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This study analytically investigates the effect of different ratios of elemental sulphur to elemental sele-
nium on the performance of chalcopyrite Cu(In,Ga)(S,Se)2 (CIGSSe) thin-film solar cell. The influence
of the various ratios = S/(S + Se) on photovoltaic parameters was simulated using Solar Cell Capaci-
tance Simulator software. The simulated band diagram for both Cu(In,Ga)S2 (CIGS) and Cu(In,Ga)Se;
(CIGSe) shows band banding at the back of the CIGS layer, whereas in CIGSe it is flat; this brings to
the fore the issue of back contact in high content sulphur absorbers. The simulation for quantum effi-
ciency shows that the band edge of the solar cell device is shifted to a shorter wavelength with increasing
sulphur content. Generally, Se incorporation improves photovoltaic parameters and consequently en-
hances the solar cell performance. The optimal stoichiometry was obtained for Culng.7Gao.3(So.35€0.7)2,

(2022)

CIGSe, and CIGS with an efficiency of 18.4%, 17.5%, and 11.3%, respectively.
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1. Introduction

Thin-film solar cells such as CIGSe based devices
have attracted more attention over the last decade
as a potential alternative for the costly silicon-based
photovoltaic (PV), widely used in solar cell produc-
tion [1, 2|. Given the development that has been
made to progress the CIGSe conversion efficiency,
it is found that the CIGSe absorber bandgap can
be controlled either by Ga or S alloying [3, 4]. The
beneficial effects of S alloying are extensively re-
ported in Cu(In,Ga)(Se,S)s solar cells, especially
in the case of the S-rich surface of the CIGSe ab-
sorber layer [5—7]. However, very limited works re-
ported on the numerical or theoretical effects of the
x = S/(S + Se) ratios. Up to now, the most reported
papers focused on optimising the S-enriched surface
of CIGSSe abserbers. In contrast, few works have
reported the effect of S-alloying onto the absorber
bulk.
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In this work, 1D Solar Cell Capacitance Sim-
ulator (SCAPS) tool was used to simulate pho-
tovoltaic parameters in different x ratios for the
CulnGa(S,Se1_; )2 absorbers.

2. Methodology

In the present work, numerical modelling of
CIGSSe thin-film solar cells was carried out
using Solar Cell Capacitance Simulator soft-
ware (SCAPS. 1D version 3.3.02). The fun-
damental cell configuration used consisted of
Mo/CIGSe/CdS/i:Zn0O/ZnO:Al. The bandgap of
the absorber layer wvaries in the range of
1.18-1.76 eV due to the variation of the selenium ra-
tio in the layer. The thickness of the absorber layer
varied in the range of 0.5-2.5 pm.

The parameters for the simulated device are ex-
tracted from reliable numerical models and ex-
perimental studies [8-10]. The simulation was
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TABLE I

The variations of stoichiometry and band gap with
the doping factor z for Culng.7Gag.3(SzSe1—z)2.

Doping Stoichiometry Bandgap [eV]
factor

z = 0.0 Culng.7Gag.3Ses 1.17670
z=0.1 Culng.7Gap.3(So.25€1.8) 1.23532
=02 Culng.7Gap.3(So.45€1.6) 1.29394
z=0.3 Culng.7Gag.3(So.65€1.4) 1.35256
r =04 Culng.7Gag.3(So.85€1.2) 1.41118
x=0.5 Culng.7Gag.3(S1Se1) 1.46980
z = 0.6 Culng.7Gagp.3(S1.25€0.8) 1.52842
x=0.7 Culng.7Gao.3(S1.45€0.6) 1.58704
z=0.8 Culng.7Gap.3(S1.65€0.4) 1.64566
z=0.9 Culng.7Gagp.3(S1.85€0.2) 1.70428
rz=1.0 Culng,7Gag.352 1.76290

performed on the basis of the composition variation
to study the effect of sulphur content on solar cell
performance, i.e., 0, Ve, Jse, FF. After optimising
the sulphur content, the CIGSSe solar cell thick-
ness was reduced to 0.5 pm to test the performance
of the ultra-thin device with optimum sulphur
content.

3. Results and discussion

Several reports on the bandgap variation as
a function of the Ga/In or S/Se compositions in bi-
nary, ternary and quaternary Cu-based chalcopyrite
compounds can be found [11-13]. In [14], an expres-
sion was introduced to evaluate the bandgap energy
(Ey) for the pentanary Cu(Ini_,,Gay)(SzSe1—z)2
compound. Its form is given as

{1555 (y, ) = (1= ) | (1 = y) B, (@) +y B, (O (a) — p(C155)y (1 — ) |

+x[(1 —y) EéCISSe) (z) + yEg(CGSSe) (z) — p(CIGS) y(1— y)},

where b is the optical bowing coefficients, and y
and = are Ga/(Ga-+1In) and S/(Se+S), respec-
tively. In the case of the Ga ratio, it was proved
that the y = 0.3 ratio is optimal to achieve the
highest photovoltaic efficiency [15]. Thus, in this
work, the targeted stoichiometry of the absorber
was Cu0.921n0‘7Ga0.3(S7Se)2, i.e., with Yy = 0.3.
After applying the bandgap and consistent optical
bowing constants for the compounds [16], the eval-
uated bandgap values from (1) for different S values
are calculated and listed in Table I.
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Fig. 1. (a) Variation of the bandgap E, [eV] (blue

line) and efficiency (red line) with different ratios of
S/(S+Se). Variation of (b) open circuit voltage Voc,
(c) short circuit current Js, and (d) fill factor FF
variation with different S/(S+Se) ratios.
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Fig. 2. Simulated energy band diagrams of (a)
CIGSe (b) CIGS solar cells.

Figure la—d shows the simulated CIGSSe pa-
rameters Vi, Jsc, FF, as well as the conversion
efficiency as a function of sulphur content x
S/(S + Se). The efficiency simulation results are
shown in Fig. 1a. The maximum efficiency achieved
for the ratio x ~ 0.3 corresponds to the bandgap
of about 1.35 eV, which is in good agreement
with the value reported in [17]. In the case of Jg,
Fig. 1d shows an almost linear decrease of Js. in
the range under investigation. The observed trend
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Fig. 3. Quantum efficiency QE for a number of se-
lenium composition ratios.
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Fig. 4. Combined effect of changing the composi-
tion parameter x and the absorber layer thickness
on (a) efficiency, (b) short circuit current, (c) open
circuit voltage Vo (d) fill factor FF.

is explained by a decrease in photon absorption due
to the overall increase of the bandgap. Figure 1b
depicts the variation of V., an increase in the range
from 744 to 1057 mV shows an increasing trend with
increasing S content. However, when = > 0.6, the
behaviour of V. exhibits no change due to the large
conduction band offset. On the other hand, for the
same reason, a reduced FF value is obtained for Jg.
as shown in Fig. lc.

To further understand the performance of pho-
tovoltaic, the energy band structure is essential.
Figure 2 illustrates simulated schematic diagrams
of the band alignment on the heterojunction inter-
face between (a) n-CdS/p-CIGSe and (b) n-CdS/p-
CIGS. In the back contact interface, the banding
is present only in pure sulphide CIGS. This rear
banding can be explained by the large bandgap
which commonly leads to limited back contact per-
formance.

Simulated quantum efficiency (QE) spectrum
with different selenium compositions under the
AM1.5 G solar spectrum are shown in Fig. 3. The
shift of QE towards lower wavelengths (higher en-
ergies) with increasing S content was expected due
to the increased bandgap.
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Fig. 5. (a) The comparative J-V curve of the solar

cell based on 3 difference stoichiometry absorbers of
different S content z = 0,0.3 and = = 1. (b) The
efficiency as a function of the absorber thickness
(0.5, 1.5, 2.5 um) for based solar cells.

The combined simultaneous influence of absorber
thickness with various S/(S+Se) absorber content
on the performance of the CIGSSe solar cell is
shown in Fig. 4. The contour area of the highest Jg.
values extends in the region with the highest thick-
ness and maximum selenium content of the absorp-
tion layer (see Fig. 4a). Meanwhile, for a higher sul-
phur content z > 0.4, increasing the absorber layer
thickness causes the systematic effect of increasing
Voe. For thicker absorbers, a higher sulphur content
in the range of = 0.5-0.7 results in a significant in-
crease in the value of V.. At lower selenium content
x < 0.4, FF increases with the absorber layer thick-
ness, the height contour area of FF is found at the
relatively lower sulphur content, and high absorber
thickness, low FF values appear at the higher x and
thicker absorbers. Therefore, higher S/(S+Se) con-
centrations caused a steep drop-off in the efficiency
due to the decreased FF.

The final J-V curve plots for the simulated in
the case of pure selenide (z = 0), pure sulfide
(x =1), and mixed selenide sulfide with (x = 0.3)
are shown in Fig. 5a. Moreover, the efficiency of the
absorbers with optimum stoichiometry as a func-
tion of their thickness is shown in Fig. 5b. The ef-
ficiency of 13.6% for an ultra-thin absorber layer of
0.5 pm thickness was of about 26% less than the
efficiency of the same device of 2.5 pum thickness
absorber.
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4. Conclusions

This work investigates the effect of different S ra-
tios (x = S/(S+ Se)) on the photovoltaic perfor-
mance of the Culng 7Ga ¢3(SxSe1_x)2 solar cells.
The maximum conversion efficiency is obtained with
the stoichiometry of Culng7Gag 3(So.35€0.7)2 cor-
responding to the bandgap 1.35 eV. The compara-
tive band diagram of the fully sulphide CIGS and
fully selenide CIGSe highlights the noticeable rear
band banding and unsatisfactory back-contact in
CIGSe. The cut-off wavelength in QE has shifted
towards the shorter wavelengths with increasing Se.
In simulations, we observed that parameters like the
flat back band banding and the optimal band gap
provide higher QE in selenium substitute composi-
tions. Therefore, the performance of selenium, sub-
stituted for x < 0.7, is superior than that of pure
CIGS. Overall comparative J-V plot shows the effi-
ciency of 18.4% for CuIIl()jGao.g(SO‘3SGOA7)2, 177%
for CIGSe and 11.3% for CIGS solar cell.
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