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Abstract

SCAPS-1D has been used in this work to model and simulate Copper Tin
Sulphide/Selenide (CTS/CTSe) based device numerically. The study focuses on the
performance improvement of solar cells made of copper tin sulfide/selenium
(CTS/CTSe). Nowadays,CTS/CTSe is labelled as a promising absorber layer, which is
analogous to the Kesterite (CZTS) absorber layer. The output parameters are
optimized against the variation in Material, Electrical, and Optical parameters. The
assumed inputs employed in the numerical simulation are consistent with the
practical values. The result demonstrates that by optimization of different layers in
the cell, the maximum efficiency of CTS and CTSe obtained are 17.5% and 18.5%,
respectively.
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1. Introduction

Thin film solar cells (TFSC) are renowned for using little material, and hence
it involves in low-cost manufacturing process coupled with high efficiency, TFSC
materials like Cu(In,Ga)Se2 (CIGS) and Cadmium Teluride (CdTe) have received a
lot of interest in research for the past few years. The highest achieved efficiencies are
21% and 23.4%, respectively [VII]. However, due to their toxicity and the scarcity of
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indium and gallium, they are not widely used [I,XVIII]. A trustworthy replacement
material, such as Copper Tin Sulphide (CTS) and Copper Tin Selenide (CTSe), is
being thoroughly investigated as a potential substitute for P-type absorber layer
material [VIILXI]. They resemble CZTS solar cells structurally and feature a
bandgap that is extremely near to the ideal single junction value (1.5e¢V). They are
labelled as low-cost, non-toxic substances that are readily available on Earth and can
be employed in the solar cell. They are also pivotal material for photovoltaic
applications due to their higher absorption coefficient values greater than 105 cm-1.
[ILXVIL,VLX]. The primary goal of this study is to conduct a comparative analysis
of the CTS/CTSe structure and determine the structure's optimal efficiency. With a
bandgap in between 0.5 and 1.5 eV, this CTS structure has an analogous kesterite
structure [X]and a high value of absorption coefficient of 105cm-1 [XIV]. The
novelty of ongoing numerical modeling work is to get an efficient device by lessening
the open-circuit voltage deficit, which is prominent in this kind of solar cell, and
finding the best structure depicting the optimized performances. The simulations were
run using the SCAPS program [II].

II. Methodology

SCAPS -1D software has been employed in the simulation work. The
acronym SCAPS refers to Solar Cell Capacitance Simulator, a tool created at the
University of Gent [II].Its primary goal is to ascertain the influence of various
features on the device's work under light illumination. The tool with all the simulation
features in the current work is the SCAPS-1D program. For CTS and CTSe-based
solar cells, the aforesaid software is used to optimize and attain the best efficiency. It
has the ability to handle a number of layers with a good user interface and practical
scripting facilities[[X].The electron (e-) and hole (e+) continuity equations, as well as
the Poisson equation, are all numerically solved by this program. Poisson's formula is
shown in Eq. (1), and Eq. (2) explains about Continuity expression.

= (0 5) = alp(x) — n(x) +ND+ (x) ~NA- (x) +pt(x) —nt®)] (1)

+(SH2) = £ Gp(0) R @)

The value of electrons and holes G,,(x) , R(x) are (negative, positive) respectively.
The structure is made up of several layers, including the front layer Al:ZnO, the
window layer ZnO, the n-typeCdS layer, the absorber layer CTS/CTSe, and the back
contact layer Molybdenum. Simulated conditions for the structure are at Air Mass 1.5
and P=1000W/m2. T is set at a fixed temperature of 300K. In Fig.1.aand b, the
structures are manifested.The heterostructure consists of AZO/ZnO/CdS/CTS(Mo)
and AZO/ZnO/CdS/CTSe(Mo) interfaces. The electron affinity values employed in
the SCAPS simulation determine the conduction-band and valence-band alignment
across these interfaces. The electron affinity values used for CdS, CTS, and CTSe are
4.4 eV, 4.05 eV, and 4.10 eV, respectively. These values provide favorable carrier
transport across the CdS/absorber junction and support efficient carrier extraction.
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Although a detailed interface-state analysis is beyond the scope of the present work,
the selected parameters are consistent with experimentally reported values and enable
realistic numerical modeling of CTS and CTSe solar cells.

Table 1: Material parameters used in the simulation.

III. Layer Optimization

IILiFront, window, and buffer layer property optimization

The structures, shown in Fig.1.a and b, i.e., CTS and CTSe, have been
simulated with the standard practical values exhibited in Table 1. The layer
optimization was carried out, and the results were shown in the following sections.
The top layer of the structure is the Al: ZnO layer. [IV,XIV]. Optimization was
accomplished by varying the AZO layer's thickness between 300 and 500 nm. It was
noted that the AZO's performance somewhat deteriorates with thickness escalation.
The optimized thickness value of 300 was selected. The next layer is the window-
functioning ZnO layer. The ZnO layer optimization was carried out by varying the
thickness from a value of 50 nm to 110 nm, with 50 nm stated as the ideal thickness.
Efficiency decreases as ZnO thickness value rises [XIX,XI] as the front layer
facilitates the passage of sunlight. As a buffer layer, CdS is used. By changing its
parameters, the performance can be enhanced. Since the effectiveness slightly
decreases as thickness increases, 30 nm was found to be the optimal thickness when
the variationis between30 and 100 nm.[XIII]. Additionally, the simulation's output
indicates an improved efficiency relative to concentration for a specified donor
concentration of 1.1x10"¥c¢m™. Ngis consequently 10'8¢cm is taken as the reference
value [V]. The optimization of absorber layers is illustrated in the sections that
follow.
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IILiiAbsorber layer thickness Optimization

For the purposes of simulation, the overall absorber layer thickness for both CTS and
CTSe solar cell structures is considered in accordance with the standard absorber
layer thickness of 2500 nm. The thicknesses of both structures were changed, and the
results for each value were examined. V. and Js. for the CTS and CTSe layers are
found to be low at lower thickness, which may be due to the increased carrier
recombination impact at the interface. As the thickness of the CTS and CTSe layer
grows, a lot of electron-hole pairs are created by the absorption of photons, which in
turn increases the Jsc and Voc values [19]. The value of Ji and V.. increased as a
result of the increase in layer thickness, shown in Tables 2 and 3.The Jsc value rises
as the CTS and CTSe thickness increases from 0.5 to 2.5 um. The efficiency of both
cells rises from 500 to 2500 nm in thickness. With more thickness, the efficiency,
which is assumed to remain essentially constant, will only marginally rise,as shown in
Fig 2.a and b, and Fig 3.aand b for CTS and CTSe, respectively.

ﬁO

Fig. 1a - CTS solar cell structure Fig. 1b - CTSe solar cell structure

Table 2: Thickness variation for CTS absorber layer
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Fig. 2a. Efficiency and Voc contour plot of CTS cell
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Fig. 3a. Efficiency and Voc contour plot of CTSe cellFig. 3b. Jsc and fillfactor contour plot of CTSe cell

Table 3: Thickness variation for CTSe absorber layer

IILiii. Optimization of CTS layer properties

IILiii.a. Acceptor concentration Optimization:

The bandgap for copper tin sulphide is considered to be 1.5 eV, which corresponds to
the electron affinity value of 4.05 eV. The role of acceptor concentration is
investigated. The graphsFig.4.a and b show that as acceptor concentration increases,
the Voc value improves between 10'° cm=and 10'® cm™, which was considered as the
acceptor concentration range,and the value of 10'® cm™ was selected. As it is pertinent
to explain that the more the concentration more the ions, which in turn contribute to
the field to migrate the carriers upon illumination [XIII].
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Fig.4b. Quantum Efficiency curve of CTS as a function of N,

ILiii.b. Defect Density Optimization

Defect density was measured between 10'%m-3 and 10'8¢cm™. Recombination causes
the efficiency to drop with an increase in defect density. The Voc, Jsc, FF, and
Efficiency values decrease, attributed to the increased number of recombination
centres [20]. After running the simulations, the ideal value for Niwas determined to be
10" c¢m™. Fig. 5.a. depicts the JV curve. The QE curve is shown in Fig.5.b.

IILiv.a. Acceptor concentration Optimization

With a direct optical bandgap between 1.1 and 1.7 eV [XII] and an electron affinity
of 4.1 eV. Variation of acceptor concentration of CTSe layer exhibits a change in
output values. The fill factor and efficiency increase as a result of the Voc and Jsc
values improving, which may be attributed to enhanced ions that drift the carriers
more profoundly. The range was selected 10'® cm™ to 10'® ¢cm™-which is consistent

with practical values, and an optimized value of N, 10'® cm™ was selected (depicted
in Fig.6.a and b)
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Fig.6a. JV curve of CTSe as a function of N;Fig.6b. Quantum Efficiency curve of CTSe
as afunction of N,
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IILiv.b. Defect Density Optimization:

It has been noted that characteristics, including Voc, Jsc, FF, and efficiency, decrease
with an increase in defect density. As it's clear that the higher the defect density, the
more the loss due to the recombination process [XX]. The defect density variation
range has been taken in accordance with the practical values. It has been reported that
the best efficiency is obtained at N=10'*cm>. Fig. 7.a. exhibits the JV curve, Fig.
7.b.the QE curve.
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Fig.7a. JV characteristics curve of CTS as a Fig.7b. Quantum Efficiency curve of
function of Nt CTSe as a function of Nt

IILiv.c. Voltage Deficit and Recombination Analysis

The open-circuit voltage deficit (Vaer) is an important parameter for evaluating
photovoltaic losses and is defined as:

Vier= Eg/ qfvoc

For the optimized CTS device having Eg=1.50 eV and V.~=0.76V, the calculated
voltage deficit is 0.74 V. Similarly, for the optimized CTSe device with Eg=1.45 eV
and Voc=0.77V, the voltage deficit is found to be 0.68 V.

The lower voltage deficit observed in CTSe indicates comparatively lower
recombination losses. Furthermore, the defect density optimization results presented
in Sections 3.3.2 and 3.4.2 reveal that an increase in defect density from 10'* to 10'®
cm significantly reduces Voc, Jsc, FF, and efficiency. This behavior confirms that
defect-assisted Shockley-Read-Hall recombination is one of the dominant loss
mechanisms in both CTS and CTSe devices.The comparatively better performance of
CTSe may therefore be attributed to its lower recombination sensitivity and improved
carrier collection capability.

IILiv.d. Comparative Analysis of CTS and CTSe Absorbers

Although CTS and CTSe possess similar crystal structures, selenium substitution
significantly influences the electronic and optical properties of the absorber layer.
CTSe exhibits a slightly lower bandgap (1.45¢V) compared with CTS (1.50eV),
which enables absorption of longer wavelength photons and consequently improves
photogenerated carrier concentration.The simulation results demonstrate that
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CTSeconsistently produces higher short-circuit current density and efficiency than
CTS. The optimized CTSe device achieves a Jsc of 28.88 mA/cm? and efficiency of
18.55%, whereas CTS provides 27.27 mA/cm? and 17.45%, respectively.In addition,
CTSe shows lower voltage deficit and reduced sensitivity to recombination losses.
Therefore, selenium incorporation contributes to enhanced carrier transport and
carrier generation, leading to superior photovoltaic performance.

ILv. Optimum CTS/CTSe device characteristics

With the aforesaid device layer properties, the optimum CTS and CTSedevices are
found with efficiency of 17.5 and 18.5%,respectively, as shown in Fig.8.a and b.
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IV. Conclusion

The present study demonstrates the comparative numerical analysis of CTS
vis-a-vis CTSe absorber layer with the aid of SCAPS-1D software. By tweaking the
material, electrical, and optical parameters, the obtained efficiencies pertaining to
CTS and CTSe obtained are 17.5% and 18.5%, respectively. It has been found that
the properties of the absorber layer have a predominant impact on device output
performance compared to other layers in the device. The numerical study gives a
meaningful impetus to the material scientist to fabricate CTS and CTSe-based solar
devices.
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