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Abstract— The CIGSe thin film solar cell (TFSC) has been
attracted to photovoltaic technologies for energy production due
to its favorable material properties. This research work
introduces the SCAPS software to model the CIGSe TFSC.
From the simulated results, the solar cell performance was
enhanced with an increase in thickness of the CIGSe by
improving the absorption of photons. The recombination centers
for the generated charge carriers were increased at higher
carrier concentrations of the CIGSe. The efficiency was slightly
improved when CdS thickness is increased from 20 to 100 nm.
The collection of generated charge carriers was enhanced with a
rise in carrier concentration of CdS, which increases the device
performance. After analyzing these results, the optimized
efficiency of 27.32% was noticed for CIGSe TFSC. The quantum
efficiency (QE) results confirmed that the photons whose
wavelength value lower than 900 nm are absorbed in the device.
Moreover, the experimental results of CIGSe and CdS thin films
are studied in this simulation. It was observed that the device’s
performance was reduced with an increase in the thickness of
the CdS. Hence, SCAPS software could be useful for designing
the device experimentally.
Keywords— Cu(In,Ga)Se2 (CIGSe), cadmium sulfide (CdS),
hybrid deposition method, SCAPS software, CIGSe TFSC

I. INTRODUCTION
Solar photovoltaics can harness solar energy with no noise,
pollution, or moving parts, which makes them reliable,
robust, and long-lasting. The polycrystalline CIGSe thin film
solar cell is the most promising candidate for the photovoltaic
market due to its long-term thermal stability, high radiation
resistance on electrons and holes, high yield per weight, low
energy payback time, potential to obtain high device
performance at low cost, flexibility in the device design and
fabrication of monolithically interconnected modules [1–3].
The CIGSe TFSC can be used in various applications such as
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terrestrial applications, the building integrates portable
applications and space applications. Many solar cell research
groups have fabricated the CIGSe TFSC with an efficiency of
20% or greater. All of these groups employ various
processing technologies to improve solar cell device
performance. Almost all the solar cell groups used the same
basic solar cell structure (i.e., stack layer of a substrate, Mo
layer as a back contact, CIGSe-based thin films as an absorber
layer, n-type window layer, and transparent conducting
oxide) as shown in Fig. 1 [1, 4]. The CIGSe TFSC
technologies have been developed from its fundamental
aspects and behavior in solar cells to industrial applications.
But there are still some challenges to the optimization of
material properties used in solar cells, which are dependent
on the precursor material, deposition methods, and growth
conditions. The optimization process of these devices is very
complex, costly, and time-consuming. Hence, a systematic
investigation should be required.
The numerical simulation of the solar cell can play a vital role
in analyzing semiconductor devices’ physical phenomena and
behaviors because well-controlled device parameters are
available in simulators. The simulators are designed to solve
the basic semiconductor equations (i.e., Poisson’s equation
and Continuity equations) for charge carriers, which can
produce non-linear equations for modeling solar cells [2, 5].
Moreover, theoretical study is cheaper and quicker than
experimental work. There are different types of simulators
available commercially for modeling different types of solar
cells [6, 7]. The basic principle of these simulators is almost
similar. But these numerical simulators varied each other with
their features, spatial dimensionality, user interface, speed,
user accessibility, effectiveness, and type of solar cell device
[6]. A solar cell capacitance simulator (SCAPS) has remained

one of the favored simulators to analyze effect of material
properties on the performance of solar cells.
In this study, the CIGSe thin film solar cells are modeled
through SCAPS software. The parameters such as thickness
and carrier concentration of each layer (bandgap only for
CIGSe absorber layer) used in CIGSe TFSC are studied. The
best conditions for achieving high efficiency are optimized.
The experimental results are also introduced in the
simulation. The device performance using experimental and
theoretical results is compared and analyzed. These results
can be helpful to analyze the effect of the material properties
on solar cell performance.
II. SIMULATION DETAILS
SCAPS software is a one-dimensional solar cell simulator
available freely to the research community and has a
remarkable promise for designing solar cells [8]. It is a
Windows-oriented program and user-friendly. It uses a
Gummel iteration scheme with Newton-Raphson substeps
[6]. Various parameters, such as thickness, bandgap, electron
affinity, dielectric permittivity, electron and hole mobilities,
shallow uniform donor, and acceptor densities can be studied
through SCAPS software [9]. SCAPS software is based on the
Poisson equation and the continuity equations for electrons
and holes [10]. Fig. 1 displays the schematic of the CIGSe
TFSC structure generated in the SCAPS software. This
simulation study is performed at the standard conditions of
the solar spectrum of AM 1.5G and ambient temperature of
300 K. The parameters of different layers used in CIGSe
TFSC are summarized in Table I. Since the thickness and
carrier concentration of materials are linked to understanding
the device cost and efficiency, these parameters are mainly
focused on this investigation. The output parameters, such as
short circuit current density (Jsc), open circuit voltage (Voc),
fill factor (FF), and efficiency for every graded condition, are
calculated from the SCAPS simulator. The CIGSe TFSC is
optimized for getting high device performance as much as
possible. Finally, the experimental parameters of CIGSe and
CdS are also analyzed through this simulation.

Fig. 1. Schematic of the CIGSe thin film solar cell structure employed in
the SCAPS software

Table I. PARAMETERS USED IN SCAPS SOFTWARE FOR
ANALYZING THE CIGSe TFSC [11, 12]
Materials
Parameters
Thickness
Eg (eV)
χ (eV)
ε
CB (cm-3)
VB (cm-3)
Vth(electron)
(cm/s)
Vth (hole)
(cm/s)
µn (cm2/Vs)
µp (cm2/Vs)
ND (cm-3)
NA (cm-3)

CIGSe

CdS

ZnO

ZnO: Al

1-10
µm
1.0-1.7
4.5-3.8
13.6
2.2×1018
1.8×1019
1×107

20-100
nm
2.45
4.2
10
2.2×1018
1.8×1019
1×107

20-80
nm
3.25
4.55
9
2.2×1018
1.8×1019
1×107

50-400
nm
3.5
4.5
9
2.2×1018
1.8×1019
1×107

1×107

1×107

1×107

1×107

100
25
0

100
25
1×10131×1020
0

100
25
1×10131×1020
0

100
25
1×10131×1021
0

1×10145×1017

III. RESULTS AND DISCUSSIONS
A. Influence of different thicknesses of the CIGSe
Fig. 2 displays the J-V curves of CIGSe thin film solar cells
(TFSCs) inserted with curves of solar cell parameters at
various thicknesses of the CIGSe absorber layer ranging from
1 to 10 µm, while other parameters presented in Table I are
kept constant. It was observed from the results that all the
solar cell parameters are improved with an increase in the
thickness of the CIGSe. This increment is due to the
absorption of more photons along with photons having longer
wavelengths in the device at a higher thickness of the CIGSe
absorber layer [13, 14]. However, the device performance is
reduced at a lower CIGSe thickness by increasing the backcontact recombination. When the CIGSe thickness increases
from 1 to 10 µm, the efficiency of the CIGSe thin film solar
cells is varied from 21.29 to 24.39%. These results are
consistent with various works of literature based on SCAPS
software [13–15].

Fig. 2 Schematic of J-V curves inserted with the curves of solar cell
parameters for CIGSe TFSCs at different thicknesses of CIGSe

B. Effect of different bandgaps of the CIGSe
Since the bandgap of CIGSe is flexible with the gallium
content in the film, the bandgap of CIGSe is also varied from
1.0 to 1.7 eV for the optimization process. The other
parameters demonstrated in table I are remained constant. The
J-V curves inserted with the curves of solar cell parameters at
different CIGSe bandgaps for CIGSe TFSC are presented in
Fig. 3. The Voc is directly related to the bandgap of the
material and is enhanced with the bandgap value [16]. A high
efficiency of 25.76% is found at the CIGSe bandgap of 1.4
eV. But the device performance at the bandgap of CIGSe
greater than 1.4 eV started to reduce due to the decrement of
the absorption of photons in the device, which mainly affects
the Jsc value [17]. The parameters such as Jsc, Voc and
efficiency of the CIGSe TFSC are varied from 48.02 to 22.25
mAcm-2, from 532.50 to 1212.50 mV and from 20.60 to
24.03%, respectively.

Fig. 4 Schematic of J-V curves inserted with the curves of solar cell
parameters for CIGSe TFSCs at different carrier concentrations of CIGSe

D. Effect of different thicknesses of the CdS
Fig. 5 shows the J-V curves inserted with the curves of solar
cell parameters for CIGSe TFSCs at different CdS
thicknesses varying from 20 to 100 nm (other parameters
are maintained constant). The efficiency of CIGSe TFSC is
slightly increased from 25.82 to 27.26%. But the CdS
thickness greater than 100 nm may reduce the solar cell
performance by increasing the absorption of photons in it
instead of the CIGSe absorber layer. Moreover, the series
resistance can enhance with an increase in the CdS thickness
mainly affecting the FF of the device [20]. At a very low
thickness of CdS, the alternative path for the generated charge
carriers increases by reducing the shunt resistance of the
device [10, 20]. Hence, the CdS thickness should be low with
fewer defects for improving the solar cell performance.

Fig. 3 Schematic of J-V curves inserted with the curves of solar cell
parameters for CIGSe TFSCs at different CIGSe bandgaps

C. Study at different carrier concentrations of CIGSe
The simulation study is then concentrated on the various
carrier concentrations of the CIGSe absorber layer, while
other parameters are kept constant. Fig. 4 displays the J-V
curves inserted with the curves of solar cell parameters for the
CIGSe TFSCs at different CIGSe carrier concentrations. The
Voc is also directly dependent on the magnitude of the carrier
concentration [18], which is enhanced from 792.20 to
1028.90 mV when the carrier concentration of CIGSe
increases from 1x1014 to 5x1017 cm-3. The maximum
efficiency of 26.82% is observed at a carrier concentration of
5x1016 cm-3. The semiconductive properties degrade and
change into the metallic conductive state at higher carrier
concentrations of CIGSe, which enhances recombination
centers for the generated charge carriers that mainly affect the
fill factor and Jsc values [18, 19]. Therefore, the carrier
concentration of the absorber layer in the range of 1016 to 1017
cm-3 is a suitable range for achieving better results [19].

Fig. 5 Schematic of J-V curves inserted with the curves of solar cell
parameters for CIGSe TFSCs at different CdS thicknesses

E. Influence of carrier concentrations of the CdS
Next, the simulation study is focused on the various carrier
concentrations of the CdS. The J-V curves inserted with the
curves of solar cell parameters for CIGSe TFSCs at various
carrier concentrations of CdS ranging from 1013 to 1020 cm-3
are presented in Fig. 6. All the solar cell parameters except
Voc are enhanced with a rise in CdS carrier concentration,
which extends the space charge region wider into the CIGSe
absorber layer and improves the collection of generated

charge carriers [18, 21]. But the lower carrier concentration
of CdS can reduce the device’s performance by absorbing
incident photons in it. The efficiency of CIGSe TFSC is
enhanced from 5.68 to 27.30% when the carrier concentration
of CdS varied from 1013 to 1020 cm-3. Therefore, high CdS
carrier concentration will be preferred for improving the
device’s performance. These outcomes are consistent with
several reported literature [18, 21].

carrier concentrations of ZnO:Al are shown in Fig. 8. Here,
the thickness of ZnO:Al TCO is varied from 50 to 400 nm. It
is observed that efficiency is slightly reduced from 27.32 to
27.19% with increased thickness of ZnO:Al from 50 to 400
nm. The number of the photons reaching the absorber layer
can be decreased at higher ZnO:Al thickness by absorbing
photons in it, leading to the loss of photons. This decrement
can reduce the generation of electron-hole pairs and finally,
degrade the device’s performance. When the carrier
concentration of ZnO:Al is varied from 1013 to 1021 cm-3, the
efficiency is slightly changed from 27.26 to 27.32%. Hence,
the low thickness and high carrier concentration are favored
for ZnO:Al layer to get high device performance.

Fig. 6 Schematic of J-V curves inserted with the curves of solar cell
parameters for CIGSe TFSCs at different carrier concentrations of CdS

F. Study the effect of material properties of ZnO
The thickness and carrier concentration of ZnO is also studied
through SCAPS software. Fig. 7 displays the J-V curves
inserted with the curves of solar cell parameters for CIGSe
TFSCs at different thicknesses and carrier concentrations of
ZnO. The thickness and carrier concentration of ZnO are
varied from 20 to 80 nm and from 1013 to 1021 cm-3,
respectively. The other parameters are kept constant. It is
noticed from the results that the solar cell parameters are
unchanged with a rise in thickness and carrier concentration
of ZnO. However, high thickness, as well as low carrier
concentration, of ZnO can absorb photons that can degrade
the device’s performance. Therefore, a lower thickness with
fewer defects and a higher carrier concentration are preferred
for ZnO to get high efficiency.

Fig. 7 Schematic of the J-V curves inserted with the curves of solar cell
parameters at different a) thicknesses and b) carrier concentrations of ZnO

G. Analysis the effect of material properties of ZnO:Al
The J-V curves inserted with the curves of solar cell
parameters for CIGSe TFSCs at various thicknesses and

Fig. 8 Schematic of J-V curves inserted with curves of solar cell parameters
at different a) thicknesses and b) carrier concentrations of ZnO:Al

H. Optimized results for CIGSe TFSC

Fig. 9 Schematic of the J-V curve inserted with QE curve and details of
solar cell parameters for optimized CIGSe TFSC

The thicknesses and carrier concentrations (bandgap only for
the CIGSe absorber layer) of each layer used in the CIGSe
TFSC are optimized to achieve the best results. The J-V
curves inserted with the QE curve and details of solar cell
parameters for optimized CIGSe are displayed in Fig. 9. The
optimized thicknesses of CIGSe, CdS, ZnO, and ZnO:Al
layers were 5000, 50, 50, and 50 nm, respectively. The best
CIGSe bandgap was observed at 1.4 eV. Similarly, the best
carrier concentrations of 5×1016, 1×1017, 1×1017, and 1×1017
cm-3, correspondingly, were found for CIGSe, CdS, ZnO, and
ZnO: Al. Using those best parameters of each layer used in
CIGSe TFSC, the optimized efficiency of 27.32% was found.
The optimized results for CIGSe TFSC have the potential to
get higher efficiency than the record efficiency (23.35%)
[22]. This outcome indicates that the simulation study showed

promising for designing high-efficiency devices. From the
QE results, the incident photons whose wavelength is less
than and equal to 900 nm can be absorbed in the CIGSe
TFSC.
I. Fitting experimental results in the simulation
The CIGSe thin films are deposited by the hybrid deposition
method and the CdS thin films by the chemical bath
deposition method, as shown in Fig. 10 [23, 24]. The hybrid
deposition method is similar to the three-stage co-evaporation
method, where the first stage is performed in the spray
pyrolysis technique. The first stage of the hybrid deposition
method involves the deposition of indium selenide thin films
at 320℃. The second and third stages were carried out in the
co-evaporation method at 500℃. Finally, the selenization
process at 550℃ for 1 hour is done to synthesize the complete
CIGSe thin films. For CdS thin films, the precursor materials
such as the cadmium acetate, thiourea, ammonium acetate,
and ammonia are used. The CdS thin films are deposited at
various times from 20 to 60 minutes and at a constant
deposition temperature of 80℃. The experimental parameters
for CIGSe and CdS thin films are presented in Table II.

The higher carrier concentration of the CdS buffer layer than
the carrier concentration of the CIGSe absorber layer can
extend the space charge region in the absorber layer and
improves the collection of generated charge carriers. The
efficiency of CIGSe TFSC decreased from 23.80 to 9.89%
when the deposition time of CdS increased from 20 to 60
minutes. Therefore, the thin CdS buffer layer with few defects
is preferred to get the best result.

Fig. 11 Schematic of a) J-V curves and b) the details of solar cell parameter
for CIGSe TFSC after replacing the experimental results

IV. CONCLUSIONS

Fig. 10 Schematic of a) the hybrid deposition method for CIGSe thin films
b) the chemical bath deposition method for CdS thin films
Table II. EXPERIMENTAL RESULTS OF CIGSe AND CdS THIN
FILMS [23, 24]
Parameters
Samples

CIGSe 320
CdS 20
CdS 30
CdS 40
CdS 50
CdS 60

Thicknes
s
(nm)

Bandgap
(eV)

Mobility
(cm2V-1s-1)

Carrier
Concentration
(cm-3)

~3000
~40
~80
~130
~160
~170

1.28
2.49
2.54
2.55
2.58
2.64

8.37
116
15
31
16
74

8.3×1016
4.5×1016
1.9×1016
7.2×1015
5.6×1014
1.0×1016

After optimizing the best results, the experimental results of
CIGSe and CdS thin films are analyzed in this section. The JV curves inserted with the curves of solar cell parameters of
CIGSe TFSCs after substituting experimental parameters (see
in Fig.11). From the results, higher efficiencies are observed
for CdS thin films deposited at 20 and 30 minutes, which have
thicknesses less than 100 nanometers. The device
performance is reduced with an increase in deposition times
(i.e., thickness) by increasing the absorption of incident
photons in it and increasing the series resistance of the device.

In conclusion, the CIGSe TFSCs were successfully modeled
through SCAPS software. The efficiency of the solar cell
enhances with an increase in thickness of the CIGSe absorber
layer by increasing the absorption of photons in the device.
The absorber layer’s carrier concentration of 5×1016 was
suitable for achieving better results. The thickness of CdS less
than 100 nm is preferred. The low carrier concentration of
CdS absorbs the incident photons, which prevents the photons
from reaching the absorber layer. The optimum efficiency of
27.32% was observed. The maximum device performance
was noticed for the CdS sample, which has lower CdS
thickness with fewer defects. After analyzing the results, the
best results were found for the CdS thin film deposited at a
bath temperature of 80 ℃ for 20 minutes. Therefore, the
simulated study allows the independent optimization of
material properties for the solar cell and can be helpful for
doing experimental activities.
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