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Abstract: Thin-film (TF) solar cells have recently gained attention due to their high energy
conversion efficiency and sustainability to meet rising energy demands. The absorber layer
is an important part of solar cells and is responsible for light absorption. Popular absorber
layers used in TF solar cells include Cu(In,Ga)Se, (CIGS), cadmium telluride (CdTe), and
Copper Zinc Tin Sulphide (CZTS). However, these materials have drawbacks due to the
toxicity of the materials used, scarcity, and/or high fabrication costs. To address these issues,
this study proposes Copper Tin Sulphide (CTS) as a safer and more abundant alternative
for TF solar cell applications. Numerical models for the absorber layer (CTS) and window
layer (CdS) were conducted using a Solar Cell Capacitance Simulator (SCAPS-1D) to
determine the optimised design. The thickness and Carrier Concentration (CC) of both
CTS and CdS layers were varied to achieve an optimised energy band gap (E,). Data from
these optimisations were used to predict the photovoltaic (PV) device output. The device
demonstrated a conversion efficiency (n) as high as 22.56%, with short-circuit current (J )
of 35.23 mA/ecm?, open-circuit current (V, ) of 0.827V and Fill Factor (FF) of 77.32%,
achieved with a CTS layer of 1710' cm carrier concentration, 1,500 nm thickness, and
1.2 eV energy band gap, combined with a CdS layer of 110" cm carrier concentration and
120 nm thickness. The highest reported experimental efficiencies for CTS-based solar cells
are 5.1% (Na-doped CTS) and 6.0% (Ge-alloyed CTS). These findings indicate significant
potential for improving current TF PV devices. Further experimental investigation is
recommended, and successful outcomes may contribute to the long-term sustainability of
solar cell technology.
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Introduction

Solar energy is a preferred alternative to fossil —selection of suitable materials, as their properties
fuels due to its environmental sustainability. directly influence power conversion efficiency.

However, widespread adoption of solar cells is
limited by factors such as high cost, bulkiness,
and toxicity. Current research focuses on
developing more sustainable and cost-effective

Chalcogenide compounds from group
[-IV-VI such as Cu-Sn-S, show promise for
solar applications due to their abundance
and non-toxic composition (Adelifard et al.,

solar technologies. Compared to conventional 2012). To date, CTS-based TF solar cells have
silicon wafers, thin-film (TF) solar cells offer reached efﬁcie’ncies of up to 5.1% with Na

advantages including reduced material usage, doping (Chantana ef al., 2020) and 6.7% with
lower environmental impact, and compatibility Ge alloying (Umehera ef al., 2016). Various

with flexible substrates such as metal or semiconducting phases exist in CTS, including

plastic foils, making them suitable for diverse
applications, from building materials to portable Cu,5nS, Cu,SnS,, Cu,sns,, C-u 50,8, and
bp > g p Cu,Sn.S . (Chen et al., 2003; Friechter et al.,

devices. A key challenge in this field remains the 2003), with Cu,SnS, and Cu,SnS, identified as
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the most promising due to their high absorption
coefficients and ideal direct band gaps (Bouaziz
et al., 2009).

Cu,SnS, thin films have been fabricated
through a variety of chemical and physical
processes, including chemical baths (Taher et
al., 2015), vacuum evaporation (Robles et al.,
2015), electrodeposition (Mathews et al., 2013),
spray pyrolysis (Adelifard ef al., 2012), SILAR
(Guanetal.,2013), magnetron sputtering (Akcay
et al., 2023), and electron beam evaporation
(Aihara et al., 2013). These films exhibit a range
of crystal structures, including cubical (Amlouk
et al., 2013), tetragonal (Chen & Ma, 2013),
hexagonal (Wu et al., 2007), monoclinic (Berg
et al., 2012), and triclinic (Han et al., 2014). To
reduce resource depletion and environmental
effects, it is important to improve light
absorption, carrier transport qualities, long-term
stability, degradation resistance, fabrication
energy efficiency, and recyclability. Thin film
solar cells have the potential to play a significant
role in the development of clean and sustainable
energy sources by addressing these issues and
emphasising sustainability across their whole
life cycle.

This study aims to simulate an affordable
and environmentally sustainable absorber layer
for TF solar cells. The effects of thickness,
band gap, and carrier concentration in both the
absorber and the buffer layer on photovoltaic
performance are analysed suing the Solar Cell
Capacitance Simulator (SCAPS-1D). The tool
is widely used for solar cell modelling due to
its ease of use, comprehensive physics models,
flexibility, accurate performance predictions,
ability to analyse loss mechanisms, and cost-
effectiveness. Despite its strength, SCAPS-
1D operates in one dimension and assumes
ideal material properties, limiting its ability to
reflect three-dimensional effects and real-word
imperfections.

While this study introduces a new
optimisation method for CTS and CdS layers,
it is acknowledged that real-world efficiency is
also influenced by fabrication methods, material
quality, contact resistance, optical losses,
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temperature effects, and other external factors.
Nevertheless, SCAPS-1D serves as a valuable
tool for estimating the theoretical maximum
efficiency and guiding experimental efforts.

Materials and Methods

The performance of solar cells can be predicted
using numerical modelling, which also helps
accelerate the manufacturing process. In this
study, simulations were conducted using
SCAPS-1D to examine the effects of changing
sample properties, where several measurements
have been (more or less) quantitatively defined.
The presence or absence of specific properties
or the fluctuations of all attributes within a range
of values was used to identify ideal value for
maximising solar cell efficiency.

The device structure of the solar cell
construction used in this study is shown in
Figure 1. The model consists of a Mo/CTS/CdS/
iZnO/AZO configuration, in which p-type CTS
serves as the absorber layer and n-type CdS as
the buffer. Table 1 presents the parameters used
in the SCAPS 1D simulation, based on values
from standard solar cell devices reported by
Fernandes et al. (2010), Jin et al. (2017), Hossain
et al. (2018), and Jiang et al. (2019). For
optimisation, the properties of other layers were
kept constant while the CTS absorber’s layer
thickness (t), Carrier Concentration (CC), and
Energy band gap (Eg) were varied as shown in
Table 2 (a). Once the optimum value for the CTS
absorber layer was determined, optimisation for
the CdS buffer layer was performed by varying
its Carrier Concentration (CC) and thickness
(t) according to Table 2 (b) while keeping CTS
parameters constant. These optimum values
were then used to estimate the overall device
performance of the solar cells.

Due to software limitations, the effects of
series and shunt resistance were not considered.
The band discontinuity at the material interfaces
was assumed to be minimal and was thus
ignored. The AM 1.5 solar spectrum was used
in this simulation and the initial temperature
was set to 300 K. To assess device performance,
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Window Layer
n-type CdS Buffer Layer
p-type CTS Absorber Layer
Mo Back Contact
Glass Substrate
Figure 1: The basic structure of a constructed solar cells device
Table 1: Parameters used in SCAPS-1D numeral modelling
(Fernandes et al., 2010; Jin et al., 2017; Hossain et al., 2018; Jiang et al., 2019)
Unit CTS Cds ZnO i-ZnO
Thickness (uniform layer) nm 1500%* 40* 50 200
Band gap, E, eV 1.20* 242 3.35 3.35
Electron affinity, eV 4.71 4.5 4.4 44
Dielectric .
Permittivity, €, relative 10 10 9 9
CB density of state, N, cm? 2:2710" 1-8710™ 2:2710" 2:2710"
VB density of state, N,, cm? 1-80710" 2:40710" 1-80710" 1-80710"
Electron thermal velocity cm/sec 1-:00°107 1-:00°107 1-:007107 1-:007107
Hole thermal velocity cm/sec 1-:007107 1-:007107 1-:00°107 1-:00°107
Electron mobility, p cm?/vs 1-:00°102 1-:00°102 1-00710? 1-00710?
Hole mobility, u, cm?/vs 8:00710' 2:50"10! 2-50°10" 2:50"10"
Uniform donor density 5 s [FPUEE 1Al
(heavily doped), N, cm 0 1.00°10 1-00°10 1-:00°10
Uniform acceptor density 5 s SN
(lightly doped), N, cm 1.00°10 0 1.00°10 0
Absorption coefficient, a cm’! 2.00°10* 0 0 0
Defect-1:
(a) Defect density 5 single single single single
. cm
(uniform), N, donor acceptor acceptor neutral
(b) Capture cross-section om? 1075 10°15 10-15 105

(holes & electrons), a

* varied as shown in Table 2.

* Conduction Band (CB); Valence Band (VB).

the complete solar cell device structure was
simulated. The model starts with a molybdenum

(Mo) back contact on a glass substrate, followed

by p-CTS and n-CdS layers. These are topped by

i-ZnO and ITO, which serve as window layers
for protection and phonon absorption.

In this simulation, only the CTS and CdS

layers were optimised while other properties
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Table 2: Parameter used in (a) CTS layer and (b) CdS layer

(€)) (b)
Unit CTS Cds
Thickness (uniform layer) nm 300 - 1,500 40-120
Band gap, E, eV 0.90-1.20 2.42
Uniform donor density 5 2 1
(heavily doped), N, cm 0 107-10
Uniform acceptor density om? 105 - 101 0

(lightly doped), N,

were kept constant. Optimum values for the CTS
and CdS layers were determined based on key
photovoltaic performance parameters, which are
open-circuit voltage (V_ ), short-circuit current
density (J_), Fill Factor (FF), and efficiency (1),
within the SCAPS-1D operating temperature.
Figure 2 shows the schematic diagram of the
simulated solar cell.

Results and Discussion
CTS Absorber Layer — Effect of Thickness

The CTS absorber layer is the core of the
solar cell, as it absorbs most photons, which
in turn drives electrons into the conduction
band to generate photocurrent. When the
layer is too thin, its absorption capacity is
reduced, leading to lower power conversion
efficiency. Conversely, overly thick absorber
layers hinder charge carriers from reaching the
electrodes, resulting in recombination losses and
decreased performance. Increasing the carrier

iluminated from :
Las =
left contact (back)
cTS Interfaces
Cds
o | _—
_ eddieyer | I
e S
e TSN
right contact (front) |
SR
Info on graded p only aftera

concentration in the absorber layer enhances
photocurrent generation.

To determine the optimum thickness of
the CTS layer, its thickness was varied from
300 nm to 1,500 nm. During this variation in
SCAPS-1D, the characteristics of other layers
are maintained constant and the band gap of
the absorber was fixed at 1.20 eV. The effects
of varying the CTS layer with FF, V_,J ,and n
are shown in Figure 3. In general, all solar cells’
performance increased with an increase in CTS
layer thickness. The CdS layer thickness is set to
40 nm while CC is set to 1"10" cm™.

An increase in CT thickness from 600 nm
to 1,500 nm resulted in the rise in efficiency
from 16.01% to 19.29%, respectively. This
improvement is attributed to the thicker absorber
layer’s ability to capture more photons, thereby
generating more electron-hole pairs (Lin et al.,
2014). However, Figure 3 (c) shows that J
increases insignificantly as thickness increases

apply voltage V to :
' left contact
right contact

consumer
generator

Invert the structure '

left contact

right contact

back front

Figure 2: The schematic diagram of the simulated solar cell
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Figure 3: SCAPS-1D analysis of (a) FF, (b) V

1500

beyond 1,200 nm due to photon recombination.
In contrast, at thickness below 900 nm, the back
contact remains very near to the depletion region,
facilitating easier collection of recombined
electrons and thereby reducing J .

Previous studies have reported that
increasing the thickness beyond 1,500 nm lead to
only slight gains in efficiency (Shafi et al., 2022;
Zakaria et al., 2023), but a substantial increase
in associated costs. Therefore, considering
the balance between cost and performance, a
maximum thickness of 1,500 nm is considered
a justified choice in this study. Although the
increase in J _ was proportional to the change in
V. both are limited by the thickness of CTS.
The highest efficiency achieved was 19.29% at
1,500 nm.

CTS Absorber Layer - Effect of Band Gap, E,

As mentioned earlier, the band gap energy
range of CTS solar cells in this study was
evaluated from 0.90 eV to 1.20 eV. In this
numerical investigation, four different band gap
values—0.90eV,1.0eV, 1.10eV, and 1.20 eV—
were tested, with the absorber layer thickness
fixed at 1,500 nm.

As the band gap energy increases, the
performance of the CTS solar cell improves.
As shown in Figures 4 (b) and 4 (c), both FF
and V  rise with increasing band gap while
J. decreases. This trend is expected, as lower

oc? (C) Jsc’
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and (d) n with varying thicknesses of the CTS layer

bandgap energy enables absorption of a broader
range of the solar spectrum, including longer
wavelengths, leading to the generation of a
higher number of electron-hole pairs. While a
lower bandgap energy can increase J , it can
also lead to a lower open-circuit voltage (V)
due to the relationship between the band gap and
the maximum achievable voltage.

Hence, a trade-off exists between J  and
V. and the overall power conversion efficiency
depends on the balance between these two
parameters. As shown in Figure 4 (d), at a
band gap of 0.9 eV and 1.2 eV, the calculated
efficiency is 9.8% and 14.46%, respectively.
Therefore, the optimum value of the CTS layer
was achieved for a band gap of 1.2 eV. The
performance increase could be attributed to the
reduced charge carrier recombination rates in
absorber layers with higher band gap energy.

CTS Absorber Layer — Effect of Carrier
Concentration, CC

The Carrier Concentration (CC) in the CTS
absorber layer were varied from 10" to 10
cm? as shown in Figure 5. The FF, V_, and n
parameters increased with higher CC, whereas
J . decreased.

The CC significantly affects J_ in solar
cells. A higher CC can enhance light absorption
and charge carrier generation, leading to an
increase in J . However, excessively high CC
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can also increase recombination, diminishing
the benefits. In this study, the highest efficiency
was achieved at a CC of 10'® cm™, as shown in
Figure 5 (d).

CdS Buffer Layer - Effect of Thickness

This buffer layer lies in between the window
and absorber layer, forming the pn junction of
the solar cell together with the absorber. The
buffer layer facilitates charge transfer across the
junction and plays a critical role in improving
both performance and stability. In theory, the
buffer layer enhances the window-absorber
interface, improving crystal quality on both
sides and reducing the recombination of holes
and electrons. For this analysis, the optimised
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Figure 5: Cell performances in terms of (a) FF, (b) V

oc’

value of the CTS absorber layer’s thickness,
Eg and CC was 1,500 nm, 1.2 eV, and 10" cm™
were used.

Figure 6 shows the cell performances with
varying thicknesses of the CdS buffer layer
from 40 nm to 120 nm. This range was used to
investigate the impact of the CdS buffer layer’s
thickness on solar cell characteristics, which is
within the optimum thickness of 60 nm reported
by Yamamoto et al. (2001). Regardless of
the material used, a thin buffer layer typically
produces a leakage current while a thick buffer
layer could lower the carrier separation rate (Lin
etal., 2014).

It is observed that increasing the buffer layer
thickness causes slight improvements in V_, J

sc?

C.C (em?)

(c) J, and (d) n with varied carrier concentrations of

the CTS layer
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FF, and n, as shown in Figure 6. Specifically,
efficiency increased slightly from 22.34% to
22.45% as thickness increased from 40 nm to
120 nm. However, the changes in V_, J , FF,
or n are not substantial. A thicker buffer layer
may absorb higher-energy photons, resulting in
photon loss (Chelvanathan et al., 2010), as more
photons are absorbed by the n-type buffer layer
before reaching the p-type absorber layer. This
increases the recombination rate, reducing both
current and efficiency. Based on the analysis,
a buffer thickness of 120 nm is considered
optimal, as it does not compromise J_or V_.
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CdS Buffer Layer — Effect of Carrier
Concentration, CC

The Carrier Concentration (CC) of the CdS
buffer layer was varied from 10'% to 10'® cm™.
Figure 7 shows that both V_and FF begin to
decline drastically when the donor concentration
exceeds 10 cm™. As the CC increases, more
charge carrier traps are formed, raising the
likelihood of contact. Since the charge carrier
lifespan is inversely related to trap concentration
(Lugue & Hegedus, 2011; Zhang et al., 2016),
the increased recombination rate reduces the
potential difference, leading to a lower V_.
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Consequently, FF, which is proportionally
related to V also declines. This trend was
similarly observed by Zhang et al. (2016), where
concentrations above 10'7 cm™ led to a declining
pattern that could be explained by the increase
in carrier recombination.

In contrast, J  increases as the carrier
concentration increases. This is attributed to
an increase in the potential electric field at
the heterojunction. As a result, the quantity of
photogenerated electron-hole pairs is increased,
thereby increasing J . The optimal CdS buffer
layer CC for an efficient output from a solar cell
was found to be 10'® cm?, based on the highest
observed n [Figure 7 (d)] of 22.56%. This value
corresponds to the most effective doping level
for CdS in the simulation.

Comparative Analysis

For comparison, similar results were reported
by Amiri et al. (2017), who used the same
software and achieved a maximum efficiency of
20.36% with a CTS absorber layer thickness of
4,000 nm and a bandgap of 1.25 eV, and a CdS
buffer layer thickness of 10 nm. In contrast, this
present study improved efficiency to 22.56%
by optimising the carrier concentrations in both
layers while using a thinner CTS absorber layer
of 1,500 nm.

Another study by Hossain et al. (2017),
using the AMPS-1D software, found optimum
CTS absorber layer values of 10" c¢cm for
carrier concentration and 2,500 nm to 3,000 nm
for thickness across different CTS absorber layer
phases. For the cubic and tetragonal phases, the
optimum absorber layer thickness of 2,500 nm
and carrier concentration of 10'® cm? yielded the
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highest efficiency of 10% and 8%, respectively.
For the orthorhombic phase. a thicker absorbing
layer of 3,000 nm resulted in an efficiency of
12%.

In terms of experimental outputs, CTS is
commonly compared to CZTS solar cells due to
their similar compositions. The highest reported
experimental efficiency for CTS ranges from
4.6% (Na-doped CTS) to 6.7% (Ge-alloyed
CTS) while CZTS has reached 12.6% (Wang et
al., 2014; Nakashima et al., 2015; Umehara et
al.,2016). A comparable SCAPS-1D simulation
by Jiang et al. (2019) for Ge-alloyed CTS
prediceted an optimum efficiency of 15.65%
using a uniform structure. In contrast, this study
achieved a simulated efficiency of 22.56%,
which is comparatively higher than both the CTS
and CZTS existence results, as shown in Table
3. The optimal estimated band gap in this study
was 1.2 eV, compared with the experimentally
reported CTS band gaps of 1.0 eV to 1.5 eV
(Islam et al., 2020) and CZTS band gaps of 1.4
eVto 1.6 eV (Islam et al., 2021).

The significant discrepancy between the
simulated and experimental efficiency values
for CTS solar cells is a major concern. The
simulation-optimised efficiency of 22.56%
greatly exceeds the the experimentally observed
values for CTS solar cells, which typically
range from 5.1% to 6.7%. While simulations
can provide valuable theoretical insights, they
often rely on idealised assumptions that may
not accurately reflect real-world conditions.
This can lead to overly optimistic predictions of
device performance. Real-world CTS materials
may suffer from defects, impurities, and non-
ideal crystal structures, which can significantly
degrade performance compared with the perfect

Table 3: CTS simulation comparison

. CZTS’s Highest

9

CTS Simulation Result CT,S s Highest Reference Experimental Reference

Experimental Result
Result
(Umehara
N o/ _ £ 70 etal., 2016; 0 (Wang et al.,
22.56% 5.1% - 6.7% Chantana ef al., 12.6% 2014)
2020)
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materials assumed in simulations. Additionally,
fabrication variables, including deposition
techniques, annealing conditions, and interface
engineering can introduce imperfections
and limitations that are not accounted for in
simulations.

Thin film research while promising, presents
several experimental challenges. Achieving
precise control over film thickness, composition,
and microstructure is often difficult. Ensuring
uniform film properties across large areas can
be challenging, as variations can significantly
impact performance. Minimising defects like
grain boundaries, voids, and impurities is crucial
for optimising film properties.

Accurately characterising the properties of
thin films, especially at the nanoscale, requires
highly  sensitive techniques. Controlling
interfaces between different layers is critical
for efficient charge transport and device
performance. Ensuring the long-term stability
of thin films under various environmental
conditions is a major challenge. Scaling up the
fabrication process while maintaining consistent
quality and cost-effectiveness is a significant
hurdle. Compared with other materials, CTS is
relatively inexpensive and abundant. It is also
non-toxic and environmentally sustainable.
However, CTS is still a relatively new material
and its long-term stability and scalability need to
be fully validated.

Conclusions

The performance of solar cells depends
on their internal physical mechanisms.
Simulation software allows researchers to
predict performance by modelling the physical
functioning properties of thin-film solar cells.
In this study, a detailed analysis was conducted
using SCAPS-1D to model a thin-film solar cell
structure comprising Al:ZnO/ZnO/CdS/CTS/
Mo/SLG. The performance of the CTS and CdS
layers was evaluated by varying their thickness,
band gap, and carrier concentration. The
optimum values for the CTS absorber layer were
identified as a thickness of 1,500 nm, a band gap
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of 1.2 eV, and a carrier concentration of 10'®
cm?. For the CdS buffer layer, the optimum
thickness and carrier concentration were both
found to be 120 nm and 10" cm?, respectively.

The optimised structure achieved a J  of
38.43 mA/cm?, V. of 0.83V, FF of 77.32%, and
efficiency, n of 22.56%. These results suggest
that the proposed CTS/CdS solar cell structure
is a promising candidate for photovoltaic
applications. The identification of optimum
parameter values offers valuable guidance
for future fabrication of CTS-based devices,
supporting its potential as a green energy
solution.
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