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Abstract—In this paper, we investigate the effect of mechanical damage and temperature on copper indium gallium diselenide
(CIGS) thin-film solar cells through experiments and modeling.
After generating mechanical damage on CIGS solar cell with 20%
increments, the electrical performance was measured (current–
voltage curve) while temperature was varying from 10 to 70 °C
at 20° increments. Other measured values are open-circuit voltage (Vo c ), fill factor (ff), maximum power (Pm a x ). Those electrical
values (Vo c , ff, Pm a x ) are found as a function of temperature and
percent damage. Moreover, the parameters of the single diode solar
cell model were obtained as a function of temperature and percentage damage: light generation current (IL ), saturation current (I0 ),
shunt resistance (Rsh ), and series resistance (Rs ). Our paper contributes to the deeper understanding of the concurrent effect of
temperature and mechanical damage to solar cells.
Index Terms—Copper indium gallium diselenide (CIGS), electrical performance, mechanical damage, temperature, thin-film
solar cells.

I. INTRODUCTION
OPPER indium gallium diselenide (CIGS) solar cells are
one of the most widely used thin-film solar cells. Since
these thin-film solar cells are flexible, they are installed on the
roof of a house as shingles or on the roof of a vehicle as solar roof. Several car companies (Audi, Toyota, and Tesla) announced their plans for electric vehicles with solar roofs. In the
United States, an average of 1250 tornadoes and 6 hurricanes
are reported every year [1], [2]. Therefore, reliability evaluation
of solar cells due to mechanical damages caused by tornadoes
and hurricanes is very desirable. Moreover, the evaluation of
temperature effect on solar cells is critical to accurately predict
the solar cell performance. Since flexible solar cells are generally thin, variation of cell temperature due to environmental
temperature is quite rapid compared with conventional silicon
solar cells.

C

Manuscript received February 26, 2018; revised May 13, 2018 and July 14,
2018; accepted July 17, 2018. Date of publication August 6, 2018; date of
current version August 20, 2018. This work was supported in part by Purdue
PRF Faculty Research grant and in part by research grant from College of ES
of Purdue University Northwest. (Corresponding author: Hansung Kim.)
The authors are with Purdue University Northwest, Hammond, IN 463232094 USA (e-mail:,kim886@purdue.edu; bwojkovi@pnw.edu).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JPHOTOV.2018.2858557

In this paper, we concurrently evaluate the effect of temperature and mechanical damage on CIGS solar cells to answer the
following critical questions.
1) Does the mechanical damage alter the temperature effect
on solar cells?
a) For example, does an undamaged solar cell at 20 °C
have the same open-circuit voltage as a 20% damaged
cll at 20 °C? How the damage effect be quantified?
2) Does the temperature alter the mechanical damage effect
on solar cells?
a) For example, does a solar cell with 10% damage at
10 °C have the same open-circuit voltage as a solar
cell with 10% damage at 70 °C? How can this be
quantified?
The percentage of damage is based on the damaged area
compared with the total area of the CIGS solar cell, which represents the percentage of mechanically separated regions in the
solar cell. In this study, we mimic the damage caused by tornadoes or hurricanes by inflicting the damage through drimmel
tool.
For conventional silicon solar cells, the mechanical damage
presents as crack damage. There are multiple studies on the
crack effect on the solar cell performance. Pletzer et al. [3] presented the analysis of the influence of cracks on the electrical
parameters of silicon solar cells using a two-diode model. The
analysis clearly shows that cracks mainly affect the recombination current density, which results in the decrease of fill factor
(ff) as well as efficiency. Sera [4] developed a method to detect the failure of silicon solar panel by monitoring the panel’s
series resistance based on a single-diode model. The increase
of series resistance is closely related to the degradation of PV
systems [5]–[7]. Wang et al. [5] found that series resistance (Rs )
increases and current source (IL ) decreases when a solar panel
contains cracks. Those parameters are based on the single-diode
model of solar cells. Kontges et al. [8] also reported that when
an inactive cell area of silicon solar cells is between 12% and
50%, the power loss in the PV module is linearly proportional
to the area of inactive cells. However, most studies investigating
the crack (mechanical) damage effect are based on silicon solar
cells. There are few studies on the mechanical damage effect
on flexible thin-film solar cells. However, there are some previous studies on the effect of bending and rolling on the CIGS
solar cells. Chirila et al. [9] performed stress tests comprised of
more than 1000 cycles of rolling and unrolling of CIGS solar
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cells grown on flexible polymer films using a cylinder with a
2 cm radius. They reported that the degradation after the stress
test was about 4%. Wiedeman [10] performed bending tests
of CIGS solar cells around a mandrel to determine the bend
radius generating significant damage. Cells were examined in
both compressive (grid toward mandrel) and tensile (grid away
from mandrel) stress. He reported that compressive stress generates more damage than tensile stress, and the bend radius more
than 0.25 inch starts to generate significant damage to the performance of CIGS solar cells. Lee et al. [11] also performed
bending tests of Pbs/Cds thin-film solar cells by applying a load
between two parallel holders. They illustrated the efficiency
versus bending strain curve in the paper. They also mentioned
that the value of the short-circuit current is significantly reduced
above a certain bending strain, while open-circuit voltage is not
much influenced by the bending strain.
There are also numerous studies of temperature effect on
the electrical performance of solar cells. Skoplaki and Palyvos
[12] reviewed numerous existing models relating efficiency and
power of solar cells with temperature. They concluded that both
electrical efficiency and power output of the PV module has
an inversely linear relationship with cell operating temperature. Based on the semiconductor theory, it can be reasoned
that open-circuit voltage, ff, and maximum power decreases as
the temperature increases. However, there are few studies of
temperature effect taking into account the mechanical damage
severity.
Therefore, in this paper, we systematically investigate the
effect of temperature and mechanical damage simultaneously
with 20 °C temperature increments ranging from 10 to 70 °C
along with 20% increments of damage ranging from 0% to 80%.
Through this research, several significant trends were discovered
or confirmed for CIGS thin-film solar cells as detailed below.
1) Temperature effect is more significant at lower damage
levels for efficiency and maximum power.
2) With larger than 60% damage, the efficiency and maximum power remain constant regardless of temperature.
3) Resistance of solar cell increases as the damage level
increases.
4) Resistance of solar cell decreases as the temperature increases.
There are numerous existing methods to determine the mechanical (crack) damage in the solar cells such as electroluminescence (EL) [3], [13], [14], resonance ultrasonic vibration
(RUV) [15], [16], photoluminescence [17], infrared [18], [19].
In this paper, the percentage of the damaged area in CIGS solar
cells was measured using an infrared camera and postprocessing. Image-J software was used for postprocessing of infrared
images of damaged CIGS solar cells [20].
II. METHOD
A. Experimental Procedure
The CIGS solar cell used for this paper is FG-SM12-11 from
Global Solar Company. This flexible thin-film solar cell is designed for Portable Solar Charger products. Fig. 1 shows the
in-house temperature-controlled environmental chamber for the

Fig. 1.

In-house temperature-controlled environmental chamber.

Fig. 2.

FG-SM12-11 CIGS thin-film solar cell.

solar cell experiment, and Fig. 2 shows FG-SM12-11 CIGS
thin-film solar cell.
For our experiment, the CIGS thin film is placed in the
temperature-controlled chamber, then standard solar cell testing procedures are applied with 1000 W/m2 light incident. Before running the experiment, the temperature was maintained
at a constant value. Temperature was measured in situ while
running the experiments. There was a change in temperature
between the beginning and the end of each experiment, which
was about 2–4 ˚C. We used average value for the temperature
measurement.
However, since we used a tungsten halogen lamp instead of
a highly rated solar simulator as a continuous light source and
some light spectrum might be reflected by the environmental
chamber, the measured efficiency was lower than the value that
the manufacturing company claims. The main goal of this study
is to investigate how temperature and mechanical damage affect
the solar cell performance qualitatively instead of quantitatively.
If highly rated solar simulators were used, the quantitative values of the results would be different. However, we believe that
similar qualitative results would be obtained as long as similar
types of CIGS solar cell are used.
Mechanical damage was generated ranging from 0% to 80%
with a 20% increment using a drimmel tool. The damaged area
was measured using ImageJ software based on the infrared pictures which were taken after applying a biasing voltage. Fig. 3
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Fig. 3. Infrared image of damaged cell. Black color represents the damaged
region. Total area (yellow rectangle) is measured in pixels.

Fig. 5.
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Single diode model of solar cell [6].

Based on the collected experimental data, MATLAB software was used to find the parameters of a single-diode solar cell
model (IL , I0 , Rsh , Rs ) as a function of percent damage and
temperature. MATLAB software uses an unconstrained nonlinear optimization technique based on the simplex search method
of Lagarias et al. [21]. In order to observe the variation of parameters as a function of percent damage and temperature, the
ideal factor was fixed to be 1.5. Initial values of parameters in
the single-diode solar model (IL , I0 , Rsh , Rs ) are calculated as
detailed below.
1) The short-circuit current (Isc ) is used as the initial value
of light-generated current (IL ) for optimizing IL
IL = Isc .
Fig. 4. Image after postprocessing. Red color represents the undamaged area.
Black color represents the damaged region. Area of each undamaged region is
shown in the table.

shows the infrared image of a damaged cell, where black color
displays the damaged region. Fig. 4 illustrates the cell image
after the postprocessing by ImageJ software. Red color represents the undamaged area, while black color represents the
damaged one. Finally, the cell is connected to the solar analyzer
which measures its current–voltage (I–V) curve at a specific
percent damage and temperature.
B. Modeling Procedure
A single-diode circuit is used to model our CIGS solar cell
(see Fig. 5), which is composed of light generation current
(IL ), saturation current (I0 ), shunt resistance (Rsh ), and series
resistance (Rs ).
The equation that describes the solar cell circuit shown in
Fig. 5 is as follows:




(V + IRs )
(V + IRs )
I = IL − I0 exp
− 1
−
nVt
Rsh
(1)
where n is the ideal factor. The thermal voltage (Vt ) depends
on the temperature (T) of the solar cell, in Kelvin, and the
Boltzmann constant (K) and elementary charge (q)
Vt =

k×T
.
q

(2)

(3)

2) The diode reverse saturation current can be found using the
solar cell’s light-generated current, open-circuit voltage,
and ideality factor
I0 =

exp



IL
Vo c
(0.025×n )



−1

.

(4)

3) The shunt resistance is the inverse slope of the I–V curve
at current short circuit
−dV
@Isc .
Rsh =
(5)
dI
4) Series resistance is the inverse slope of the I–V curve at
voltage open circuit
Rs =

−dV
@Vo c .
dI

(6)

III. RESULTS AND DISCUSSION
Fig. 6 shows the open-circuit voltage as a function of damage
and temperature. When the damage is less than ∼60%, the
open-circuit voltage (Vo c ) decreases as the damage increases.
However, with 60% or more damage, Vo c remains constant even
though the damage increases indicating the active operation of
the bypass diode. Moreover, Fig. 6 illustrates that Vo c decreases
as the temperature increases. Fig. 7 shows the behavior of the
ff as a function of damage and temperature. Similar to Vo c ,
the overall value of the ff decreases as the damage increases.
However, there is an unexpected increase of ff, around 80%
damage, due to the operation of the bypass diode.
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Fig. 6.

Open-circuit voltage (Vo c ) as a function of damage and temperature.

Fig. 7.

Fill factor (ff) as a function of damage and temperature.

Fig. 8.

Maximum power (P max ) as a function of damage and temperature.

Fig. 8 shows the maximum power (Pmax ) as a function of
damage and temperature. Similar to Vo c , Pmax decreases as the
damage increases up to 60% and remains constant at higher
damage. Also higher Pmax is achieved when the temperature is
lower. Efficiency is also found to have the same trend as Pmax .
Based on the MATLAB simulation of unconstrained optimization, parameters of the single diode circuit model were
obtained as a function of temperature and percent damage: light
generation current (IL ), saturation current (I0 ), shunt resistance
(Rsh ), and series resistance (Rs ).
Fig. 9 illustrates the magnitude of shunt resistance as a function of damage and temperature. It is observed that the shunt
resistance decreases (Rsh ) as the damage increases. It is also
found that the shunt resistance decreases as the temperature increases. Generally, the shunt resistance is inversely related to
the magnitude of the defect in the solar cell. Lower shunt resistance provides an alternative current path for the light-generated

Fig. 9.

Fig. 10.

Shunt resistance (Rsh ) as a function of damage and temperature.

Series resistance (Rs ) as a function of damage and temperature.

current, causing the reduction of current flowing through the solar cell junction as shown in Fig. 5, which eventually leads to
the reduction of power and efficiency [22].
Series resistance impacts the ff of solar cells resulting in
decreased efficiency [22]. Fig. 10 illustrates the magnitude of
series resistance as a function of damage and temperature. It
is observed that the series resistance increases as the damage
increases like the case of silicon solar cells [4]–[6]. It is also
found that the series resistance decreases as the temperature
increases similar to the shunt resistance. Series resistance differs
from shunt resistance because a low value of series resistance
is desired for optimal solar cell operation, contrary to the shunt
resistance.
There are several complex phenomena taking place in the
damaged module such as cell mismatch, hot spot, and the operation of bypass-diode. Identifying individual effects of cell
mismatch and hot spot on solar cell performance is beyond our
scope. However, we believe that the lumped (combined) effect
of mismatch and hot spot is incorporated into model parameters (series resistance and shunt resistance). We assume that
the increase of external damage is proportional to the increase
of cell mismatch and hot spot in the module, resulting in the
degradation of solar cell performance. The degradation of solar
cell is manifested with the increase of Rs and decrease of Rsh in
the diode model.
Fig. 11 shows the behavior of the light generation current (IL )
as a function of damage and temperature. The overall value of
the light-generated current (IL ) decreases with the increase in
damage as well as the decrease in temperature. However, there is
an unexpected increase of IL , around 40% damage, which is due
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Fig. 11.
ture.

Light-generated current (IL ) as a function of damage and tempera-
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voltage and efficiency decrease with the increasing damage and
temperature. The short-circuit current decreases with the increasing damage and decreasing temperature. The effect of damage on the electrical performance is more significant at lower
temperatures. Also, the effect of temperature on the electrical
performance is more significant at a lower percentage damage.
Based on the unconstrained MATLAB optimization, the parameters of a single diode solar cell model were obtained as a
function of temperature and percentage damage: light generation current (IL ), saturation current (I0 ), shunt resistance (Rsh ),
and series resistance (Rs ). The light generation current (IL )
decreases with the increasing damage and decreasing temperature. The saturation current (Io ) decreases with the decreasing
damage and decreasing temperature. The shunt resistance (Rsh )
decreases with the increasing damage and increasing temperature. The series resistance (Rs ) decreases with the decreasing
damage and increasing temperature.
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Fig. 12.

Saturation current (I0 ) as a function of damage and temperature.
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