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Abstract

Cu(In,Ga)Se, (CIGS) based thin film solar cells are the most efficient thin-film solar cells
today. The non-toxic and wide band-gap zinc sulphide (ZnS) is a promising material to
replace the cadmium sulfide (CdS) as the buffer layer in CIGS based solar cells. In this
work we present a simulation study of a CIGS based solar cell with a buffer layer of ZnS,
using the simulator Silvaco-Atlas. Our primary simulation shows a 22.6% efficiency of the
CIGS solar cell with the CdS buffer layer which is comparable to reported and highest
experimental results. However, the simulated efficiency of the CIGS solar cell with the ZnS
buffer layer as high as 23.54% was achieved. The effects of layer parameters like the thick-
ness, the acceptor and donor densities of the CIGS absorber and ZnS buffer layers and the
CBO on the photovoltaic parameters of the ZnS/CIGS solar cell are optimized in order to
improve the performance of the ZnS/CIGS solar cell. The highest efficiency of 27.33% is
achieved when the ZnS buffer and the CIGS absorber layers have thicknesses of 0.025 um
and 4 um with acceptor and donor densities of 6x 10'7 cm™ and 10'® cm™, respectively
and a CBO in the range —0.05 to 0.05 eV. The present results of simulation can help the
development of the solar cells with higher conversion efficiency and low cost.

Keywords CIGS thin film solar cell - ZnS buffer layer - Simulation - Optimization -
Silvaco-Atlas

1 Introduction

Thin film solar cells based on chalcopyrite Cu(In;_,Ga,)Se, (CIGS) semiconductor material
have received a lot of attention recently due to their low production cost, excellent conver-
sion efficiency and stability. The compound semiconductor CIGS exhibits interesting prop-
erties such as a direct tunable band-gap energy in the range 1.04—-1.68 eV to exploit the
greatest solar irradiance and a high absorption coefficient of ~10° cm™ in the visible range
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of the solar spectrum. Solar cells based on CIGS absorbers and CdS buffer layers are among
the most promising thin-film photovoltaic technologies with a record of conversion effi-
ciency reaching 22.6% (Jackson et al. 2016) achieved by the ZSW (Zentrumfiir Sonnenen-
ergie and Wasserstoff Forschung—Germany) center at AM 1.5G solar spectrum. The high
efficiency CIGS solar cells have been grown in the conventional configuration composed of
a thin CdS buffer layer deposited onto a CIGS absorber layer with a highly resistive undoped
zinc oxide (i-ZnO) layer introduced between the CdS and Al-doped ZnO (ZnO:Al) to carry
the current. The CdS band-gap energy of about 2.4-2.5 eV is non-optimal for the solar cell
performance due to the optical absorption losses from the CdS buffer layer especially in the
short wavelength range (Hariskos et al. 2005; Siebentritt 2004). Moreover, the CdS buffer
layer can give rise to health and environmental safety due to the toxic cadmium (Cd) con-
taining waste generated during the deposition process. Therefore, many research groups in
the realm of CIGS solar cells have focused on the development of alternative materials for
a Cd-free buffer layer in CIGS solar cells. Several nontoxic low-absorbing transparent oxide
semiconductors have been investigated. Zn(S,0,0H)/CIGS, an_xSnxOy/CIGS, InxSy/CIGS
and Zn Mg, _,O/CIGS cells could attain high conversion efficiencies of 21.0% (Friedlmeier
et al. 2015), 18.2% (Lindahl et al. 2013), 18.2% (Spiering et al. 2016) and 18.1% (T6rndahl
et al. 2010), respectively. Zinc sulfide ZnS is an interesting material with a band-gap energy
of ~3.8 eV which is much larger than that of CdS. Hence, the ZnS buffer layer of CIGS solar
cells is expected to improve the solar cell current generation at the shorter wavelengths. The
achieved efficiencies of CIGS solar cells with ZnS buffer layers are comparable to those
obtained for CIGS solar cells made from CdS buffer layers (Friedlmeier et al. 2015; Naka-
mura et al. 2013; Martin Green et al. 2016).

Along with the experimental work, the solar cell simulation has become indispensable
tool for analyzing the performance and optimizing the design of any kind of efficient solar
cells. The performance of CIGS solar cells with different buffer layers such as CdS, ZnO,
ZnS(0O,0H), ZnSe, InS and Zn,_ Mg,O has been studied by simulation (Khoshsirat et al.
2015; Chelvanathan et al. 2010; Mostefaoui et al. 2015; Movla 2014; Asaduzzaman et al.
2017b; Za’Abar et al. 2018), and ZnS/CIGS solar cells have been reported as promising
structures compared to CdS/CIGS solar cells (Mostefaoui et al. 2015; Asaduzzaman et al.
2017b). There were several numerical studies showing the improvement of the performance
of the ZnS/CIGS solar cell with the important parameters of ZnS/CIGS cells such as, the
thickness, band gap and gradient band gap of the CIGS absorber layer, thickness of the ZnS
buffer layer, acceptor and donor concentrations of absorber and buffer layers and conduc-
tion band offset (CBO) (Luo et al. 2017; Asaduzzaman et al. 2017b; Sylla et al. 2017; Park
and Shin 2018). The optimization of the buffer and the absorber layers’ thicknesses for a
ZnS/CIGS solar cell using ADEPT 2.1 software leads to an optimum efficiency of 24.62%
(Hosen et al. 2017; Asaduzzaman et al. 2017b). The Performance of ZnS/CIGS solar cells at
various parameters, in particular the thickness and Ga-content of the absorber layer, thick-
ness of the buffer layer and acceptor and donor concentrations of absorber and buffer lay-
ers were numerically studied using AFORS-HET simulator leads to a maximum conversion
efficiency of 26% (Sylla et al. 2017). The simulation results suggest that it is possible to
achieve a 26.3% conversion efficiency in the ZnS/CIGS solar cell with optimized ZnS and
CIGS physical properties such as the electron affinity of the ZnS layer, the thickness of the
ZnS layer, the acceptor concentration and the thickness of the CIGS layer using SCAPS
simulator (Fridolin et al. 2018).

In this work, we performed the numerical simulation to study CdS/CIGS and ZnS/CIGS
solar cells. The two dimensional Silvaco-Atlas software (Atlas User’s Manual device simu-
lation software 2013) is used for simulating the solar cells and photovoltaic parameters of
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the simulated solar cells have been calculated. Firstly, we reported the modelling and simu-
lation results of a CdS/CIGS based solar cell which are validated by comparing them to the
previously reported from experimental results (Jackson et al. 2016). Secondly, we studied a
ZnS/CIGS solar cell and compared it to a CdS/CIGS solar cell. Finally, we investigated the
effects of thickness, donor and acceptor densities of the buffer and the absorber layer and
the CBO at the ZnS/CIGS interface on the photovoltaic cell parameters in order to improve
the photovoltaic CIGS cell performances. The proposed solar cell structure based on ZnS/
CIGS showed a conversion efficiency up to 27.33%.

2 Numerical simulation

As our starting point, an initial solar cell structure by using the experimental CIGS solar
cell proposed by Jackson et al. (2016) was implemented in this study in the Silvaco-Atlas
environment. The simulated cell structure is shown in Fig. 1, which consists of a p—n het-
erojunction formed by an n-type CdS buffer layer (30 nm) on a p-type CIGS absorber layer
(3 um) with donor and acceptor densities of 3 X 10'7 cm™ and 8x 10'® cm™ respectively.
ZnO layer (50 nm) which is a transparent conducting oxide (TCO) used as the front cath-
ode contact and metallic Mo layer (500 nm) represents the back anode contact. The solar
cell was considered illuminated under standard conditions for AM 1.5 global solar spec-
trum (100 mW cm™2) normally incident on the top surface of the ZnO layer.

Simulations were performed using the simulator Atlas-Silvaco that is based on the solu-
tion of a set of basic semiconductor equations consisting of the Poisson equation and the
continuity and transport equations for free charge carriers (Atlas User’s Manual device
simulation software 2013). Further, it offers several advanced physical models, which
describe the operation of specific electronic devices and material opto-electronic proper-
ties. To calculate the performance of the cell structure, it is necessary to specify the electri-
cal parameters of each semiconductor material used in the cell structure. The most param-
eters of ZnO, CdS and CIGS materials are reported in the literature (Gloeckler et al. 2003;
Elbar et al. 2015; Asaduzzaman et al. 2017a, b), or in some cases reasonable estimations
are listed in Table 1. The appropriate band gap of CIGS material can be achieved by adjust-
ing gallium content in the absorber layer. Gallium content of the absorber layer is about 0.3
corresponding to a band gap energy of 1.25 eV (Faraj et al. 2011).

Atlas-Silvaco simulations use an input optical files containing the wavelength-depend-
ent refractive index n (1) and extinction coefficient k (1) for the different materials. n (1)

Fig. 1 Schematic of CdS/CIGS
solar cell Front contact ZnO (0.05 um)

Buffer layer n-CdS 3x10*7cm= (0.03 um)

Absorber layer p-CIGS 8x10*¢cm™ (3 um)

Back contact Mo (0.5 um)
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Table 1 Material parameters used in the simulation

Material parameters ZnO Cds ZnS CIGS
Thickness (pm) 0.05 0.03 0.03 3

Band gap, E (eV) 33 242 3.68 1.25

CB effective density of states, N (cm™) 22x10' 22x10' 1.5x10' 22x10"
VB effective density of states, Ny, (cm™) 1.8x10" 1.8x10" 1.8x10" 1.8x10"
Electron mobility, u, (cm?> V™! s71) 100 100 250 100

Hole mobility, 4, (cm* V™' s™") 25 25 40 25
Dielectric permitivity, & 9 10 8.32 13.6
Electron affinity, y, (eV) 4.7 4.5 4.5 4.8

and k (1) of Mo, CdS and CIGS materials are available in the Atlas software, while those
of ZnO are obtained from (Richter et al. 2013). As CIGS solar cells are known to be sus-
ceptible to many unexpected issues during fabrication (such as irregular crystal structure,
point defects and high surface roughness), each having the potential to severely dete-
riorate the cell efficiency. Our simulations considered the combined effects of front sur-
face, back surface, interface states as well as deep-level bulk defects within the absorber
and the buffer layers. Shockley—Read—Hall recombination model related to deep defects
is considered: acceptor defect density with a Gaussian distribution in the CdS layer
(Gloeckler et al. 2003) and donor defect densities with Gaussian distributions in ZnO and
CIGS layers (Gloeckler et al. 2003; Song et al. 2010). The density of states is character-
ized by the effective density of states N, or Ngp, the standard energy deviation W, or
Wep. and the peak energy position E, or Egp,. the subscripts (G, A, D) stand for Gauss-
ian, acceptor and donor defect states, respectively.c, and o, are the electron and hole cap-
ture cross sections of defects. The recombination model at the CdS/CIGS interface and at
the front and back contacts is represented by the surface recombination velocities of both
electrons (S,) and holes (S,) chosen similar and equal to 10° cm s™'. The defect param-
eters are summarized in Table 2 (Gloeckler et al. 2003; Elbar et al. 2015).

3 Results and discussion
3.1 Simulation results of CdS/CIGS solar cell

The energy-band diagram of the ZnO/CdS/CIGS heterostructure is simulated under
AM 1.5G illumination and short-circuit conditions using the materials parameters

Table 2 Parameters of gaussian

defect states densities used in the Defect parameters Zno CdS @nS) ciGs
simulation Npo:Nag (cm™) D: 107 A: 10" D: 103
E,,E, (eV) Midgap Midgap Midgap
W (eV) 0.1 0.1 0.1
o, (cm?) 10712 10777 2x10716
o, (cm®) 1071 107" 2x1071
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summarized in Tables 1 and 2. Figure 2 shows the conduction and valence band ener-
gies E, and E, of the CIGS absorber, the CdS buffer and the ZnO window. The conduc-
tion band offset (CBO) is defined as the difference between the conduction band E, (the
electron affinity) in the buffer layer and the conduction band E. (the electron affinity)
in the absorber at the interface. The energy-band diagram focuses on the heterojunc-
tion and does not illustrate the interface CIGS/Mo at the back side of the solar cell. The
semiconductor heterojunctions present band discontinuities caused by the difference in
band gaps of the semiconductors. Under illumination, if the solar cell is illuminated
with photons with energies larger than the band gap energy, electron-hole pairs will
be generated in the CIGS absorber. The photogenerated electrons will diffuse into the
depleted space-charge region. In the space-charge region the electric field due to the
heterojunction is high, the conduction and valence bands are bent, and the photogen-
erated electrons drift towards the ZnO layer, whereas the photogenerated holes are col-
lected at the Mo contact. Depending on the acceptor and donor densities of the absorber
and buffer layers the width of the space-charge region varies. Due to the redistribution
of the free charge carriers, the Fermi energy splits into the quasi-Fermi levels Ej, and
Ep, for electrons and holes. Depending on the bandgap energy, the CBO can be positive
or negative. The CBO between the CdS buffer and the CIGS absorber is positive and the
CBO between the ZnO window and the CdS buffer is negative.

The simulated photocurrent—voltage (/-V) and the power density—voltage (P-V) char-
acteristics of the CdS/CIGS solar cells are shown in Fig. 3. The simulated results were
found to deliver a short-circuit current density J,,=34.3 mA cm™>, an open-circuit volt-
age V,.=803 mV, a fill factor FF=82.08% and a conversion efficiency #=22.6%. The
achieved conversion efficiency n of 22.6% is in good agreement with literature experi-
mental results (Jackson et al. 2016), thus validating the models and parameters chosen
for the simulation.

3.2 Simulation results of ZnS/CIGS solar cell

The ZnS/CIGS solar cell considered has the same CdS/CIGS solar cell structure where the
CdS layer was substituted by the ZnS layer with a 0.03 pm thickness and a donor density of
3% 10" cm™>. Figure 4 shows the structure of the ZnS/CIGS solar cell.

Fig.2 Energy-band diagram of
the ZnO/CdS/CIGS heterojunc-
tion under AM 1.5 illumination
and short-circuit conditions
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Fig.4 Schematic of ZnS/CIGS
solar cell Front contact ZnO (0.05 um)

Buffer layer n-ZnS 3X10 cm® (0.03 um)

Absorber layer p-CIGS 8x10*¢cm™ (3 um)

Back contact Mo (0.5 um)

The simulation parameters of the ZnS material are based on the literature (Haque et al.
2014; Singh et al. 2016) and are displayed in Tables 1 and 2. Refractive index n (1) and
extinction coefficient k (4) for ZnS layer are available in the Atlas software. A deep accep-
tor defect density with a Gaussian distribution in the ZnS layer was considered (Pettersson
et al. 2013). Figure 5 shows the simulated /-V and P-V characteristics of the ZnS/CIGS
solar cell.

A comparison of the photovoltaic parameters of CdS/CIGS and ZnS/CIGS solar cells is
given in Table 3. The short-circuit current density J,,. of the ZnS/CIGS cell is higher than
that of the CdS/CIGS cell because the absorption of light for short wavelengths by the ZnS
material is low. This is clearly seen in Fig. 6 where the optical absorption coefficient of ZnS
material is lower compared to CdS material in the range of 350-1000 nm. The external
quantum efficiency (EQE) as a function of wavelength for the ZnS/CIGS cell is shown in
Fig. 7. The enhanced absorption of the ZnS/CIGS solar cell in the short wavelength region
between 300 and 450 nm compared with the CdS/CIGS solar cell leads to an improved
quantum efficiency with a gain in short-circuit current density J,. of 1.36 mA cm™'% On
the other hand, the open circuit voltage V. of the ZnS/CIGS cell is almost the same as that
of the CdS/CIGS cell. The fill factor of the ZnS/CIGS solar cell is slightly higher than that
of the CdS/CIGS solar cell. The highest conversion efficiency of 23.54% is obtained for the
ZnS/CIGS solar cell compared with the conversion efficiency of 22.6% for the CdS/CIGS
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Fig.5 Simulation /-V and P-V
characteristics of the ZnS/CIGS
solar cell

Table 3 Photovoltaic parameters
of CdS/CIGS and ZnS/CIGS
solar cells

Fig. 6 Wavelength-dependant
absorption coefficients of CIGS,
CdS and ZnS semiconductor
materials

Fig.7 Simulated external quan-
tum efficiency of the best ZnS/
CIGS solar cell as compared with
a CdS/CIGS solar cell
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solar cell, due to increased J, and FF. This results ensure the suitability of ZnS buffer
layer in CIGS solar cells.

In the following, we will study the effects of certain properties of ZnS and CIGS layers
mainly, thickness, donor and acceptor densities and CBO at interface ZnS/CIGS layers on
the performance of the ZnS/CIGS solar cell.

3.3 Effects of donor and acceptor densities of ZnS and CIGS layers

We varied the ZnS and CIGS donor and acceptor densities from 10" to 10'® cm= with
the thicknesses of the ZnS and CIGS layers being fixed at 30 nm and 3 um respectively.
The results are shown in Fig. 8. When the acceptor density of the CIGS absorber layer
increases from 10" to 10'® cm™3, there is a decrease in the short circuit current density
J,. from 37.45 to 34.63 mA cm™2 but there is a small effect of the donor density varia-
tion of the ZnS buffer layer on the short-circuit current density J,.. On the other hand,
the open-circuit voltage V. increases from 682 to 882 mV when the acceptor density
of the CIGS layer increases from 10" to 10'® cm™ while the donor density effect of
the ZnS layer on the open-circuit voltage V. is low. We also noticed a rapid increase
in the conversion efficiency 7 for acceptor and donor densities of the CIGS and ZnS
layers between 2x 10'7 and 10'® cm™ caused by the improvement of the fill factor
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Fig.8 Photovoltaic parameters as function of ZnS and CIGS donor and acceptor densities of a ZnS/CIGS
solar cell: a short-circuit current density (J,.), b open-circuit voltage (V,.), ¢ fill factor (FF) and d conver-
sion efficiency ()
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with the increase of acceptor and donor densities of the CIGS and ZnS layers between
2%10'7 and 10'® cm™ and the improvement of the open circuit voltage with increasing
the CIGS acceptor density. The electric field increases also with the donor and accep-
tor densities of the ZnS/CIGS heterojunction which improves the collection of the pho-
togenerated carriers and therefore enhances the conversion efficiency. A higher accep-
tor density of the CIGS absorber layer, on the other hand, brings impact on electric
field build-up within the space charge region. A higher electric field reduces the free
carrier recombination which basically increases the V.. However, a higher value of
the acceptor density of the CIGS absorber layer correspond to an increase in the car-
rier recombination in the bulk, which thus reduces the magnitude of the short-circuit
current density. The increase of the conversion efficiency is mainly due to the increase
of the open-circuit voltage V, . and the fill factor FF. The highest conversion efficiency
of 26.06% is obtained at donor and acceptor densities of the ZnS and CIGS layers
of 6x 10" cm™ and 1x10'® cm™, respectively. The addition of Ga makes the CIGS
material p-type. Therefore, by varying the Ga content, the acceptor concentration can
be optimized in principle, although challenging. To dope the ZnS material, elements of
group IIT or group VII will increase the electrical conductivity of the films. However,
the doping which consists in adding of some of these elements may disrupt the crystal-
linity, increasing the number of defects, and reducing the required electrical conduc-
tivity. The optimum electrical conductivity is a challenging task to obtain, but every
positive step will contribute to the enhancement of the cell performance.

3.4 Effects of thicknesses of ZnS and CIGS layers

The thickness of the ZnS layer is varied from 10 to 50 nm while the thickness of the
CIGS layer is varied from 1 to 4 pm. The donor and acceptor densities of ZnS and
CIGS layers were fixed to 6 x10'7 cm™ and 1 x 10'® cm™, respectively. The effects of
the thicknesses of the ZnS and CIGS layers on the photovoltaic parameters of the ZnS/
CIGS solar cell are illustrated in Fig. 9. The short-circuit current density increases
from 30.69 to 35.70 mA cm™'? with the increase of the CIGS absorber layer thick-
ness from 1 to 4 pm and the ZnS buffer layer thickness between 10 and 35 nm. The
open-circuit voltage V,. increases also and attains a maximum value of 0.882 V for
the ZnS buffer layer thickness of 0.03 pm and the CIGS absorber layer thickness of
4 pm. The increase of J. and V,. result in increasing the conversion efficiency of the
solar cell. A very thin absorbing layer means that the back contact and the depletion
region are very close, which promotes the capture of electrons by the back contact.
This form of recombination process is detrimental to the cell performance as it affects
Jy.. V,. and 5 of the solar cell. The increase of the ZnS buffer layer thickness from 35
to 50 nm leads to a decrease of all the cell parameters. When the thickness of the ZnS
layer increases, more photons are absorbed by the ZnS layer and few photons reach the
CIGS absorbing layer which leads to the drop of the photocurrent. The highest conver-
sion efficiency of 26.82% is obtained with ZnS and CIGS layer thicknesses of 25 nm
and 4 um, respectively.
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Fig. 9 Photovoltaic parameters as function of ZnS and CIGS thicknesses of a ZnS/CIGS solar cell: a short-
circuit current density (J,.), b open-circuit voltage (V,,), ¢ fill factor (FF) and d conversion efficiency (1)

3.5 Effect of conduction band offset at interface ZnS/CIGS layers

The Conduction Band Offset (CBO) which represents the electron affinity difference
between the ZnS buffer layer and the CIGS absorber layer was investigated in this
numerical simulation. The band gap of the ZnS buffer layer was assumed a constant of
3.68 eV and the CBO was varied by changing the electron affinity of ZnS layer from
4.15 to 5.8 eV with the CIGS electron affinity assumed constant at 4.8 eV. The effects
of the CBO on the photovoltaic parameters of the ZnS/CIGS solar cell are illustrated
in Fig. 10. A positive CBO indicates that a conduction band of the ZnS buffer layer
is above that of the CIGS absorber layer. Conversely, a negative CBO indicates that
a conduction band of the ZnS buffer layer is below that of the CIGS absorber layer.
The CBO was varied from — 1 to 0.65 eV. The short-circuit current density is constant
in the range of the CBO from —1 to 0.55 eV. When the conduction band of window
layer is below that of CIGS, the barrier against photogenerated electrons is not formed
and the short-circuit current is nearly constant. Over the CBO value of 0.55 eV, the
short-circuit current decreases abruptly. In this region, the conduction band of the ZnS
buffer layer is above that of the CIGS absorber layer, the barrier against photogen-
erated electrons is formed and the short—circuit current decreases abruptly. This result
is in good agreement with the previous results reported in Ramli et al. (2013) and
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Fig. 10 Photovoltaic parameters as function of Conduction Band Offset of a ZnS/CIGS solar cell: a short-
circuit current density (J,.), b open-circuit voltage (V,.), ¢ fill factor (FF) and d conversion efficiency ()
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Bechlaghem et al. (2018). The open-circuit voltage is nearly constant. The same as
the short-circuit current, the fill factor increases in the CBO range of —1 to 0.65 eV.
The fill factor is nearly constant as the CBO is in the range of —0.65 to 0.35 eV and
over 0.35 eV the fill factor decreases abruptly. In this region, the conduction band of
the ZnS buffer layer is above that of the CIGS absorber layer, the barrier against pho-
togenerated electrons is formed and the fill factor decreases abruptly due to the short-
circuit current decrease abruptly. This results are confirmed with simulation results
reported in Bechlaghem et al. (2018) and Sozzi et al. (2014). When the CBO is in the
range of —0.65 to 0.25 eV, an excellent performance is obtained with a high conver-
sion efficiency of 27.33% achieved at the CBO in the range of —0.05 to 0.05 eV. This
result can be attributed to the favourable band alignment at the ZnS/CIGS interface.
Therefore, adjusting the CBO of the ZnS/CIGS interface is necessary to improve the
performance of the ZnS/CIGS solar cells.

At the end of this analysis, the results obtained for our optimized solar cell are bet-
ter than those obtained in recent work by Fridolin et al. (2018); they simulated a ZnS/
CIGS solar cell by using the software SCAPS and obtained a high efficiency of 26.3%
after optimizing the materials properties such as the electron affinity and the thickness
of the ZnS layer, the acceptor density and the thickness of the CIGS layer.
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4 Conclusion

In the present work, we studied numerically a CIGS based thin-film solar cell by using
the device simulator Silvaco-Atlas. Firstly, we simulated a standard solar cell of CdS/
CIGS and the simulation results are in agreement with experimental results found in
literature. Secondly, we studied a ZnS/CIGS solar cell and the simulation results prove
that the cell with the ZnS buffer layer is better with respect to the standard solar cell
cell of CdS/CIGS. Finally, we investigated the effects of the thicknesses, the donor
and acceptor densities of ZnS and CIGS layers and the CBO at ZnS/CIGS interface on
the photovoltaic cell parameters. As a result, the maximum efficiency of 27.33% was
obtained for the ZnS buffer layer and CIGS absorber layer thicknesses of 0.025 and
4 um doped with 6x10'7 and 10'"® ¢cm™ respectively and the CBO at interface ZnS/
CIGS layers in the range —0.05 to 0.05 eV. These simulation results indicate that the
ZnS material properties are promising and can improve the CIGS based thin-film solar
cell efficiency. The ZnS material also plays an important role for overcoming the serious
environmental related problems due to the toxic nature of cadmium. The present results
of simulation may benefit the development of the solar cells with higher conversion effi-
ciency and low cost.
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