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Abstract— In this study, we proposed a Cd-free Cu (In,Ga)Sez (CIGS)-
based solar cell with low-cost and high performance. This is achieved
by using lead sulfide (PbS) as an electron back reflector and zinc
sulfide (ZnS) as a buffer layer instead of cadmium sulfide (CdS) layer.
1D-solar cell capacitance simulator (SCAPS) was employed to
optimize our proposed structure of Al-ZnO/ZnS/CIGS/PbS/Mo by
investigating the effect of varying thicknesses and doping
concentrations of CIGS absorber layer and ZnS buffer layer.
Moreover, the effect of operating temperature on the performance of
this structure was investigated. The results of the simulation of J-V
characteristics showed that the efficiency of the proposed structure at
300 K is 25.5% with a 0.9 um thickness and acceptor concentration of
10 cm® for CIGS layer and 0.03 um thickness and donor
concentration of 3x10% cm ZnS layers, respectively. The proposed
work improves the efficiency; in addition, the thickness of CIGS layer
decreases significantly.
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l. INTRODUCTION

Energy is crucial for the human life. Previously, the energy was
obtained from non-renewable sources such as fossil fuels and
petroleum that are harmful for the environment. Hence,
researchers seek to find alternative sources, which are
sustainable and friendly to the environment, such as sunlight.
Thus, researchers developed solar cells to harvest the light from
the sun and get electricity. Solar cell manufacturing has passed
through different phases, from the first generation to the next.
The main goal of researchers is to find materials that achieve
high performance at a low cost and in less time [1]. Compared
to silicon-based solar cells, chalcopyrite-based solar cells are
capable of absorbing sunlight with a small thickness without
affecting their performance; as a result, the fabrication cost is
reduced. Copper indium gallium (di) selenide Cu(In,Ga)Se;
(CIGS) is a promising material that is used in chalcopyrite
materials-based solar cells because it is a direct bandgap
material, which can be adjusted from 1 to 1.7 eV depending on
y, which the fraction of gallium in CIGS material according to
equation (1) [2]. Moreover, it has a high absorption coefficient,
which helps absorb the solar spectrum with a small thickness.
Furthermore, CIGS is characterized by high stability and
radiation resistance [3]. CIGS consists of indium and gallium
elements, which are exposed to depletion; moreover, they are
high-cost components [4]. Thus, scientists think that it is very
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important to reduce the thickness of the CIGS as much as
possible without affecting the performance significantly to keep
the cost of CIGS-based solar cells low. As a result, a large
number of manuscripts investigated the effect of the electron
back reflector layer, which is a layer between the back contact
and absorber layer, on reducing CIGS absorber layer thickness
and retaining the high performance of CIGS-based solar cells
[3]-[7]. On the other hand, other researchers employed the
effect of the proper buffer layer to enhance the performance of
CIGS solar cells [1], [8], [9].

In this study, we combine the effects of employing the
electron back reflector layer (EBR) and the buffer layer. Our
approach is based on the structure proposed by B. Barman et al.
[7]; however, we replaced the CdS buffer layer with a ZnS layer
to overcome the toxicity of the CdS layer [10], as shown in
Fig.1. Moreover, ZnS is a promising buffer layer material
because of its wider bandgap of about 3 eV compared to the
CdS layer's bandgap of about 2.42 eV; thus, most of the solar
spectrum can reach the absorber layer [8]. As a result, efficiency
improved significantly, and CIGS thickness decreased
dramatically, which leads to the decrease in the fabrication cost
of these cells.
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Fig.1. (a) Baseline structure of B. Barman et al. (b) our proposed structure of
CIGS-based solar cell

Currently, numerical modelling is crucial for investigating
the physical properties of different solar cells to obtain an
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optimized structure before the manufacturing stage [11]. As a
result, a one-dimensional simulator called solar cell capacitance
simulator (SCAPS-1D) is used in this work to optimize our
proposed structure. Originally, researchers at the Department of
Electronics and Information Systems (ELIS) of the University
of Gent, Belgium, developed this simulator for investigating the
performance of polycrystalline solar cells such as CIGS and
CdTe [12]. In this simulator, up to seven layers can be added
and, most parameters can be graded. Moreover, SCAPS solves
the Poisson’s equation together with the continuity equations to
calculate the one-dimensional carrier transport, recombination
profiles band diagram, and band diagram in steady state [5].
Poisson’s and electron and hole continuity equations are
expressed as follows, respectively:

LU = = [p) 0+ Np* =Ny +pp=pu] ()
= G — R0 @)
4 _ ) - RGx) )

Where P(x) is the electrostatic potential, e is electrical charge,
n and p are electron and hole densities, Ny is ionized donor
concentration and N4~ is ionized acceptor concentration, pp
and p,, are holes and electrons distribution, &, is vacuum and &,
is the relative permittivity, J, and J, are electrons and holes
current densities, and G is generation rate and R recombination
rate, respectively.

TABLE |. Material parameters of proposed CIGS-based solar cell.

Material Parameters
Layers parameters of Proposed CIGS-
Based Solar Cell
n-
-Cl Z P!
p-CIGS ns Zn0 bS
. 0.03-
Layer thickness, t (um) 0.1-2 015 0.02 0.15
Bandgap, Eq(eV) 1.2 3 3.3 1.2
Electron affinity, X 419 415 46 2.9
(eV)
Relative permittivity, &r 13.6 9 9 10
Valence band effective
. 1. 1.
density of states, 1.8 x 10 131: 131; 2x 108
Ny (cm3)
Conduction band
effective density of 2.2 x 10 21(2)1: 21'(2)1: 2x 108
states, Nc (cm™)
Electron thermal 1x 1x
. 1x 107 1x 107
velocity, ve (cm/s) X 107 107 *
Hole thermal velocity, . 1x 1x .
Vi (cm/s) 1x10 107 107 1x10
Hole mobility, ph
2 2 2 1
(cm?/Vs) 5 s 5 00
Electron mobility, pe
1 1 1 2
(cm?IVs) 00 00 00 5
Th ity of
e density of 10%-10"7 0 0 1x10%°
acceptor, Na(cm™)
The density of donor, 0 10%6- 1x 0
No(cm™3) 108 10%
. 1x 1x W
Defectﬁo(r;fs%ratlon, 1x10% (D) 1047 101 1 >EDl)0
It
(A) (»)

Fig. 1 shows the design of our proposed CIGS-based solar
cell (AZO/ znS/ CIGS/ PbS/ Mo). Table | and Table Il
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summarize the parameters of each layer used in this work [3],
[7], [13]. Moreover, the absorption coefficients of CIGS and
PbS are taken from [14], [15]. As shown in Fig. 1, firstly, the
(Al:ZnO) window layer, which is characterized by a large
bandgap to allow most of the light to reach the absorber and
high conductivity for electrons to reach front contact [4]. Then,
the n-ZnS buffer layer, which is a large bandgap semiconductor
to let spectrum enter the absorber layer, is used to create a p-n
heterojunction with p-type CIGS absorber layer [16].
Underneath the buffer layer lays the bulk layer, or called the
absorber layer, which is a direct bandgap material, and its
bandgap is tunable from 1 to 1.7 eV based on the gallium
percent in CIGS material. After that, the PbS back surface field
layer plays a crucial role in enhancing the performance of a
CIGS-based solar cell by reducing the back recombination
when the CIGS is small by creating an additional electric field,
which reflects the electrons away from the back contact [7]. It
should be a heavily doped p-type layer. On the other hand, a
back contact layer such as Molybdenum (Mo), which is
distinguished by high reflectivity for most of the unabsorbed
photons, helps the absorber layer absorb them and form a quasi-
ohmic contact with CIGS layer due to its high work function
[4]. Lastly, the common substrate used in the fabrication of
CIGS-based solar cells is soda lime glass.

TABLE Il. Material parameters of proposed CIGS-based solar cell.

Material Parameters of Proposed
Contact Properties CIGS-Based Solar Cell
Front Back (Mo)
Metalwork function @, (eV) Flat band 4.95
Surface recombination velocity 105 107
of hole Sy (cm/s)

Surface recombination velocity 107 105
of electron S, (cm/s)

Reflectivity 0.05 0.90

The use of large bandgap buffer layer is an effective
approach to enhance the performance of the CIGS-based solar
cell. Our proposed structure (Al-ZnO/ZnS/CIGS/PbS/Mo) is
based on the cell proposed by B. Barman et al. (2021). In this
work, the illumination of AM1.5 with an incident power of
1000 W/m?, and a temperature of 300 K are used for all
simulations.

A. Effect of varying CIGS thickness

In this stage, CIGS thickness varies from 0.1 to 2 pum;
however, other parameters are the same as in Table 1. As shown
in Fig. 2.a, Jsc increases with the increase in the CIGS thickness
because of the increase in the number of photons absorbed in
this layer [17]. However, Voc decreases as the CIGS thickness
increases due to the increase in the probability of
recombination. As depicted in Fig.2.b, FF and efficiency
increase significantly when the thickness of CIGS increases
until CIGS thickness of 0.9 um. After this thickness, FF appears
constant; however, efficiency decreases slightly. The
improvement in the power conversion efficiency is due to the
significant increase in Jsc and FF. As a result, the optimum
thickness of CIGS layer is 0.9 um, which gives the efficiency
of 23.33%.
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Fig. 2. Effect of CIGS thickness on (a) Jsc and Voc (b) FF and Efficiency

B. Effect of varying ZnS thickness

Here, ZnS thickness is changed from 0.03 to 0.15 pm;
however, other parameters of the layers are still the same except
CIGS thickness is set to 0.9 um. Jsc decays with the rise in
thickness of ZnS buffer layer because part of the light is
absorbed in this layer; hence the number of photons absorbed
by the absorber layer decreases [18]; in addition, Voc can be
considered almost constant as shown in Fig.3.a. Furthermore,
efficiency decreases slightly with the increase in the thickness
of ZnS; however, FF increases more slightly, as depicted in Fig.
3.b. As a result, the optimum value of buffer layer thickness is
0.03 um with efficiency of 23.33%.
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C. Effect of CIGS acceptor concentration

Fig. 4 shows the effect of CIGS acceptor concentration Na,
which is changed from 1x10%6 cm to 1x10'7 cm® on the solar
cell parameters. As shown in Fig.4.a, as CIGS acceptor
concentration increases, Jsc decreases slightly due to the
increase in recombination in the bulk of the absorber layer [8];
however, Voc increases. Moreover, FF and efficiency increase
when Na increases due to improvement in open circuit voltage,
as presented in Fig.4.b. As a result, the optimum value of Na is
107 cm and the efficiency is 25.06%.

D. Effect of ZnS donor concentration

Fig.5 shows the effect of ZnS acceptor concentration Np on
the solar cell parameters. Donor concentration varies from
1x10'® cm to 1x10'® cm3, As shown in Fig.5.a, when ZnS
donor concentration increases, Jsc increases until the value of
7x10Y7 cm3, then it decreases; however, Voc decreases slightly.
On the other hand, FF and efficiency increase when Na
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increases until the value of 3x10%" cm, then they decrease
slightly, as presented in Fig.4.b. Thus, the optimum value of Np
is 3x10Y” cm3 the power conversion efficiency is 25.5%.
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E. Effect of operating temperature

Here, the impact of the operating temperature, which is
varied from 300 K to 400 K is investigated on the solar cell
performance. As shown in Fig.6.a, Voc decreases significantly
with the increase in operating temperature because of increase
in the reverse saturation current (i.e., recombination rate
increases). However, Jsc increases slightly with the increase in
temperature due to the increase of electron-hole pairs generated
thermally due to the decrease in the energy bandgap [19]. On
the other hand, FF and efficiency decrease significantly when
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operating temperature

increases as shown in Fig.6.b.

Consequently, the best value of temperature is 300 K, which
gives the best performance with the efficiency of 25.5%.
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