finally, these samples
were cleaned with DI water and dried by nitrogen gas.
The reflectance of samples was measured in the range
of 350-1100 nm by a UV-VIS-NIR spectrophotometer.
The morphology and structure of samples were observed
by field emission scanning electron microscopy (SEM).

3 Result and Discussion

_%;

Fig. 1(a) shows DWS mc-Si wafer surfaces are distributed
with uneven size pits after conventional acid solution
etching for 3 min and NaOH solution for 1 min. Small pits
of 0.5 pmx1 pm are partially distributed on the surface.
These pits are arranged linearly due to the effect of DWS
sawing line marks. In addition, there are many large pits
which are 1-2 pm wide and about 3 pm long. Wafer
surfaces are distributed with uniform pits after acid
solution with 0.6 g sodium polyacrylate etching for 3 min
and NaOH solution etching for 1 min. The size of these
pits is basically 0.5 umx1 pum, as shown in Fig. 1(b).

Fig.1 SEM image of DWS me-Si wafers etched by different solution for 3 min and NaOH solution for 1 min (a)conventional acid
solution (b)acid solution with 0.6 g sodium
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Fig. 2 (a)The reflectance spectra of the DWS mc-Si wafers etched by conventional solution or sodium polyacrylate solution for 3 min
and NaOH solution for 1 min
(b) Effect of sodium polyacrylate addition on reaction rate

Fig. 2 (a)shows that the surface reflectance of the
wafers textured without additives in acid solution is
higher than 30% in the range of 350-1100 nm. Adding 0.6
g 50% sodium polyacrylate aqueous solution in
conventional acid solution, the surface reflectance is
greatly reduced, with the lowest reflectance of 19.8%. The
main reason is that the texturing structure is tinier, which
increase the multiple reflections of the light path and
enhance the light trapping. In conventional acid solutions
without additives, the silicon wafers do not make good
contact with the reaction solution due to the
hydrophobicity of silicon. And the lack of defective spots
on the surface of DWS mc-Si for the reaction leads to
inadequate starting points for etching. In addition, the
reaction of silicon with acid is fast, and the size of the
texturing structure is relatively large. The addition of
sodium polyacrylate reduces the surface tension of the
acid solution, bringing the silicon wafer into full contact
with it and creating finer bubbles during etching process.

Sodium polyacrylate makes it possible for the bubbles
generated by the reaction to escape quickly from the
surface of the wafer. Bubbles do not adhere to the surface
or prevent subsequent etching, thus ensuring that the
reaction rate is not too slow. The quality of the silicon loss
is obtained by measuring the quality of the silicon before
and after the texturing. In the same condition, the wafers
loss textured by sodium polyacrylate solution are nearly
half of those textured by conventional solution, indicating
that sodium polyacrylate reduces the rate of acid etching.
Too fast reaction rate is not conducive to the control of the
reaction, resulting in poor reproducibility of texturing.
The addition of sodium polyacrylate improves the
controllability of the reaction.

In order to investigate the effect of sodium
polyacrylate addition on the reaction rate, morphological
appearance and reflectance of the wafers, sodium
polyacrylate solutions of different weights were added to
the conventional acid solution under the conditions of
fixed ratio and volume of acid solution and reaction time.
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Fig. 2(b) shows the effect of different sodium polyacrylate
additions on the reaction rate for 3 min of acid etching and
1 min of NaOH etching. The reaction rate is expressed by
the etching thickness per min on each side of the silicon
wafer of the acid solution. It is clear that the rate of the
reaction decreases rapidly when sodium polyacrylate is
added to a conventional acid solution without additives.
The rate of reaction decreases linearly with increasing
addition of sodium polyacrylate and the decrease is
relatively slight. When 0.6 g sodium polyacrylate is used
for texturing, the thickness of the wafer etched on each
side is 1.02 um, which is much less than the thickness of
5.5 um etched by conventional texturing additives, and
the loss of silicon is much less.

Fig. 4 SEM images of DWS mc-Si wafers etched by acid solution with different amounts of sodium polyacrylate for 3 min and
NaOH solution for 1 min(a)0g(b)0.3g(c)0.6g(d)0.9g

As shown in Fig. 4(a), the surface of the wafer etched
without the addition of sodium polyacrylate is covered
with unevenly distributed pits. As shown in Fig. 4(b),
when the amount of sodium polyacrylate added is 0.3 g,
uniformly sized pits appear on the surface of the silicon
wafer, but the surface of the pits is relatively rough and
there are even smaller pits in the pits. The depth of the pits
is relatively shallow, resulting in still higher reflectance.
As shown in Fig. 4(c), when the amount of sodium
polyacrylate added is 0.6 g, the surface of silicon wafer is
uniformly distributed with 0.5 pumx1 pm pits, and the
surface of the pits is smooth. The damage layer caused by

—=— Sodium polyacrylate 0g
—e— Sodium polyacrylate 0.3 g
—4— Sodium polyacrylate 0.6 g
—v— Sodium polyacrylate 0.9 g

Reflectance (%)

1 1 1 1 1 1 1 ! 1
300 400 500 600 700 800 900 1000 1100 1200

Wavelength (nm)

Fig. 3 The reflectance spectra of silicon wafers etched by acid
solution with different amounts of sodium polyacrylate for 3
min and NaOH solution for 1 min

Fig. 3 shows the effect of different amounts of sodium
polyacrylate on the reflectance of silicon wafers etched by
acid solution for 3 min and NaOH solution for 1 min. The
amount of sodium polyacrylate in the acid solution
gradually increased from 0 to 0.9 g. It is clear that when
the addition of sodium polyacrylate increases, the
reflectance of the textured wafer gradually decreases.
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DWS on the wafer surface is completely removed.
However, as shown in Fig. 4(d), when the addition of
sodium polyacrylate reaches 0.9 g, the textured silicon
wafer surface does not completely form a velvet surface
but remains many long, deep grooves. Due to the addition
of sodium polyacrylate, the reaction rate of etching is
reduced and do not completely remove the damage layer
caused by DWS on the wafer surface. Therefore, the
amount of sodium polyacrylate added should be no more
than 0.6 g to ensure that the surface damage layer is
completely removed.
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Fig. 5 (a)The reflectance spectra of DWS mc-Si wafers etched by acid solution with 0.6 g sodium polyacrylate for different time and
NaOH solution for 1 min
(b)SEM image of DWS mc-Si wafers etched by acid solution with 0.6 g sodium polyacrylate for 2 min and NaOH solution for 1 min

Fig. 5(a) shows the effect of acid solution etching time
on the reflectance with 0.6 g sodium polyacrylate and
NaOH solution etching for 1 min. The reflectance
gradually increases with the increase of the reaction time
when the acid texturing time is 2 to 8 min. As shown in
Fig. 5(b), there are a large number of damage layers
caused by DWS on the wafer surface, although the
reflectance is low when etching for 2 min in acid solution
with 0.6 g sodium polyacrylate and etching for 1 min in
NaOH solution. The surface of these damaged areas is
smooth, and there are strip pits with larger depth and
larger surface area than those obtained by texturing. The
smaller pits obtained by inadequate reaction and deep pits
in the DWS damage area result in low reflectance. The
presence of these deep pits causes severe surface
recombination, which prevent the improvement the solar
cell efficiency. As shown in Fig. 4(c), the surface of the
wafer with acid etching for 3 min has no damage layer and
uniformly distributed 0.5 pmx1 pm pits. Therefore, the
acid etching time of 3 min is suitable in the condition of
using 0.6 g of sodium polyacrylate.

4 Conclusions

Based on the HF/HNO3/H,O etching system, this paper
studies the effect of sodium polyacrylate on the
reflectance and surface morphology of DWS mc-Si. The
reflectance of the silicon wafer surface was higher than
30% in the range of 350-1100 nm after using
HF/HNO3/H,O0 acid solution for texturing. The size of the
pits on the silicon wafer surface was not uniform, and
there were small pits of 0.5 umX1 pm and a large number
of large pits of 2 pmx3 pum. The addition of sodium
polyacrylate reduces the surface tension of the acid
solution, so that silicon and the solution are fully
contacted, thus increasing the number of starting points
for etching. It also reduces the reaction rate and increases
the controllability of the etching process. Considering the
surface reflectance and texturing time, the optimum
reaction conditions are as follows: the addition of sodium
polyacrylate is 0.6 g, the etching time of acid solution is 3
min, and the etching time of NaOH solution is 1 min.
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