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امللخص :يف هذا البحث مت تطبيق تقنية التنميش اجلاف لطبقة سيليكات الفوسفور الزجاجية ( ،)PSGكطريقة بديلة
لتقنية التنميش باستخدام الطرق الكيميائية التقليدية ،عرب استخدام خملوط غازي يتكون من غازي ثالثي فلور امليثان /
سادس فلوريد الكربيت ( )SF6/CHF3لتتم هذه العملية داخل نظام جتاري يعرف جبهاز أو فرن ترسيب األخبرة الكيميائية
املعززة باستخدام تقنيات بالزما ني رتات السيليكون (.)PECVD-SiN

وبعد االنتهاء من عملية التنميش اجل��اف لطبقة سيليكات الفوسفور الزجاجية فقد مت حبث وتطوير عملية الحقة
ضمن م راحل تصنيع اخللية الشمسية السيليكونية واليت تتمثل مباشرة يف عملية املعاجلة والتنظيف السطحي للخلية
باستخدام تقنية البالزما .فعملية املعاجلة السطحية للخلية الشمسية تستخدم لتحويل أو إزالة طبقة البوليمر اليت
ترتسب على سطح اخللية أثناء مرحلة إزالة طبقة سيليكات الفوسفور الزجاجية .ويف هذا السياق استخدم هلذا الغرض
غازا األكسجني واهليدروجني لنجد أنه بعد تطبيق هذه املرحلة فإن طبقة البوليمر قد مت ازالتها أو تقليلها إىل احلد األدنى.
وقد مت حبث مدى تأثر أداء اخللية الشمسية بظروف عملية التنظيف البالزمية ،حيث وجد أنه بعد أن مت االختيار األمثل
ملعلميات البالزما من درجة ح رارة وضغط وزمن التنظيف داخل الفرن لوحظ التحسن الواضح يف أداء اخللية وخاصة من حيث
الزيادة والكسب احلاصل يف كفاءة اخللية الشمسية واليت تصل إىل نسبة زيادة تقدر حبوالي  % 0.6مقارنة مع كفاءة
اخللية عند عدم تطبيق هذه املرحلة من التصنيع .ومن ناحية أخرى فقد وجد أن خصائص اخللية الشمسية بعد إج راء أو
تطبيق هذه التقنية ميكن أن تصل إىل نفس أداء وخصائص اخللية الشمسية اليت يتم تصنيعها بالطرق التقليدية اليت
تتمثل يف إزالة طبقة سيليكات الفوسفور الزجاجية باستخدام الطرق الكيميائية التقليدية (الغطس يف حملول حامض
اهليدروفلوريك املخفف) وهو ما يربهن على مدى جدوى وفعالية املعاجلة اجلافة لتنظيف سطح اخللية الشمسية باستخدام
غازي األكسجني واهليدروجني وبتقنية البالزما وخاصة إذا ما أخد العامل البيئي يف االعتبار.

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 (CHF3/SF6) gas mixture in commercial silicon-nitride plasma enhanced
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ويف هذا العمل مت حبث مدى اعتمادية أداء اخللية الشمسية على درجة ح رارة التنميش داخل الفرن ليتم بالتالي االختيار
األمثل لدرجة ح رارة الفرن اليت تعطي أفضل األداء .ويف هذا السياق وجد أن التغري يف درجة ح رارة الفرن له تأثري هام وواضح
على كافة معلميات اخللية الشمسية.
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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 SiN-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 O2/H2 post
cleaning treatment.

Keywords: Solar Cells, crystalline silicon, PSG, Plasma etching.
1. INTRODUCTION
The rapid growth of the photovoltaic
market is still dominated by searching for
high solar cell efficiencies with cost effective
technologies. Therefore, the development of
semiconductor materials and new processing
techniques can have a significant impact
on the cost reduction. Due to the relatively
low production cost and good material
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

On the other hand, decreasing of DI water
consumption as well as the expensive and
hazards chemicals can play a significant role
in reducing the processing costs [2].
Wet chemical processing of high efficiency
silicon solar cells is still applied for many
fabrication steps like wafer surface texturing
and cleaning, saw damage etching and
phosphorous silicate glass (PSG) etching,
etc. Due to increasing water costs and using
harmful acids like hydrofluoric acid (HF)
replacement by dry processing technique,
which is characterized by low costs of water
consumption and chemical waste disposal,
is mandatory.
Dry plasma processing is considered

silicon starting material or evaluating new

as the most promising and cost-effective

processing techniques which improve the

approach for solar cell fabrication technique.

solar cell efficiencies. The widely accepted

This technology can offer the possibility for

approach to reduce the cost of the silicon

higher cell efficiencies at low processing

substrate material while maintains high

costs due to several advantages compared to
39
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high performance solar cells using cheap

efficiency is to use large and thin wafers.
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wet chemical fabrication steps such as [2, 3]:

a thin hydrocarbon and/or fluorocarbon

•• Different processing steps can be

film of a few nanometers is formed on the

combined in one vacuum system.
•• Full control of all processing parameters.

which has an effect on the silicon etch rate

•• Suitability

and hence the selectivity between the SiO2

for

high

throughput

processing.
•• Compatible

or PSG and silicon. On the other hand, the
with

using

thinner

substrate materials.
•• Suitable for strictly one-sided treatment
and conditioning.

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

•• Handling of less harmful acids like HF.

if this layer is removed prior to further cell

•• Low water consumption.

processing. This can be implemented by an

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
Solar Energy and Sustainable Development, Volume (3) No (1) 2014

silicon wafer surface during the PSG etching,

of dry plasma etching. The PSG layer is
created during emitter diffusion and this

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

layer has to be removed prior to the SiN layer

and implementation of plasma etching

deposition step. For this purpose, instead

processes for solar cell fabrication. In this

of using HF dip as conventional method,

direction, we applied the plasma etching,

a plasma etching technique is applied for

instead of wet chemical etching technique,

removing this layer, demonstrating that dry

to remove the PSG layer using CHF3/SF6 gas

PSG etching of mc-Si solar cells can achieve

mixture in a SiN-PECVD system. After

nearly similar performance compared to the

optimization of the plasma parameters for

wet chemically etched references. CHF3/SF6

PSG etching, an additional conditioning of

(Trifluormethane / Sulfur Hexafluoride)

the wafer surface is conducted and a detailed

gas mixture is employed to remove the PSG

investigation to optimize the dry cleaning

layer from the silicon surface providing a

process in order to achieve a high solar cell

high selectivity ratio between PSG and the

performance is performed. For cleaning

underlying Si emitter [9].

purposes, the oxygen and hydrogen gases

Due to the carbon contained in CHF3 gas,
40

are used and the process is based on a plasma
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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
2

range is 0.5–2.0 Ω-cm and the wafer
thickness is of about 270 µm. The saw
damage of the wafers is removed in alkaline
solution followed by cleaning in a hot nitric
acid (HNO3). The phosphorous emitter
diffusion is accomplished in a quartz tube

phosphorous glass, a silicon nitride (SiNx)

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 cofired through the SiNx layer using a belt line

furnace. The corresponding standard solar
cell processing steps are shown in Figure 1.
The

phosphorous

silicate

glass

is

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 CHF3 and SF6 as

etching gases. Before the SiNx deposition

step, an additional O2/H2 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 SiNx-PECVD system.

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
Figure (1). Applied process sequence for
multi-crystalline silicon material

etching this phosphorus glass layer by
using a toxic hydrofluoric acid. It has been
demonstrated that dry plasma etching is

furnace using POCl3 liquid source resulting

a suitable process for the removal of the

in a homogeneous emitter with a sheet

PSG layer and can be used instead of a wet

resistance of 55 Ω/☐. After removing the

chemical etching process. For PSG etching,
41
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3. RESULTS AND DISCUSSION
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one of the most important requirements

performance. The effect of plasma etching

is to achieve a high selectivity between the

on the wafer surface homogeneity after PSG

PSG layer and the Si underlying emitter.

removal is investigated by measuring the

For this purpose, CHF3/SF6 gas mixture is

sheet resistance of the wafer surface before

employed to remove the PSG layer from the

and after plasma treatment using a four-

silicon surface providing a high selectivity

point probe technique. The process was

ratio between PSG and the underlying Si

applied on many samples etched at the same

emitter with efficiencies for mc-Si solar cells

time and placed on various boat positions.

close to that obtained by a conventional wet

The results obtained from the experiment

chemical etching process [10].

show high sheet resistance homogeneity for

In this work, we applied the plasma

all tested samples, yielding a sheet resistance

etching to remove the PSG layer using

range of about 55 Ω/☐ with a Standard

CHF3/SF6 gas mixture in a SiN-PECVD

deviation < 2 Ω/☐ throughout the whole

system and a detailed investigation is

wafer surface, as shown in Figure 2.

performed to optimize the dry PSG etching

Solar Energy and Sustainable Development, Volume (3) No (1) 2014

process in order to achieve a high solar cell

Figure (2). Sheet resistance distribution proving the etch homogeneity on the whole wafer surface.

During the PSG etching all the plasma

pressure, plasma duration and etching time)

parameters (gases flow, plasma power,

are varied and optimized. It is found that

42
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the solar cell characteristics are strongly

etching temperatures, a thick polymer layer

depending on these parameters. In this

is deposited on the silicon wafer surface

paper, only the temperature effect on the

that limits the cell efficiency. This will be

solar cell performance is described. For

described in the next section. The other solar

this experiment, the tube temperature is

parameters (Jsc, Voc and fill factor) show the

independently controlled and is varied
between 100 and 400 oC while the other
plasma parameters are held constant during

same dependency on the tube temperature

as the solar cell efficiency, as shown in the
figures.

the PSG etching.

Figure (3). Jsc and Voc of the solar cell measured
at different tube temperatures.

Figure 3 shows the relation between
voltage (Voc) and short circuit current (Jsc)
of the solar cell, while Figure 4 shows the
effect of the tube temperature on the solar
cell efficiency (h) and fill factor (F.F.). As
can be seen, the temperature variation
has a significant impact on the whole
solar cell characteristics. The solar cell
efficiency increases as the temperature is
increasing from 100 C until the efficiency
o

reaches the maximum value at 250 C. By
o

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

further increasing the temperature, the cell

minutes of cleaning with the hydrogen

efficiency decreases more rapidly. This can

gas (O2/H2 plasma clean) as shown in

be explained by two phenomena: (i) at low

Figures 5 and 6. These results show that an

temperature values, the etch rate is very low

extra O2/H2 cleaning step can improve the

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

solar cell performance due to the removal

43
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the tube temperature and the open circuit

Figure (4). Effect of tube temperature on solar
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of the hydrocarbon and/or fluorocarbon

is applied on the first sample by using

composition

CHF3/SF6 mixture gases to remove the PSG

from

the

wafer

surface

compared to the other cleaning steps.

layer. An extra post cleaning step is applied

The lowest solar cell efficiency values are

on the second sample using dry O2/H2

obtained when only PSG etching is applied

plasma cleaning after dry PSG etching. HF

without any additional surface cleaning

dip method (wet chemical etching) is used

treatment [12].

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

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

Solar Energy and Sustainable Development, Volume (3) No (1) 2014

The influence of the dry cleaning

hydrocarbon components concentration
is decreased during an extra dry plasma
O2/H2 cleaning or PSG etched off in HF

processing step on composition of residues

respectively. On the other hand, the Si signal

created on Si wafer surface during PSG

is dominant for these samples, as shown in

etching is analysed by measuring the

the figures.

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 mm sample surface by a 25 kV Ga
source are detected and the spectra over
a period of 100 ms 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

Figure (6). Measured open circuit voltage with
different plasma cleaning steps.
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O2/H2 dry plasma cleaning, sample B. (c) reference, PSG etched in HF, sample C.

From TOF-SIMS analysis, it is apparent

In order to evaluate the optimum plasma

that an extra O2/H2 cleaning step can

cleaning conditions necessary for best

improve the surface due to the polymer layer

solar cell performance, the dependence

removal from the surface and the chemical

of the solar cell characteristics on plasma

contamination can be avoided or eliminated.

operating conditions during O2/H2 dry
45
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Figure (7). TOF-SIMS measurements; (a) Dry PSG etching with CHF3/SF6, sample A. (b) An extra
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cleaning is investigated. For this purpose,

performance. A hydrogen flow rate of more

many plasma parameters, such as RF plasma

than 750 sccm leads to a rapid decrease in

power, reactor pressure, tube temperature,

Voc and efficiency because of an etch-back

gas flow rate, etc. are considered. Open

of the emitter. Therefore, it is not possible to

circuit voltage and therefore efficiency are

use H2 flow rates greater than this value.

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.

Figure (9). Effect of hydrogen flow rate on Voc of
dry cleaned solar cell.

Figure (8). Effect of hydrogen flow rate on the
Solar Energy and Sustainable Development, Volume (3) No (1) 2014

efficiency of dry cleaned solar cell.

As illustrated 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
(O2/H2 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
Voc of the solar cell performance increase

Figure (10). Effect of plasma power on Voc
and efficiency at constant pressure and
temperature.

Figure 10 shows the influence of the

as the hydrogen flow rate is increasing

plasma power (300-1000 watt) on the Voc and

due to the ability of the hydrogen gas to

cell efficiency. It is observed that the plasma

remove the polymer layer from the wafer

power has a significant effect on the solar cell

surface yielding an enhancement in the cell

efficiency and open circuit voltage values.

46
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Both Voc and efficiency are very low at low

cleaning time on the solar cell performance

plasma power. As the power increases, the

is analysed. The relationship between the

efficiency and Voc are increasing until they

plasma cleaning time and the efficiency and

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 oC. 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 oC, an increase in Voc occurs.
The solar cell efficiency and Voc reach their
peak values at 350 oC. A further increase in
temperature causes a drop in both solar cell
parameters. A reason for this may be due to
temperature processing.

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 O2/H2 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 (H2SO4/H2O2)
[13].

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

The influence of the hydrogen plasma

Figure (12). Effect of hydrogen plasma etching
time on solar cell performance
47

Solar Energy and Sustainable Development, Volume (3) No (1) 2014

the wafer surface damaging caused by high

Voc is illustrated in Figure 12. As can be seen,
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In comparison with the reference wet

In this work, we performed further

chemically etched cells, it is observed

investigation and development towards

that most of the cell characteristics are

an evaluation of PSG etching and post

comparable. However, we notice that Voc of

cleaning of the front and rear wafer surfaces,

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
O2/H2 cleaning process.

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

Solar Energy and Sustainable Development, Volume (3) No (1) 2014

wet chemically processed cells.
Jsc
[mA/
cm2]

Voc
[mV]

F.F
[%]

h
[%]

Only
dry PSG
etching

30.2

594.3

77.8

14.0

Dry PSG
etching
and O2/H2
plasma
cleaning

31.1

599.4

78.0

14.6

30.3

602.64

77.2

14.1

31.0

605.2

78.2

14.7

Dry PSG
etching
and wet
chemical
cleaning
H2SO4/
H2O2

Wet
chemical
reference
(HF dip)

Figure (13). Measured open circuit voltage

As can be seen, both the open circuit

and the solar cell efficiency with different

voltage and the efficiency are improved

plasma cleaning steps.

after additional plasma cleaning for both

48
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wafer sides compared to one sided cleaning on the Si wafer surface after PSG etching
treatment. The lowest solar cell efficiency are eliminated. It is found that the solar cell
value is obtained when only PSG etching is performance can be improved by extra dry
plasma cleaning after the PSG etching and
applied without any extra surface cleaning.
prior to the SiN-PECVD deposition step.
4. CONCLUSIONS
However, an efficiency gain of about 0.6 %
Increasing of the solar cell efficiency, and 0.5 % absolute is obtained compared to
while maintaining a low production cost is the cells with no further cleaning treatment
the primary goal of the PV research groups. and the cells with additional wet chemical
In this study, an effort has been undertaken cleaning process, respectively. On the other
towards the multi-crystalline silicon solar hand, the over all solar cell characteristics
cells performance improvement.
can reach values close to that achieved by the
A dry plasma etching technique for mc- conventional wet chemical etching process.
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