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Abstract: The silicon wafers for solar cells on which the paste is deposited experience a bowing
phenomenon. The thickness of commonly used c-Si wafers is 180 µm or more. When fabricating
c-Si solar cells with this wafer thickness, the bowing value is 3 mm or less and the problem does not
occur. However, for the thin c-Si solar cells which are being studied recently, the output reduction
due to failure during manufacture and cracking are attributed to bowing. In generally, it is known
that the bowing phenomenon arises mainly from the paste applied to the back side electrode of c-Si
solar cells and the effects of SiNx (silicon nitride) and the paste on the front side are not considered
significant. The bowing phenomenon is caused by a difference in the coefficient of expansion between
heterogeneous materials, there is the effect of bowing on the front electrode and ARC. In this paper, a
partially processed c-Si solar cell was fabricated and a bowing phenomenon variation according to
the wafer thicknesses was confirmed. As a result of the experiment, the measured bow value after the
firing process suggests that the paste on the front-side indicates a direction different from that of the
back-side paste. The bow value increases when Al paste is deposited on SiNx. The fabricated c-Si
solar cell was analyzed on basis of the correlation between the bowing phenomenon of the materials
and the c-Si wafer using Stoney’s equation, which is capable of analyzing the relationship between
bowing and stress. As a result, the bowing phenomenon of the c-Si solar cell estimated through the
experiment that the back side electrode is the important element, but also the front electrode and
ARC influence the bowing phenomenon when fabricating c-Si solar cells using thin c-Si wafers.

Keywords: thin c-Si solar cells; bowing phenomenon; warpage; partially processed solar cell

1. Introduction

Current solar power generation is shifting to thinner crystalline silicon (c-Si) solar cells for cost
reduction purposes [1]. In 2017, the thickness of the wafers was 180 µm, but by 2028 the thickness
of the wafer is expected to decrease to 130 µm. [2]. Therefore, research is also being undertaken to
make cells thinner than those currently being used commercially. Reduction in the production cost is
essential for grid parity and thin c-Si solar cells are important elements in this context. However many
problems arise when fabricating PV (photovoltaic) modules using thin c-Si solar wafers. Typically,
bowing occurs during the manufacture of c-Si solar cells; when the bowing phenomenon of the c-Si
solar cell becomes severe, micro-cracking occurs. When micro-cracking occurs in the c-Si solar cell,
the electrical output of the c-Si solar cell decreases due to changes in Rs (series resistance) and Rsh
(shunt resistance). In the PV module, a mismatch of the electrical output occurs due to a decrease
in the output of the c-Si solar cell, causing a reduction in the overall electrical output and long-term
reliability of the PV module [3–5]
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Bowing is caused by a difference in the thermal expansion coefficients between the front/rear-side
electrode and the c-Si wafer [6,7]. The coefficient of thermal expansion of silicon is 2.6× 10−6/K, and the
coefficients of thermal expansion of the front electrode and the rear electrode are 19.7 × 10−6/K and
23.9 × 10−6/K, respectively [7]. Therefore, when manufacturing a c-Si solar cell, a bowing phenomenon
occurs due to this difference in thermal expansion coefficients. To minimize the occurrence of cracks,
it is important to minimize the bowing phenomenon during c-Si solar cell manufacture. In the process
of thin c-Si solar cell manufacture, the bowing phenomenon occurs during the firing process and
the bowing of thin c-Si solar cells causes micro-cracks and stress leading to problems in the PV
modularization process.

Research on bowing in the photovoltaic module has mainly concentrated on the thickness of the
PV ribbon and the process temperature during the tabbing step [7–9]. In the process of manufacturing
c-Si solar cells, only the influence of the back-side electrode (Al paste) on the bowing phenomenon has
been studied. However, studies on the influence of the anti-reflection coating (ARC) and front-side
electrode on the bowing phenomenon have not progressed [10–17]. In order to accurately analyze
the bowing phenomenon of solar cells, it is important to measure the bowing of the c-Si solar cell by
manufacturing a partially processed c-Si solar cell. Also, if the thickness of the c-Si wafer is thick,
it may be difficult to accurately identify the bowing phenomenon. Therefore, it is necessary to analyze
the bowing phenomenon using a thin c-Si solar cell.

In this paper, we fabricated solar cells using c-Si solar wafers with thicknesses of 120, 140, 160,
and 180 µm. The bowing value was then measured after the firing process, and the bowing phenomena
of the wafer, ARC, and front/back-side electrode were analyzed. Through the experimental results, it
was confirmed that the bowing phenomenon of the c-Si solar cell is influenced not only by the back
side electrode, but also by the front side electrode and silicon nitride (SiNx).

Based on the experimental results, intrinsic stress values were calculated using Stoney’s Equation
and the main factors of the bowing phenomenon in the manufacturing process of c-Si solar cells using
c-Si wafers were analyzed.

2. Bowing Phenomenon of c-Si Solar cells

2.1. Bowing characteristics of thin c-Si solar cells

Generally, a c-Si solar cell is fabricated as shown in Figure 1. Starting with a c-Si solar wafer
substrate, after texturing, doping, and etching processes, and by depositing an ARC, it is possible to
produce a c-Si solar cell with a dry and firing process on the front electrode and back electrode.
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Figure 1. c-Si Solar cell manufacturing process.

The process for fabricating the c-Si solar cell includes a variety of thermal stress environments
such as doping, etching, and chemical vapor deposition. This thermal stress can damage the c-Si wafer
and the paste; when the thickness of the wafer is greater than 180 µm, cracking due to thermal stress is
rare. However, as the thickness is reduced, micro-cracks are generated by thermal stress between the
different materials. c-Si solar cell bowing depending on the coefficient of thermal expansion (CTE)
between materials is more pronounced after the firing process.

In the drying process, the surface temperature of the c-Si wafer was measured using data log,
as shown in Figure 2. Substantial bowing did not occur below 200 ◦C. However, in the firing process
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for depositing the c-Si wafer and metal (ARC, front/back-side electrode), a temperature of about 800 ◦C
or higher was measured; after this process, serious bowing could be confirmed, as shown in Figure 3.Energies 2019, 12, 3 of 11 
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2.2. Theoretical analysis of bowing phenomenon of c-Si solar cells

The bowing of the c-Si solar cells is caused by the c-Si wafer, front/back electrodes, and ARC.
The stress of the film is represented by σf and the whole stress is expressed by the intrinsic stress (σi)

and thermo-mechanical stress (σth) as in Equation (1) [18–21]:

σf = σi + σth (1)

Expressions of stress can be predicted by Stoney’s equality [21]. Stress is the relationship between
Young’s modulus and strain, and the curvature of the heterogeneous material assuming pure bending
and small bending can be expressed using Stoney’s equation:

1
R

=
6E f t f

(
α f − αs

)(
T f − T

)
Est2

s
(2)

where ts and t f are the substrate thickness and thickness of the film, respectively. E f , Es are the Young’s
moduli of the film and substrate. α f is coefficient of expansion of the film and T f is the temperature of
substrate, T is room temperature.

Mechanical analysis of Stoney’s equation assumes that the length of the substrate and film are
the same. c-Si solar cells have the same length of material deposited on the c-Si wafers, so Stoney’s
equation assumptions are expected to fit well. Also, Stoney’s equation cannot be applied when the
process temperature is different, but the temperature of the deposition process is identical during the
c-Si solar cell manufacturing process so this assumption is fulfilled.
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Stoney’s equation is applied to c-Si solar cells assuming bending of the beam and small bending.
It follows that:

Es
4t2

s

3t f L2 = E f
(
α f − αs

)(
T f − T

)
(3)

This is a basic condition in the assumption of small bending. It is possible to assume small bending
and calculate this expression with a Taylor expansion [21]. Here, L is the length of the c-Si wafer.
In other words, the bowing value can be calculated from the stress value of the film, and the stress value
of materials can be calculated by measuring the bowing value. Using Equation (3), the stress values
of ARC and the front/back electrodes of the c-Si solar cells can be deduced. In this paper, using the
bowing value that is measured through the experiment, the stress values of ARC and electrode of the
c-Si solar cell were confirmed.

3. Experiment Methods and Conditions

3.1. Experimental Conditions

To confirm the bowing phenomenon dependence on the thickness of the c-Si wafer, a high-efficiency
single c-Si wafer was prepared. When wafer thickness deviation occurs, errors occur. For this reason,
to confirm the bowing phenomenon, wafer sorting was carried out using appropriate wafer inspection
equipment prior to the experiment.

The c-Si wafers were prepared with thicknesses ranging from 120 µm to 180 µm in 20 µm intervals.
For the 120 µm wafer, samples were prepared with an error range of approximately 1.7% between
the wafer to wafer thickness variation. Further, the 180 µm wafers in the experiment had an average
thickness of 183.1–183.5 µm and the 140 and 160 µm wafers also exhibited an error range of 2% using
the same method. After the firing process, the bowing was measured using a Vernier caliper divided
in 1 mm after placing the c-Si solar cells on a flat surface. As the bowing value decreases over time,
the temperature was measured immediately after the fitting process. At this time, the temperature was
25 ◦C.

The surface of the wafer after the diamond sawing process, which is one of the wafer manufacturing
steps, is shown in Figure 4. When the strength was applied in the same direction as the sawing mark
of c-Si wafer, the strength was weaker than in the horizontal direction. Therefore, c-Si solar cells were
manufactured in the same direction in consideration of this.
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To confirm the influence of the electrode deposited on the wafer, solar cells in which the process
was partially performed were prepared. The bowing phenomenon occurs due to the differences in
coefficient of thermal expansion (CTE) between different materials and does not occur on the bare wafer.
In other words, as shown in Figure 5, bowing phenomena does not occur in bare wafers, or during the
texturing, etching, and doping processes.
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3.2. Partial Solar Cell Fabrication Process According to the c-Si Wafer Thickness

Partially processed solar cells were fabricated as shown in Table 1 using a 6 inch single c-Si wafer.
Since the bowing phenomenon does not occur after the firing process in the case of the c-Si wafer that
only undergoes the etching and the doping processes, bowing is hardly displayed in the process of
depositing SiNx on the c-Si wafer. Thus it was excluded from the design of experiments (DOE) listed
in Table 1.

Table 1. Design of experiments (DOE) of partially processed solar cells according to the thickness of
the c-Si wafer. ARC: anti-reflection coating.

c-Si Wafer Thickness Num ARC Front Side Electrode Back Side Electrode

120 µm, 140 µm, 160 µm, 180 µm

1 o o o
2 x o o
3 o o x
4 x o x
5 o x o
6 x x o

Solar cells were fabricated with the Gumi Electronics & Information Technology Research Institute
(GERI) and experiments were performed under the same conditions (except for the wafer thickness) to
minimize errors. In Table 1, “Num” is the experiment number and “ARC” refers to the antireflection
coating. The front-side electrode indicates Ag paste printing on the wafer’s front side, and the back-side
electrode, the Al paste.

4. Results and Analysis

To study the bowing phenomenon in the manufacture of solar cells, the wafer and several elements
were analyzed to determine the causes of bowing. Our previous research dealt with the study of the
back-side electrode. SiNx (ARC) has a large intrinsic stress value, but its thickness is about 80 nm and
so it is hardly affected when it is deposited on a thick wafer of 180 µm or more. As expected, in the case
of the front-side electrode, bowing was hardly observed experimentally for 180 µm wafer thickness
or more.

Experiments 4 and 6, shown in Figure 6, represent the deposition of the front-side paste and
back-side paste on the Si wafer. In this experiment, 10 c-Si wafer pieces were measured, and values
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below 1 mm were excluded from the measurements. The Experiment 4 results indicate that the bow
value increases unconventionally as the wafer thickness decreases. However, in Experiment 6, the bow
form is concave facing down, and that of Experiment 4 is concave facing up. In other words, the bowing
is caused by differences between the front-side paste and back-side paste. Figure 7 is a comparison of
bowing values of general solar cells and solar cells excluding ARC.
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Figure 7. Bowing phenomenon due to thickness of wafer and presence or absence of ARC (anti-reflection
coating) deposition on a c-Si wafer.

Figure 7 shows the bowing experiment results with and without ARC in a general solar cell.
There is no difference in bowing when the thickness of the wafer is 180 µm. It is confirmed that as the
wafer becomes thinner a difference occurs in the bowing value. In other words, in the case of a solar
cell fabricated using a wafer of 180 µm or more, it is impossible to ascertain the difference in bowing
value due to the ARC, but it is confirmed that as the thickness of the wafer reduces, a difference occurs
in the bowing phenomenon. The reason is that the bowing value increases as the thickness of the c-Si
wafer becomes thinner. When only the ARC of the wafer is deposited, it is difficult to confirm because
the value of the bowing is too small. However, when the back electrode is printed, the difference of the
bowing value can be confirmed.

Figure 8 shows a bowing experiment result with and without Ag paste, which is the front-side
electrode. When only the front-side electrode is deposited on the silicon wafer, bowing hardly occurs
unless the thickness of the wafer is 120 µm. The influence of the front-side electrode paste on the
bowing according to the thickness of the wafer is difficult to ascertain. However, as shown in Figure 8,
when there is a back electrode on the c-Si wafer, it is possible to confirm the influence of the front-side
electrode on the bowing phenomenon of the solar cell.



Energies 2019, 12, 1593 7 of 12

Energies 2019, 12, 7 of 11 

 

 
Figure 8. Bowing phenomenon due to thickness of wafer and presence or absence of front-side 
electrode deposition on a c-Si wafer. 

DOE Num2 means that the front-side electrode and the back-side electrode were deposited on 
the wafer and DOE Num 6 refers to the case where only the back-side electrode was deposited. When 
the thickness of the wafer is 180 μm, the difference in bowing value is about 0.5 mm. The difference 
in bowing size is small, but when the wafer thickness is 120 μm, a difference of 1.5 mm in the bowing 
value is confirmed, so as the wafer becomes thinner, and when the thickness of the wafer is 120 μm, 
the difference in the bowing value increases by about 1.0 mm. 

 
Figure 9. Results of bow experiments 1, 2, 3, and 5. 

DOE Num3 in Figure 9 reveals that in the absence of the back-side electrode, the bowing 
phenomenon is negligible when the thickness of the wafer is 140 μm or more, and the bowing 
direction is reversed in the case of only the front paste and the ARC. 

In addition, when comparing DOE Num1 (an ordinary solar cell) with DOE Num5 (in which the 
front-side electrode is not deposited on the c-Si wafer), it can be confirmed that the bowing value 
increases in the absence of the front electrode. Experiment 3 is a bowing value measured after 
deposition of only the front-side electrode on the c-Si wafer, and it can be confirmed that the bowing 
direction differs from that of the other materials. 

To estimate the stress value through the bowing value, it is important to know the exact 
thickness of the c-Si wafer and each material. The thickness of each material can be measured through 
scanning electron microscopy (SEM) and the result is shown in Figure 10. It is important to know the 
thickness of the c-Si wafer and each material. After cutting the solar cell, the side was measured and 
the thickness of each material measured in SEM was assumed to be a constant value in a c-Si solar 
cell. The wafer thickness of the solar cell of Figure 10 is thinner than that of the bare wafer, due to the 
chemical etching step during the solar cell manufacturing process. 

Figure 8. Bowing phenomenon due to thickness of wafer and presence or absence of front-side electrode
deposition on a c-Si wafer.

DOE Num2 means that the front-side electrode and the back-side electrode were deposited on the
wafer and DOE Num 6 refers to the case where only the back-side electrode was deposited. When the
thickness of the wafer is 180 µm, the difference in bowing value is about 0.5 mm. The difference in
bowing size is small, but when the wafer thickness is 120 µm, a difference of 1.5 mm in the bowing
value is confirmed, so as the wafer becomes thinner, and when the thickness of the wafer is 120 µm,
the difference in the bowing value increases by about 1.0 mm.

DOE Num3 in Figure 9 reveals that in the absence of the back-side electrode, the bowing
phenomenon is negligible when the thickness of the wafer is 140 µm or more, and the bowing direction
is reversed in the case of only the front paste and the ARC.
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In addition, when comparing DOE Num1 (an ordinary solar cell) with DOE Num5 (in which
the front-side electrode is not deposited on the c-Si wafer), it can be confirmed that the bowing
value increases in the absence of the front electrode. Experiment 3 is a bowing value measured after
deposition of only the front-side electrode on the c-Si wafer, and it can be confirmed that the bowing
direction differs from that of the other materials.

To estimate the stress value through the bowing value, it is important to know the exact thickness
of the c-Si wafer and each material. The thickness of each material can be measured through scanning
electron microscopy (SEM) and the result is shown in Figure 10. It is important to know the thickness of
the c-Si wafer and each material. After cutting the solar cell, the side was measured and the thickness
of each material measured in SEM was assumed to be a constant value in a c-Si solar cell. The wafer
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thickness of the solar cell of Figure 10 is thinner than that of the bare wafer, due to the chemical etching
step during the solar cell manufacturing process.Energies 2019, 12, 8 of 11 

 

 
(a) 

 
(c) 

 
(b) 

 
(d) 

Figure 10. SEM measurement result according to wafer thickness. (a) SEM measurement result of 120 
μm c-Si solar cell; (b) SEM measurement result of 140 μm c-Si solar cell; (c) SEM measurement result 
of 160 μm c-Si solar cell; (d) SEM measurement result of 180 μm c-Si solar cell. 

Through the bowing experiment results, the stress value generated in the processing of the solar 
cell was predicted. The bow phenomenon of a bi-material can be analyzed using Stoney's equation. 
According to the equation, stress values can be predicted through the measured bow value; on the 
other hand, knowing the stress value of the material in the deposition process can predict the bowing 
value. In this paper, partially processed solar cells were fabricated with varying thickness, and the 
stress value was predicted from the bowing value of each material measured. 

In a previous study, we analyzed the intrinsic stress of the front ARC of a solar cell [22]. 
Experiment results showed the bowing value due to ARC deposition on the wafer as small, when the 
thickness of ARC is very thin (about 80 nm). As a result, the stress value was expected to be very 
large at 253 MPa. To conclude, it is expected that the influence of bowing by ARC will be large when 
the thickness of ARC increases or the c-Si wafer becomes thinner. That is, it can be confirmed that the 
value of bowing is 1 mm or less and substantial bowing occurs although it is small. 

Figure 11 shows the result of predicting the intrinsic stress value of ARC and c-Si wafer using 
Stoney’s equation. Although the magnitude of the bowing value by ARC is small, one can confirm 
that the bowing value exists. 

 
Figure 11. Influence of ARC on bowing phenomenon according to the thickness of c-Si wafers. 

Figure 10. SEM measurement result according to wafer thickness. (a) SEM measurement result of
120 µm c-Si solar cell; (b) SEM measurement result of 140 µm c-Si solar cell; (c) SEM measurement
result of 160 µm c-Si solar cell; (d) SEM measurement result of 180 µm c-Si solar cell.

Through the bowing experiment results, the stress value generated in the processing of the solar
cell was predicted. The bow phenomenon of a bi-material can be analyzed using Stoney’s equation.
According to the equation, stress values can be predicted through the measured bow value; on the
other hand, knowing the stress value of the material in the deposition process can predict the bowing
value. In this paper, partially processed solar cells were fabricated with varying thickness, and the
stress value was predicted from the bowing value of each material measured.

In a previous study, we analyzed the intrinsic stress of the front ARC of a solar cell [22].
Experiment results showed the bowing value due to ARC deposition on the wafer as small, when the
thickness of ARC is very thin (about 80 nm). As a result, the stress value was expected to be very large
at 253 MPa. To conclude, it is expected that the influence of bowing by ARC will be large when the
thickness of ARC increases or the c-Si wafer becomes thinner. That is, it can be confirmed that the
value of bowing is 1 mm or less and substantial bowing occurs although it is small.

Figure 11 shows the result of predicting the intrinsic stress value of ARC and c-Si wafer using
Stoney’s equation. Although the magnitude of the bowing value by ARC is small, one can confirm that
the bowing value exists.
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Through experiments, the bow value depending on the presence or absence of the front electrode
was confirmed. However, when the front-side electrode is deposited on the wafer, if the thickness
of the wafer is 140 µm or more, the experimental bow value result is 1 mm or less and its value is
not displayed. The front electrode has a small intrinsic stress value and has smaller influence on
the bow phenomenon due to its lower thickness than the back electrode. The bowing value varies
when the front side electrodes are present in DOE 1 and 5 in Figure 9. The results of Experiment 4,
which deposited only the front electrodes in the c-Si wafer, were measured only when the wafer was
120 µm thickness. This is because it is difficult to measure a bowing value if it is less than 1 mm.
That is, bowing occurs even on a wafer that is than 140 µm or more of thickness. Figure 12 shows the
estimated intrinsic stress values from the front electrode and 120 um c-Si wafer deposition and the
result is calculated using Stoney’s equation. In the case of the front electrode, it could be predicted
from the results that bowing occurs in a direction different from that of the ARC and the back-side
electrode. In the case of the front electrode, it appears as a phenomenon that reduces the bowing value
of the solar cell.
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Through the experimental results, it was confirmed that the deposition of the back-side electrode
greatly affects the bowing of the c-Si solar cell. The stress value of the back electrode calculated using
Equation (3) is about 20 MPa and its value is as small as about 10% when compared with the intrinsic
stress of SiNx. However, the thickness of the back-side electrode is larger than that of SiNx and this
greatly affects the bowing phenomenon of the solar cell.
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That the back-side electrode has a big influence on the bowing phenomenon is not a material
property but rather is largely influenced by the thickness. This means that the thickness of the back-side
electrode becomes an important factor in the reduction of bowing. Figure 13 shows the intrinsic stress
values predicted using Equation (3) and the bowing values confirmed through experiments.
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5. Conclusions

We studied the bowing phenomenon due to the deposition of the front/back-side electrode and the
ARC in accordance with the change in wafer thickness. It is known that the bowing phenomenon of
solar cells occurs only on the back-side electrode. In fact, when fabricating a solar cell using a wafer of
more than 180 µm thickness, the influence of bowing was very small, except for the back-side electrode.
However, as the thickness of the c-Si wafer reduces, as shown in the experimental results, it can be seen
that the bowing value varies depending on the ARC and the front-side electrode. Therefore, we were
able to confirm their effect on the solar cell bow phenomenon.

In this paper, partially processed c-Si solar cells with different wafer thicknesses were fabricated
to analyze the bowing phenomenon of c-Si solar cells. As an experiment result of our study of the
bowing phenomenon of partially processed c-Si solar cells using thin c-Si solar cells, in the case of
the front electrode, bowing phenomena occurred in different directions from the back side electrode.
In addition, when ARC was deposited on a c-Si solar cell, the bowing phenomenon could not be
confirmed when the thickness of the wafer was 180 µm or more, but the bowing phenomenon could be
confirmed when the thickness of the c-Si wafer was thin.

Also, using Stoney’s equation, which can analyze bowing and stress between different materials,
it is possible to infer the intrinsic stress value through the bowing value using experimental results.
In the previous study, ARC confirmed the stress value using Acro Metrix AXP, and in the case of the
front electrode the value of the intrinsic stress cannot be known since the change in bowing is not
large when the thickness of the wafer is 140 µm or more. However, we confirmed the value of the
intrinsic stress using the bowing value at a wafer thickness of 120 µm. The back-side electrode effect is
confirmed as shown in Figure 13 and finally the ARC and front-side electrode have bow values too,
but the most important factor was found to be the back-side electrode. By confirming the value of the
intrinsic stress for each element of the solar cell, it is expected that this result can be utilized to reduce
the bowing phenomena of thin c-Si solar cells.
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