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Numerical analysis of the proposed solar cell is based on cadmium telluride
(CdTe) and copper gallium sulfide (CuGaS2), also known as CGS, is proposed
in this research work. Performance of a CdTe/CGS/CdS/ZnO cell is analyzed in
Solar Cell Capacitance Simulator (SCAPS) software, by changing the physical
parameters like doping density of acceptor, doping density of donor, absorber
thickness and buffer thickness. The cell structure is in the same order as the
CGS/CdS/ZnO with CdTe used for the back surface field layer. Power con-
version efficiency of the CGS/CdS/ZnO solar cell without CdTe is 10.578%
(with FF = 83.70%, Voc = 0.82 V, Jsc = 15.40 mA/cm2) and conversion effi-
ciency of CdTe/CGS/CdS/ZnO is 28.20% (with FF = 77.66%, Voc = 1.22 V,
Jsc = 29.63 mA/cm3). The overall investigation and simulation results from
the modeling of a proposed device in SCAPS is very useful for the under-
standing of the fundamentals of photovoltaic devices and gives feedback to
engineers and designers for the fabrication of CdTe/CGS based solar cells.

Key words: Numerical analysis, CdTe solar cell, CGS solar cell, photovoltaic
cell, back surface field, SCAPS

INTRODUCTION

The energy crisis is the critical problem all over
the world because of insufficient production of
energy. To complete this shortage of energy, differ-
ent renewable energy resources are used. Renew-
able energy resources contribute a significant role to
meet the energy demands and to produce energy for
loads by reducing cost and losses in distribution
areas.1 Among these resources, the most prominent
one is solar photovoltaics (PV). PV solar cells absorb
the radiation of sunlight and convert it into electri-
cal energy.2 Non-crystalline and crystalline photo-
voltaic solar cells are made from elemental and
compound material systems. Materials that exhibit
higher conversion efficiencies are of the crystalline

group, but their cost of production is higher than
poly and microcrystallines. Research has gained
more attention for the poly and microcrystalline
family of materials due to satisfactory performance,
low-cost manufacturing, reliability and stability.3

Thin-film photovoltaic solar cells are very useful
for low and large-scale solar cell applications.
Semiconductor materials like a-Si: H (amorphous
silicon), CIGS (copper indium gallium selenide) and
CdTe (polycrystalline cadmium telluride) are used
for thin film solar cells.4–10 For thin film solar cells
cadmium telluride (CdTe) is an efficient light
absorption material. In the comparison of other
thin-film materials, for large-scale production depo-
sition of CdTe is easier and more suitable. For
terrestrial applications polycrystalline thin-film
photovoltaic solar cells like CdTe, Cu(In, Ga)Se2

(CIGS) and CuInSe2 (CIS), compound semiconduc-
tors are important because of long-term stable per-
formance, high efficiency and for low-cost
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production potential.11–15 Due to high absorption
coefficients, a thin layer of 2 mm is sufficient to
absorb the useful part of the spectrum. Highest
record efficiencies of 16.5% for CdTe16 and 19.2% for
CIGS17 have been achieved. The most promising
direct band gap materials used in high performance
photovoltaic solar cells are CIGS chalcopyrite semi-
conductors, which can be tuned 1.1 eV for CuInSe2

and 2.2 eV for CuGaS2. These materials are cost-
effective and well-known as they have easy process-
ing.18 In the performance of photovoltaic devices,
the band gap energy of the semiconductor materials
plays a significant role in conversion efficiency.19

According to the Shockley–Queisser limit, the opti-
mum calculated energy band gap of a single band
photovoltaic device is 1.4 ev.20 Therefore, due to
their high band gap of 2.2 eV, it is not reasonable to
use a CuGaS2 (CGS) thin film as an absorber layer
in photovoltaic devices based on one junction.21 So
CdTe is also used as a back surface field (BSF) layer
with CGS in a proposed solar cell. For enhancing
the efficiency of CGS solar cells, a new device is
proposed, having two p-type layers stacked above
each other. The bottom layer is CdTe, this works as
a low band gap back surface field layer, whereas
CuGaS2 (CGS) works as a high bandgap absorber
layer. As from22 it is clear that CGS alone cannot be
used as an efficient absorber layer due to its wide
band gap. So, in this work, we proposed a multi
bandgap absorber.

Numerical modeling or numerical analysis is an
essential tool for the better understanding of the
device working parameters. Numerical analysis can
play a significant role in the manufacturing and
fabrication of efficient photovoltaic devices. Numer-
ical analysis of multiband-gap absorber CdTe/CGS/
CdS/ZnO photovoltaic cells is proposed in this work.
Numerical modeling can be done by using SCAPS
software. The performance of solar cells is affected
from different parameters as are also explained.
The band gap of a CdS absorber layer is greater
than a CGS absorber layer, so maximum photons
are absorbed in the CGS absorber layer. Open
circuit voltage (Voc) of a thin film solar cell is
increased due to the absorption of photons, which
increases the overall conversion efficiency of solar
cells. The proposed results will give a valuable
guideline for the designing and fabrication of high
performance CGS based thin film solar cells.

SOLAR CELL DESIGN AND SIMULATION
MODEL

The proposed structure of CdTe/CGS/CdS/ZnO
photovoltaic solar cells is shown in Fig. 1. The solar
cell structure is based on CdTe (cadmium telluride)
and CGS (CuGaS2, copper gallium sulfide) binary
compounds as the absorbers and ZnO as a window
layer. Whereas a CdS binary compound semicon-
ductor is the buffer layer. This work is carried out to
numerically analyze the performance parameters of

the photovoltaic solar cell, that consist of stacked
CdTe and CGS as absorber layers. SCAPS simula-
tion software is used to analyze the performance of
solar cells.23–25 The analysis is performed on the
following parameters: thicknesses and dopant con-
centrations of BSF, absorber and buffer layers,
effect of temperature variations on the performance
of the solar cell, spectral response (QE) and the
effect of the illumination power of the sun. This
analysis helps to achieve a conversion efficiency of
28.20%.

To simulate the photovoltaic solar cell in the Solar
Cell Capacitance Simulator (SCAPS), developed by
University of Gent, is used for the modeling of the
device. This is a one-dimensional simulation pro-
gram, and it helps to analyze the spectral response
(QE) of a device, J � V characteristics curve, ac
characteristics (C� V and C � f), energy bands of
materials used in solar cells, the concentration of
different material used, open circuit voltage (Voc),
short circuit current (Jsc), fill factor (FF) and power
conversion efficiency (PCE) by solving three basic
semiconductor equations, i.e., Poisson’s equation,
and the hole and electron continuity equation.26–30

The measure of a photovoltaic cell quality is the
fill factor (FF). FF is premeditated by equating the
maximum power (Pmax) to the theoretical power (Pt)
that would be output at both the short circuit
current (Jsc) and open circuit voltage (Voc) together
as given in Eq. 1. The ratio of the energy output
from the photovoltaic solar cell to the energy input
from the sun is the power conversion efficiency
(PCE) and mathematically expressed in Eq. 2.

FF ¼ Pmax

Pt
¼ VmaxImax

VOCJSC
ð1Þ

Fig. 1. Block diagram of CdTe/CGS/CdS/ZnO solar cell.
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PCE ¼ VOCJSCFF

Pin
ð2Þ

The parameters that need to be defined are
absorber layer thickness, electron–hole mobility,
intrinsic carrier concentration, electron affinity,
band gap and doping density. For buffer and
window layers similar parameters are also required
which are listed in Table I. Where p and n are the
hole and electron concentration in cm�3, W is the
thickness in lm. Eg is the band gap energy in eV, v
is the affinity in eV, NV and NC are the valence band
and conduction band effective density of states in
cm�3, le is the electron mobility in cm2/Vs, and lp is
the hole mobility in cm2/Vs. All the simulations are
conducted under AM 1.5 illumination (Table II).

RESULTS AND DISCUSSION

Energy Band Diagram

Band diagram for the structures of CdTe/CGS/
CdS/ZnO and CGS/CdS/ZnO solar cells are repre-
sented in Figs. 2 and 3, respectively. These energy
band diagrams are obtained for analysis from the
SCAPS software. Energy band diagrams help in
explaining the properties of both photovoltaic cells.
For incident light photons the value that is optimal
for most of the light to be absorbed for effective
conversion efficiency is equal or greater than the
maximum value in 1.4 eV.

J 2 V Characteristics of CdTe/CGS/CdS
and CGS/CdS Solar Cells

The function of the photovoltaic solar cell is to
convert the energy of light into electricity. In light
illumination, the photovoltaic cell starts working
and current flows due to charge carriers produced
by incident photons. Figure 4 explains the compar-
ison of the J � V characteristic curve of CdTe/CGS/
CdS and CGS/CdS solar cells. In the proposed
device, the thickness of the CGS absorber layer is
4 lm, and band gap energy is 2.2 eV. As CGS has a
wide band gap absorber layer, the full light

spectrum is not absorbed. The band gap of CdTe is
1.45 eV which is smaller than CGS. So, CdTe helps
to absorb light of a smaller photon energy than CGS
because of its smaller band gap, and due to this,
open circuit voltage (Voc) and short-circuit current
(Jsc) of the solar cell increases. This will also
increase the overall power conversion efficiency
and fill factor of a solar cell.

Effect of CdTe Back Surface Field Layer
Thickness

Influence of CdTe with a BSF layer on the
performance of the proposed device is explored and
analyzed and shown in Fig. 5. The thickness of the
BSF layer was changed while all remaining other
parameters of the solar cell were kept constant. The
thickness of the CdTe BSF layer was varied from
0.1 lm to 1 lm. Simulated fallouts show that with
an increase in the thickness of the BSF layer, there
is a very small change observed in functional
parameters, i.e., in short-circuit current (Jsc), open
circuit voltage (Voc), power conversion efficiency
(PCE) and the fill factor (FF). So, this result is
comprehended such that an increase in BSF layer
thickness does not affect the output of the proposed
device. For the designing of CdTe/CGS/CdS solar
cells, optimum thickness of the BSF layer is taken
as 0.2 lm.

Effect of CGS Absorber Layers Thickness

Simulated fallouts on the influence of CGS
absorber layer thickness on functional parameters
of the proposed solar cell are shown in Fig. 6. The
thickness of CGS changes from 1 lm to 10 lm. It is
well understood from Fig. 6 that with an increase in
the thickness of CGS absorber layers, conversion
efficiency increases with FF and Voc. But after
reaching an optimal thickness, the fill factor starts
to decrease with increase in thickness, whereas
conversion efficiency, Jsc and Voc are almost con-
stant. To give an efficient output from a solar cell,
the optimum thickness value for CGS is 3 lm.

Table I. Simulation parameters

Parameters
p+-CdTe

(BSF layer)
p-CGS

(Absorber)
n-CdS
(Buffer)

n-ZnO
(Window)

Thickness, W (lm) 0.1–2 1–4 0.1 0.1
Bandgap, Eg (eV) 1.45 2.2 2.42 3.35
Electron affinity, v (eV) 4.28 4.5 4.4 4.5
Dielectric permittivity, er 9.4 13.6 10 9
Effective Density of states, NC (cm�3) 8 9 1017 2.2 9 1017 2.2 9 1018 2.2 9 1018

Effective Density of states, NV (cm�3) 1.8 9 1019 1.8 9 1018 1.7 9 1019 1.8 9 1019

Electron mobility, le (cm2/Vs) 1050 100 340 100
Hole mobility, lp (cm2/Vs) 100 25 50 25
Electron and hole concentration, n, p (cm�3) 1 9 1018 1 9 1016 1 9 1017 1 9 1018
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Effect of Absorber and BSF Layers Carrier
Concentration

The phenomenon can be well understood from the
PN junction model, which is expressed in Eqs. 3 and
4.

Io ¼ Aqn2
i

De

LeNA
þ Dh

LhND

� �
ð3Þ

Voc ¼
kT

q
ln

IL
I0

þ 1

� �
ð4Þ

In the above equations NA and ND are the
acceptor and donor doping concentrations, respec-
tively, D is the diffusion coefficient, k is the Boltz-
mann’s constant, T is the temperature, L is
diffusion length, q is the electron charge, I0 is the
saturation current, IL is the current generated from

Table II. Interface defects (neutral)

Defect layer properties p+-CdTe/p-CGS p-CGS/n-CdS

Capture cross-section area of electron/hole 1.0 9 10�15 cm2 1.0 9 10�15 cm2

Density of defect 1.0 9 1013 cm�2 1.0 9 1013 cm�2

Recombination velocity for electron and hole (S) 1.0 9 105 cm/s 1.0 9 105 cm/s

Fig. 2. Energy band diagram of CdTe/CGS/CdS/ZnO solar cell.

Fig. 3. Energy band diagram of CGS/CdS/ZnO solar cell.

Fig. 4. J � V characteristics.

Fig. 5. Thickness of CdTe BSF layer.

Khattak, Baig, Marı́, Beg, Gillani, and Ahmed5186



the light and A is the diode quality factor. e and h
subscripts refer to electrons and holes, respectively.
I0 is reduced due to increase in absorber carrier
concentration NA and resultantly Voc increases.
However, with an increase in carrier concentration,
short-circuit current Jsc decreases. This mainly
happens since the recombination process is
enhanced by the higher carrier densities and also
reduces the probability of the collection of the photo-
generated electrons. The higher wavelength pho-
tons will be deeply absorbed in CGS and CdTe
layers; therefore, the conversion efficiency of the
generation of electrons is dependent on the influ-
ence of diffusion.

The impact of carrier concentration on CdTe BSF
and CGS absorber layers is shown in Figs. 7 and 8,
respectively. Figure 7 illustrates that acceptor con-
centration of the CdTe BSF layer varies from
1 9 1016 cm�3 to 1 9 109 cm�3. Open circuit voltage

(Voc), fill factor (FF) and power conversion efficiency
(PCE) of proposed cells are increased with increase
in the carrier concentration, whereas there is
almost no change found in short-circuit current
(Jsc). To give an efficient output from a solar cell, the
optimum value of CdTe BSF layer carrier concen-
tration is 4 9 1018 cm�3.31,32

Figure 8 shows the acceptor concentration of the
CGS absorber layer varies from 1 9 1013 cm�3 to
1 9 1017 cm�3. With the increase of absorber doping
concentration, open circuit voltage (Voc), fill factor
(FF) and power conversion efficiency increases,
whereas Jsc decreases with the increase of concen-
tration in CGS. After reaching the optimum value of
acceptor carrier concentration, all functional
parameters will be decreased. To give an efficient
output from a solar cell, the optimum value of CGS
absorber layer carrier concentration is
5 9 1016 cm�3.

Effect of Buffer Layer Thickness

The influence of the thickness of the CdS buffer
layer on a performance of the photovoltaic solar cell
is explored in this step. The thickness of the CdS
layer is changed from 0.01 lm to 0.1 lm and
simulation results are illustrated in Fig. 9. From
Fig. 9, it is clear that, although in the increase of
buffer layer thickness, there is no change in open
circuit voltage (Voc). Whereas in short-circuit cur-
rent (Jsc), power conversion efficiency (PCE) and fill
factor (FF) are constant up to the optimal value.
After reaching the optimal thickness value, then
PCE, FF and Jsc are decreased. The optimized and
the preferred thickness of a buffer layer is 0.05 lm.

Effect of Buffer Layer Carrier Concentration

The donor concentration simulation results are
shown in Fig. 10. Donor concentration is varied
from 1 9 1015 cm�3 to 1 9 1018 cm�3, Fig. 10 shows

Fig. 6. Thickness of CGS absorber layer.

Fig. 7. Acceptor concentration of CdTe BSF layer.

Fig. 8. Acceptor concentration of CGS absorber layer.
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that with an increase in donor concentration, power
conversion efficiency (PCE) of a proposed solar cell
increases, this change is small but not negligible.
Figure 10 illustrates that with an increase in the
donor concentration of a buffer layer, there is very
small increase in open circuit voltage (Voc), short-
circuit current (Jsc) and in fill factor (FF). After
reaching the optimal value of donor carrier concen-
tration, PCE and FF are constant and Jsc decreases.
If we further increase the concentration, PCE and
FF will be decreased. To give an efficient output
from a solar cell, the optimum value of CdS buffer
layer carrier concentration is 1 9 1017 cm�3.

Effect of Working Temperature on
Performance of a Solar Cell

On the performance of a solar cell, working
temperature plays an important role. The

photovoltaic panels are installed in the open air.
The influence of the working temperature on the
proposed cell is also investigated. For investigation
of the performance of a cell, we take the tempera-
ture in a range from 280 K to 400 K. The simulation
results are shown in Fig. 11. With the increase in
temperature, cell performance decreases. Due to
higher temperature the material carrier concentra-
tion, band gaps, electron and hole mobilities are
affected and lower conversion efficiency from a cell
is achieved.33 Reverse saturation current depends
on the temperature and, due to this, Voc decreases
with increase in temperature. Reverse saturation
current increases with increase in temperature, and
this decrease of current is the main cause of the Voc

decrease. Electrons gain more energy from the
increased operating temperature. These electrons
are unstable due to the higher temperature and are

Fig. 9. Thickness of CdS buffer layer.

Fig. 10. Donor concentration of CdS buffer layer.

Fig. 11. Temperature effect on cell performance.

Fig. 12. Quantum Efficiency.
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more likely to recombine with the holes before
reaching the depletion region. Figure 11 illustrates
that with the increase of temperature, conversion
efficiency decreases. FF, Voc also decrease along
with the increase in temperature, whereas Jsc

increases.

Quantum Efficiency of a CdTe/CGS/CdS PV
Solar Cell

Figure 12 explains the quantum efficiency (QE) of
a proposed photovoltaic solar cell in comparison
with CdS/CGS. For the CGS/CdS/ZnO structure, QE
reached a maximum between 400 nm and 570 nm
with decreases for large wavelengths, and it van-
ishes at 680 nm. This is related to the absorption
coefficient used for CGS, which diminishes gradu-
ally from 570 nm to 680 nm. By adding a CdTe
absorber layer, absorption coefficient increases and
gives higher efficiency. CdTe as a stacked absorber
layer gives a radical fall in quantum efficiency above
800 nm.

By using CdTe as a back surface field layer, the
overall efficiency of a photovoltaic solar cell
increases. This is well understood from Table III.
Open circuit voltage (Voc), increases from 0.82 V to
1.22 V; short circuit current (Jsc) improves from
15.40 mA/cm2 to 29.62 mA/cm2, Fill factor changes
from 83.70% to 77.66% and conversion efficiency of a
thin film photovoltaic solar cell increases from
10.58% to 28.20%. Table III shows the results of
the comparison of two modeled solar cells in SCAPS.
From Table III it is clear that CdTe/CGS/CdS/ZnO
has higher conversion efficiency than that of CGS/
CdS/ZnO due to its ability to absorb photons below
the CGS band gap.

CONCLUSION

Thin film solar cell structure with physical oper-
ating features is described by different software. In
this research work, we have performed the detailed
analysis of a solar cell on SCAPS for a better
understanding of solar cell behavior. In-depth
understanding of a solar cell’s J � V characteristic
measures is not enough to fully describe its behav-
ior, because behavior or response of a solar cell also
depends on its internal physical mechanism. In this
work, the performance of a CdTe/CGS/CdS in
comparison to a CGS/CdS photovoltaic solar cell is
simulated and analyzed on SCAPS simulator soft-
ware. The values obtained from the proposed solar

cell are the power conversion efficiency (PCE) of
28.20%, fill factor (FF) 77.66%, short circuit current
(Jsc) 29.62 mA/cm2 and open circuit voltage (Voc)
1.22 V. The results will give important guidelines
for the feasible fabricating of higher efficiency CdTe
based solar cells. From the results, it is clear that, to
attain improved performance from solar cells,
numerical modeling plays a significant role.
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