Solar Energy and Sustainable Development, VoLume (3) N2 (1) 2014

Solav Energy

And Sustainable Development

Refereed, biannual scientific journal issued by
Center for Solar Energy Research and Studies

Dry Phosphorus silicate glass etching and surface conditioning
and cleaning for multi-crystalline silicon solar cell processing

Ahmed S. Kagilik

Faculty of Engineering-Sabratah, Al-Zawia University
Al-Zawia - Libya

e-mail: as.kagilik@gmail.com

s iy tags (PSG) sl 5pdugal) S ot BLandl ok il ot Gl @3 Sl 1ot 2 el
/ Ol 5518 AN (GHLE (re (s (GHLE dogline plidicd e Caou BN fuiliodSI @ lall pludniialy (el fuidid
el 8,31 oty (353 g1 Jlgms By (6l plla 3 Sucleatt s @3t (SF /CHEF, ) e st anysta sl
(PECVD-SiN) ¢yaScboadt Sl Laydhs OLOES alasviwls 535l

DL GILIL @3 (il S8 (il Byl oyt (phe Prssnandid! Jocindl haf Jsslelicl (Suie Gy @3 ol 10 29
qoil9 pl Sl AT (Al Bylpa uyd 2 5l O g Blacd! 148 219 oa¥) Judadl (Sl (4l 3yl px Dranyld Ja!
el ot Olialae halS Lo

i Goles jmglaiy G @3 1D Jualajll gdwgdll Gl Dddat ALl (eceidl fudes (o slgid¥ wang
Plonll ol cadaiidly fndlal) fudes 28 dlee et (il TnadgSorbiecsd) Unrunadd) Dot pociual Jalps (poidd
! relgdl Ddido D) 91 Jag i prtdniiand Uoeewadidl pudnld Goeontaial) Jeantlall Jucload Lajddl judds plisniwly
O2AN gt pudTil Blecd! 10 29 Dol i jgdwgall OlSiiw Gddds 1) Gdonye sl il o (ole oy
T A (1 LB 5T LG 5 8 aalgl) i (LB Judmy bl 0008 Gl ks 31 ciomil (ppangyodlly Crmman ¥ L2
L1 LIS €5 O s 40 g e o) Bl o 9, Jopuaral Jnintl sl 5505 (ks iy 5 B
S (70 il g ikt s 2 geialgl (ruum i) damg () p 0l Y513 o a il (039 daiidng By Innys (30 LajSLdl Slbeadal
Bslags pe (iplae %0 0.6 Hlgams juudl Babay feresd (N Juad (Silg Intisnadid] ki) Belasa 2 Juolondl Cewslg Bl
91 ] ks D il Gl pilacads (f g B (681 Tetnls (a9 ot (0 Dyl 2100 Bl pe i el
! DBt @ty Lgariuat @iy ) Dorenadd! Dol pailiadhg shai (udd 1) had O (Stan Dol ols Gudat
ol Jtoma 2 uladll) Jous 301 lloasSl Glall phisials Duarladl syl OIS (o (1) 2. Jieds
Aol D) o) et BTl JuBlond) oI Lall uidladlg (§9ui (S (oL (305 Lo 909 (dinll ilsyalagyuiigll
SHEENT 2 el Jaladl ] Le 13 Jussling LapDLll fnsidiiong Cngyebueglly Opomusa¥l 318

Abstract: As an alternative to the wet chemical etching method, dry chemical etching
processes for Phosphorus silicate glass (PSG) layer removal using Trifluormethane /Sulfur

Hexafluoride (CHF,/SF,) gas mixture in commercial silicon-nitride plasma enhanced
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chemical vapour deposition (SiN-PECVD) system is applied. The dependence of the solar
cell performance on the etching temperature is investigated and optimized. It is found that
the SiIN-PECVD system temperature variation has a significant impact on the whole solar
cell characteristics. A dry plasma cleaning treatment of the Si wafer surface after the PSG
removal step is also investigated and developed. The cleaning step is used to remove the
polymer film which is formed during the PSG etching using both oxygen and hydrogen gases.
By applying an additional cleaning step, the polymer film deposited on the silicon wafer
surface after PSG etching is eliminated. The effect of different plasma cleaning conditions on
solar cell performance is investigated. After optimization of the plasma operating conditions,
the performance of the solar cell is improved and the overall gain in efficiency of 0.6 %
absolute is yielded compared to a cell without any further cleaning step. On the other hand,
the best solar cell characteristics can reach values close to that achieved by the conventional
wet chemical etching processes demonstrating the effectiveness of the additional O,/H, post

cleaning treatment.

Keywords: Solar Cells, crystalline silicon, PSG, Plasma etching.

1. INTRODUCTION

efficiency is to use large and thin wafers.

he other hand, ing of DI
The rapid growth of the photovoltaic On the other hand, decreasing o water

consumption as well as the expensive and

market is still dominated by searching for P P

) o ) ) hazards chemicals can play a significant role

high solar cell efficiencies with cost effective ) )

_ in reducing the processing costs [2].

technologies. Therefore, the development of i ) ) )

Wet chemical processing of high efficiency

high performance solar cells using cheap o o )

silicon solar cells is still applied for many

semiconductor materials and new processing . , .

fabrication steps like wafer surface texturing

techniques can have a significant impact . .

and cleaning, saw damage etching and

on the cost reduction. Due to the relatively phosphorous silicate glass (PSG) etching,

low production cost and good material etc. Due to increasing water costs and using
harmful acids like hydrofluoric acid (HF)

replacement by dry processing technique,

performance, the share of multi-crystalline

silicon (mc-Si) solar cells reaches more than

40 % of the PV production capacity and their
use is still steadily increasing [1]. Recently,
the main task of the solar cell industry is to
increase the cell throughput by reducing the
silicon starting material or evaluating new
processing techniques which improve the
solar cell efficiencies. The widely accepted
approach to reduce the cost of the silicon

substrate material while maintains high

which is characterized by low costs of water
consumption and chemical waste disposal,
is mandatory.

Dry plasma processing is considered
as the most promising and cost-effective
approach for solar cell fabrication technique.
This technology can offer the possibility for
higher cell efficiencies at low processing

costs due to several advantages compared to
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wet chemical fabrication steps such as [2, 3]:
o Different processing steps can be
combined in one vacuum system.

o Fullcontrolofall processing parameters.

o Suitability for high throughput
processing.
o Compatible with using thinner

substrate materials.

o Suitable for strictly one-sided treatment
and conditioning.

» Handling of less harmful acids like HE.

» Low water consumption.

Today, dry chemical processing of high
efficiency silicon solar cells is applied for
many fabrication steps like, wafer surface
cleaning [4], texturing [5], emitter etching
back [6, 7] and PSG etching [8], etc., but
is still limited as commercial technology in
solar cells industry.

Phosphorus silicate glass (PSG) etching
represents the most significant applications
of dry plasma etching. The PSG layer is
created during emitter diffusion and this
layer has to be removed prior to the SiN layer
deposition step. For this purpose, instead
of using HF dip as conventional method,
a plasma etching technique is applied for
removing this layer, demonstrating that dry
PSG etching of mc-Si solar cells can achieve
nearly similar performance compared to the
wet chemically etched references. CHF,/SF,
(Trifluormethane / Sulfur Hexafluoride)
gas mixture is employed to remove the PSG
layer from the silicon surface providing a
high selectivity ratio between PSG and the
underlying Si emitter [9)].

Due to the carbon contained in CHF, gas,

40

a thin hydrocarbon and/or fluorocarbon
film of a few nanometers is formed on the
silicon wafer surface during the PSG etching,
which has an effect on the silicon etch rate
and hence the selectivity between the SiO,
or PSG and silicon. On the other hand, the
presence of this polymer layer causes a small
loss in the open circuit voltage and fill factor
of the solar cell [10]. Further improvement of
the solar cell performance can be expected
if this layer is removed prior to further cell
processing. This can be implemented by an
additional surface cleaning treatment of the
silicon wafers in oxygen gas plasma (ashing)
(10, 11]. Therefore, after optimization of the
plasma parameters for PSG etching and
before the PECVD SiN antireflection coating
(ARC) layer deposition, an additional dry
plasma treatment step is conducted to clean
the wafer surface and remove the created
hydrocarbon layer deposited during dry
PSG etching.

The aim of this work is the development
and implementation of plasma etching
processes for solar cell fabrication. In this
direction, we applied the plasma etching,
instead of wet chemical etching technique,
to remove the PSG layer using CHF,/SF, gas
mixture in a SiN-PECVD system. After
optimization of the plasma parameters for
PSG etching, an additional conditioning of
the wafer surface is conducted and a detailed
investigation to optimize the dry cleaning
process in order to achieve a high solar cell
performance is performed. For cleaning
purposes, the oxygen and hydrogen gases

are used and the process is based on a plasma



oxygen cleaning directly followed by few

minutes of cleaning with the hydrogen gas.

2. EXPERIMENTAL

A set of p-type neighboring multi-
crystalline silicon wafers (Baysix 125x125
mm?) is used in this work. The resistivity
range is 0.5-2.0 Q-cm and the wafer
thickness is of about 270 um. The saw
damage of the wafers is removed in alkaline
solution followed by cleaning in a hot nitric
acid (HNO,). The phosphorous emitter

diffusion is accomplished in a quartz tube

Saw Damage Removal

.

POCI; Diffusion

v
PSG Removal

|

Surface Conditioning

|

PECVD 5iN Deposition

i
Front Side Metal Printing

4

Rear Side Metal Printing

|

Co firing

Figure (1). Applied process sequence for

multi-crystalline silicon material

furnace using POCI, liquid source resulting
in a homogeneous emitter with a sheet

resistance of 55 /0. After removing the
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phosphorous glass, a silicon nitride (SiN )
layer was deposited as antireflection coating
(ARC) and surface passivation layer in a
commercial Centrotherm PECVD reactor.
Finally, the solar cells are screen printed with
silver and aluminum pastes on the front and
back sides, respectively. The contacts are co-
fired through the SiN_layer using a belt line
furnace. The corresponding standard solar
cell processing steps are shown in Figure 1.
The phosphorous silicate glass s
conventionally removed by HF etching.
In this work, the wet chemical method is
replaced by a plasma dry etching technique.
For this purpose, we use CHF, and SF, as
etching gases. Before the SiN_ deposition
step, an additional O,/H, plasma cleaning
treatment is applied to remove the created
hydrocarbon layer deposited during dry
PSG etching. These dry processing steps are

carried out in the same SiN -PECVD system.

3. RESULTS AND DISCUSSION

3.1 Dry phosphorus silicate glass removal

Phosphorus silicate glass (PSG) etching
represents the most significant applications
of dry plasma etching. The PSG layer is
created during emitter diffusion and this
layer has to be removed prior to the SiN
layer deposition step. Conventional solar
cell fabrication applies wet chemistry for
etching this phosphorus glass layer by
using a toxic hydrofluoric acid. It has been
demonstrated that dry plasma etching is
a suitable process for the removal of the
PSG layer and can be used instead of a wet

chemical etching process. For PSG etching,
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one of the most important requirements
is to achieve a high selectivity between the
PSG layer and the Si underlying emitter.
For this purpose, CHF,/SF, gas mixture is
employed to remove the PSG layer from the
silicon surface providing a high selectivity
ratio between PSG and the underlying Si
emitter with efficiencies for mc-Si solar cells
close to that obtained by a conventional wet
chemical etching process [10].

In this work, we applied the plasma
etching to remove the PSG layer using
CHF,/SF, gas mixture in a SiN-PECVD
system and a detailed investigation is
performed to optimize the dry PSG etching

process in order to achieve a high solar cell

performance. The effect of plasma etching
on the wafer surface homogeneity after PSG
removal is investigated by measuring the
sheet resistance of the wafer surface before
and after plasma treatment using a four-
point probe technique. The process was
applied on many samples etched at the same
time and placed on various boat positions.
The results obtained from the experiment
show high sheet resistance homogeneity for
all tested samples, yielding a sheet resistance
range of about 55 /O with a Standard
deviation < 2 Q/O0 throughout the whole

wafer surface, as shown in Figure 2.

Contour Map Analysis [ ohm/sq ]
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Figure (2). Sheet resistance distribution proving the etch homogeneity on the whole wafer surface.

During the PSG etching all the plasma

parameters (gases flow, plasma power,

42

pressure, plasma duration and etching time)

are varied and optimized. It is found that



the solar cell characteristics are strongly
depending on these parameters. In this
paper, only the temperature effect on the
solar cell performance is described. For
this experiment, the tube temperature is
independently controlled and is varied
between 100 and 400 °C while the other
plasma parameters are held constant during
the PSG etching.
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S0 250 450
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Figure (3).] .and V__of the solar cell measured
at different tube temperatures.

Figure 3 shows the relation between
the tube temperature and the open circuit
voltage (V) and short circuit current (J )
of the solar cell, while Figure 4 shows the
effect of the tube temperature on the solar
cell efficiency (n) and fill factor (E.F.). As
can be seen, the temperature variation
has a significant impact on the whole
The solar cell

efficiency increases as the temperature is

solar cell characteristics.

increasing from 100 °C until the efficiency
reaches the maximum value at 250 °C. By
further increasing the temperature, the cell
efficiency decreases more rapidly. This can
be explained by two phenomena: (i) at low
temperature values, the etch rate is very low

and no etching step is excited. (i) At high

Dry Phosphorus silicate glass etching..
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etching temperatures, a thick polymer layer
is deposited on the silicon wafer surface
that limits the cell efhiciency. This will be
described in the next section. The other solar
parameters (J , V__and fill factor) show the
same dependency on the tube temperature

as the solar cell efficiency, as shown in the

figures.
148 78.5
144 |
{ 78
4 |

Efficiency [%]
B
3
L

Fill Factor [%]

132
—= Efficiency 4 77
128 FF
12.4 . . . 76.5
50 150 250 350 450

Temperature [+C]

Figure (4). Effect of tube temperature on solar

cell efficiency and fill factor.

3.2 Dry plasma surface conditioning and

cleaning

To demonstrate the effectiveness of the
post cleaning treatment of the wafer surface
after the PSG etching, different plasma
cleaning methods are tested by using single
and mixture of oxygen and hydrogen gases.
It has been found that the best solar cell
performance is obtained when the extra
cleaning step is implemented using plasma
oxygen cleaning directly followed by few
minutes of cleaning with the hydrogen
gas (O/H, plasma clean) as shown in
Figures 5 and 6. These results show that an
extra O,/H, cleaning step can improve the

solar cell performance due to the removal
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of the hydrocarbon and/or fluorocarbon
the

compared to the other cleaning steps.

composition from wafer surface
The lowest solar cell efficiency values are
obtained when only PSG etching is applied
without any additional surface cleaning

treatment [12].

14.6
14.55

¥ 145 0 -
14.45 |
14.4 -

14.35 :17 —

14.3
14.25

only PSG only O, only H; OyH,
etch clean

Efficiency |

clean clean

Figure (5). Measured solar cell efficiency with
different plasma cleaning steps.

The influence of the dry «cleaning
processing step on composition of residues
created on Si wafer surface during PSG
etching is analysed by measuring the
chemical profile of the etched silicon wafer
surface using the time-of-flight secondary
ion mass spectroscopy (TOF-SIMS). In
this technique, positive ions sputtered from
60x60 pm sample surface by a 25 kV Ga
source are detected and the spectra over
a period of 100 ps are taken then the
compositions of the residues formed on
the sample surface are analyzed. The
composition of the hydrocarbon compounds
is detected for three etched samples

(A, B and C). Dry plasma etching technique

44

is applied on the first sample by using
CHF,/SF, mixture gases to remove the PSG
layer. An extra post cleaning step is applied
on the second sample using dry O,/H,
plasma cleaning after dry PSG etching. HF
dip method (wet chemical etching) is used
for the third sample to remove the PSG layer
and is considered as a reference. Figure 7
shows the composition of hydrocarbon films
deposited on the Si wafer surfaces after dry
and wet etching processes. As can be seen,
high concentration of the hydrocarbon
compounds is observed for sample (A),
indicating that the surface is contaminated.
Furthermore, high intensity of carbon and
phosphorous signals are detected, while
the Si signal is strongly suppressed for this
sample. For etched samples B and C, the
hydrocarbon components concentration
is decreased during an extra dry plasma
O,/H, cleaning or PSG etched off in HF
respectively. On the other hand, the Si signal

is dominant for these samples, as shown in

the figures.

604
602
a0
508
50a
504
502
5o i | i

only PSG  only O,
etch

Voo [mW]

0,/H;
clean

only H,

clean clean

Figure (6). Measured open circuit voltage with

different plasma cleaning steps.
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Figure (7). TOF-SIMS measurements; (a) Dry PSG etching with CHF,/SF, sample A. (b) An extra

O,/H, dry plasma cleaning, sample B. (c) reference, PSG etched in HF, sample C.

From TOF-SIMS analysis, it is apparent
that an extra O,/H, cleaning step can
improve the surface due to the polymer layer
removal from the surface and the chemical

contamination can be avoided or eliminated.

In order to evaluate the optimum plasma
cleaning conditions necessary for best
solar cell performance, the dependence
of the solar cell characteristics on plasma

operating conditions during O/H, dry
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cleaning is investigated. For this purpose,
many plasma parameters, such as RF plasma
power, reactor pressure, tube temperature,
gas flow rate, etc. are considered. Open
circuit voltage and therefore efficiency are
the solar cell parameters significantly most
affected by the etching process. Therefore,
we describe only the dependence of these
solar cell parameters on the different

operating plasma conditions.

14.8
14.7 |
146 |
145 |
144 |
143 |
142
14.1 |
1,-1 i i i | |

0 200 400 00 800 1000 1200

iclency (%]

Effi

Flow rate [scom]

Figure (8). Effect of hydrogen flow rate on the

efficiency of dry cleaned solar cell.

Asillustrated in Figures 5 and 6 additional
plasma cleaning of the wafer surface after
dry PSG etching can improve the solar
cell performance when both hydrogen and
oxygen gases are used in one etching process
(O,/H, clean). The dependence of the
efficiency and the open circuit voltage on the
hydrogen flow rate is investigated, keeping
the other plasma parameters constant.
Figures 8 and 9 show that the efficiency and
V__ of the solar cell performance increase
as the hydrogen flow rate is increasing
due to the ability of the hydrogen gas to
remove the polymer layer from the wafer

surface yielding an enhancement in the cell

46

performance. A hydrogen flow rate of more
than 750 sccm leads to a rapid decrease in
V__and efficiency because of an etch-back
of the emitter. Therefore, it is not possible to

use H, flow rates greater than this value.

608

ale

604

602 -

Voc [mV]

600 -

Sgg i i i i i
0 200 400 o000 800 1000 1200

Flow rate [sccm]

Figure (9). Effect of hydrogen flow rate on V__of

dry cleaned solar cell.
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Figure (10). Effect of plasma power on V_
and efficiency at constant pressure and

temperature.

Figure 10 shows the influence of the
plasma power (300-1000 watt) on the V__and
cell efficiency. It is observed that the plasma
power has a significant effect on the solar cell

efficiency and open circuit voltage values.



Both V__and efficiency are very low at low
plasma power. As the power increases, the
efficiency and V__ are increasing until they
reach to the maximum values at 500 watt.
Any increase in the plasma power above
this value leads to a drop in these solar cell
parameters.

The effect of the tube temperature on
solar cell parameters is also determined.
The temperature is varied between 200 and
400 °C. It is found that the temperature has
a significant impact on the plasma cleaning
process. From Figure 11, we notice that the
increase in temperature from its low values
leads to increasing efficiency while Voc is
decreasing. As the temperature increases
above 250 °C, an increase in V__ occurs.
The solar cell efficiency and V__reach their
peak values at 350 °C. A further increase in
temperature causes a drop in both solar cell
parameters. A reason for this may be due to
the wafer surface damaging caused by high

temperature processing.

14.6 5996
* ::{fjcjcncy & 1 5004
= Voc
_ us f { 902
z . —
B * 4 599 E
=]
5 4 | 3
2 . { 5988 2
2 -
sl { 5986
1 5954
*
14.2 | | i L L 5982

150 200 250 300 350 400 450
Temperature [~C]

Figure (11). Effect of tube temperature on V_
and efficiency of dry etched solar cell.

The influence of the hydrogen plasma

Dry Phosphorus silicate glass etching..
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cleaning time on the solar cell performance
is analysed. The relationship between the
plasma cleaning time and the efficiency and
V__isillustrated in Figure 12. As can be seen,
long etch times can improve both the open
circuit voltage and cell efficiency. Further
increase in etching time causes a high
increase in tube temperature which leads to
a degradation in the cell performance.

The measured parameters of the
optimized dry processed solar cells and
wet chemical processed ones are listed in
Table 1. It is demonstrated that the solar
cell characteristics are improved when an
additional plasma O,/H, cleaning treatment
is implemented after dry PSG etching
achieving a gain in cell efficiency of about
0.6 % absolute compared to the cells without
further cleaning treatment. On the other
hand, the results have shown that the solar
cell parameters for dry plasma cleaning
process are better than the results that
obtained after a dry PSG etching followed
by an additional wet chemical cleaning step
using the Piranha solution (H,SO,/H,0,)
[13].

1435 502
143 } #*Eficiency :
1525 "V 1
£ 12t - 4 588 —
— -
B 1415 L 2
S a1l - ’ 17 8
g . .| = s &
51405 | 7 384
14 i - g7
1es | ¢ 17
138 : 580
2 7 12
Cleaning time [min]

Figure (12). Effect of hydrogen plasma etching

time on solar cell performance
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In comparison with the reference wet
chemically etched cells, it is observed
that most of the cell characteristics are
comparable. However, we notice that V__of
dry plasma cleaned cell is still low compared
to the wet chemical cleaned cell and the
wet chemical reference one. This can be
attributed to still existing polymer residues
due to the remaining damaging layer which
can not be completely removed during the

O,/H, cleaning process.

14.8

14.6

14.4

14.2

Efficlency [%]

14

13.8 L L
PSG+clean

(both sides)

PSG+clean  PSG only

(one side)

a4

602

&00

508

Voo [mV)

506

594 L L
PSG+clean
(both sides)

PSG+clean  PSGonly

(one side)

Figure (13). Measured open circuit voltage
and the solar cell efficiency with different

plasma cleaning steps.
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In this work, we performed further
investigation and development towards
an evaluation of PSG etching and post
cleaning of the front and rear wafer surfaces,
respectively. In this case, we found that
when a dry plasma etching is also applied on
the back side of the wafer surface for PSG
removal and extra post cleaning treatment,
the solar cell performance is improved, as

shown in Figure 13.

Table (1). I-V measurements (average values) of
dry etched mc-Si solar cells compared to
wet chemically processed cells.

ISC

[ A/ Voc
" [mV]

EF h

2 %] (%)
cm?]

Only
dry PSG
etching

30.2 594.3 77.8 14.0

Dry PSG
etching
and O,/H,

plasma

31.1 599.4 78.0 14.6

cleaning

Dry PSG
etching
and wet
chemical 30.3 602.64 772 14.1
cleaning

H,SO,/

H202

Wet
chemical

31.0 605.2 78.2 14.7

reference

(HF dip)

As can be seen, both the open circuit
voltage and the efficiency are improved

after additional plasma cleaning for both



wafer sides compared to one sided cleaning
treatment. The lowest solar cell efficiency
value is obtained when only PSG etching is

applied without any extra surface cleaning.

4. CONCLUSIONS

Increasing of the solar cell efficiency,
while maintaining a low production cost is
the primary goal of the PV research groups.
In this study, an effort has been undertaken
towards the multi-crystalline silicon solar

cells performance improvement.

A dry plasma etching technique for mc-
Si solar cell fabrication is implemented as an
alternative to the wet chemical etching. A
dry PSG etching process, as one application
of plasma etching technology, is investigated
and developed. By using CHF,/SF, mixture
gases in a commercial SiN-PECVD system,
the PSG layer, which is formed during POCI,
diffusion, can be removed achieving high
SiO,/Si selectivity ratio. The dependence of
the solar cell characteristics on the plasma
temperature variation is studied and
optimized.

During the PSG removal, a thin polymer
film is formed on the silicon wafer surface
due to the carbon containing in the CHF,
gas. A dry plasma cleaning treatment for a
polymer film deposited on the silicon wafer
surface during PSG etching is developed.
This polymer layer is removed by applying
an additional post cleaning treatment using
both oxygen and hydrogen as plasma etching
gases with optimum plasma operating
conditions. Due to this additional cleaning

step, the hydrocarbon compounds formed

Dry Phosphorus silicate glass etching..
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on the Si wafer surface after PSG etching
are eliminated. It is found that the solar cell
performance can be improved by extra dry
plasma cleaning after the PSG etching and
prior to the SiN-PECVD deposition step.
However, an efficiency gain of about 0.6 %
and 0.5 % absolute is obtained compared to
the cells with no further cleaning treatment
and the cells with additional wet chemical
cleaning process, respectively. On the other
hand, the over all solar cell characteristics
can reach values close to that achieved by the

conventional wet chemical etching process.
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