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Abstract

In this study, the PV performance of Au/BSF/CTS/CdS/i-ZnO/ITO thin-film solar cell
(TEC) structure was systematically investigated using SCAPS-1D software. The effects of
several critical parameters, including interface defect density, recombination mechanisms,
absorber defect density, operating temperature, parasitic resistances, and different back
surface field (BSF) layers, were comprehensively analyzed. The SCAPS-1D software results
reveal that the photovoltaic performance is highly sensitive to the defect density at the
absorber layer interface. When the interface defect density increased from 10> cm =3 to
10'® cm~3, the open-circuit voltage (Voc) decreased from approximately 0.68 V to 0.45 V,
while the power conversion efficiency (PCE) declined from nearly 19% to about 7%. Simi-
larly, an increase in absorber defect density enhanced the Shockley—Read-Hall recombina-
tion rate, thereby reducing carrier lifetime and significantly deteriorating PV parameters.
The influence of radiative and Auger recombination (B 4,g.r) processes was also examined,
revealing that higher recombination coefficients lead to substantial reductions in current
density and efficiency due to increased carrier losses. Furthermore, the impact of parasitic
resistances was evaluated, demonstrating that decrease the series resistance from 9.5 Q-cm?
to 0.5 O-cm? increased the fill factor (FF) from about 48% to nearly 78%, while the device
efficiency improved to approximately 32%. In addition to these parameters, particular
emphasis was placed on the investigation of different BSF materials to enhance back contact
performance. Various BSF layers, including SnS, PbS, V,0s, and Sb,S3, were examined to
improve band alignment and suppress minority carrier recombination at the rear interface.
Among these materials, the SnS BSF layer provided the most favorable band alignment
with the CTS absorber, leading to a notable improvement in PV parameters and increasing
the efficiency to approximately 25%. Overall, the results demonstrate that optimizing
defect densities, recombination mechanisms, parasitic resistances, and especially the se-
lection of appropriate BSF materials plays a crucial role in improving the performance of
CTS-based TFCs.
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1. Introduction

In recent years, the rapid increase in global energy demand, along with the limited
availability of conventional energy resources, has intensified exceptional interest in renew-
able energy solutions, particularly focusing on the design and fabrication of PV cells that
can exchange solar energy into electrical power. In order to accelerate the advancement
of PV technologies, minimizing production costs and material consumption is crucial. In
this regard, among the most widely studied polycrystalline TFCs, CdTe and Cu(In,Ga)Se;
have demonstrated high power conversion effectiveness of approximately 23-25% and
27%, respectively [1-3]. Nevertheless, the absorber layers employed in these structures
incorporate elements such as tellurium (Te), indium (In), gallium (Ga), and selenium (Se),
which are not only scarce and limited in availability but also pose significant toxicity
concerns (e.g., Cd, Se, and Te). This challenge has prompted researchers to investigate
alternative materials. In this context, substituting environmentally friendly elements, such
as In, Se, and Ga, as well as cost-effective and earth-abundant elements like copper (Cu),
tin (Sn), zinc (Zn), and sulfur (S), has enabled the development of CupZnSnS, (CZTS) TECs,
which is a novel and highly promising absorber layer. Even though CZTS thin-film solar
cells have achieved a maximum PCE of around 15% [4], synthesizing phase-pure CZTS
without the formation of secondary phases such as Cu-5n-S/Cu-S, Sn-S or Zn-S remains an
important challenge because of the complex nature of its phase diagram and the difficulty
in obtaining a uniform single-phase material. In addition, the suppression and identifi-
cation of secondary phases pose significant difficulties. While various chemical-etching
techniques have been developed to eliminate these phases, they are generally effective
only at the surface, leaving secondary phases embedded deeper within the material largely
unaffected [5,6]. On the other hand, controlling the zinc content during the deposition
of CZTS samples is mainly challenging because of the relatively high vapor pressure of
Zn related to other constituent elements. Furthermore, Zn-related defects are generally
deep-level and are considered among the main factors limiting the performance of CZTS
thin-film solar cells [7,8]. Additionally, ZnS, an n-type semiconductor, may form at various
locations within CZTS samples, thereby reducing the carrier concentration. To mitigate
the challenges described above, it is more practical to fabricate and investigate Cu-Sn-S
samples with a ternary structure that excludes Zn. Compared to CZTS, Cu-Sn-S samples
are easier to control in terms of both elemental composition and defect formation, owing
to the fact that they are composed of only three environmentally benign elements. The
development and fabrication of Cu-Sn-S ternary compounds have garnered significant
interest among researchers, not only because of their environmental friendliness and cost-
effectiveness but also due to their natural abundance and potential for stable optoelectronic
properties. This ternary system is composed of distinct phases: CuySnS;, CuzSnSy, and
Cuy5nSy. Previous studies have demonstrated that each of these phases possesses favorable
optoelectronic properties, making them suitable candidates for use as absorber layers in
PV applications [9,10]. Moreover, their high absorption coefficients and tunable energy
gaps further enhance their potential for efficient conversion of solar energy to electric
power. Currently, CuzSnS, (CTS) semiconductors stimulate some increase in attention
as important members of I-IV-VI groups with relatively narrow energy band gaps. The
environmentally friendly and low-cost nature of CTS has made it an appealing material for
a wide range of PV applications. Depending on the crystal structure, CTS exhibits different
optoelectronic properties: samples with cubic and monoclinic structures have band gaps in
the range of 0.9-1.0 eV, whereas tetragonal and orthorhombic phases display larger band
gaps between 1.3 and 1.6 eV [11,12]. These variations in crystal structure and corresponding
band gaps highlight the tunability of CTS for specific solar cell applications. The primary
application of CTS is in solar cells; however, CTS nanoparticles (INPs) obtained via chemical
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techniques have also been explored for photocatalytic applications, Na-ion batteries, gas
sensing, photocatalytic hydrogen (H) production, and photonic devices, owing to their
porous microstructure and high surface area [12-16].

In light of the properties discussed above, CTS stands out as a highly promising
absorber material for the next generation of TFCs. A major focus in current PV research and
development is to create solar cells that are commercially viable by satisfying three essential
requirements: high energy conversion efficiency, cost-effectiveness, and reliable operational
stability. Decreasing the thickness of CTS absorber layer can substantially reduce the
quantity of material needed, leading to lower manufacturing costs [12,17]. Additionally,
optimizing the thickness of different layers throughout the solar cell structure not only cuts
down on production expenses, energy consumption, and fabrication time but also ensures
more efficient use of materials overall.

In 2025, Manimozhi et al. [18] reported that a DSSC employing a CTS/graphene
(50 mg) nanocomposite as the counter electrode achieved a PCE of 10.21% through a simple
one-pot solvothermal synthesis. Liu et al. [19] demonstrated that a 40 nm CTS counter
electrode deposited on FTO by DC magnetron sputtering technique with a ceramic target
reached a maximum PCE of 7.75%, comparable to commercial platinum electrodes. In 2017,
Chen et al. [20] synthesized a tetragonal CTS sample on FTO substrate via solvothermal
sulfurization of a Cu-5n precursor, and the resulting CTS/FTO counter electrode exhibited
a PCE of 7.80%, surpassing that of a Pt electrode (6.52%). However, the solvothermal
technique requires a long reaction time (~20 h), which limits its cost-effectiveness for DSSC
fabrication. Despite these advances, the maximum PCE of CTS-based TFCs remains ap-
proximately three times lower than that of other second-generation thin-film technologies,
indicating the need for further research to enhance their efficiency.

With the goal of advancing CTS-based solar cells toward commercial viability, re-
searchers have focused on developing an improved device architecture consisting of
ITO/ZnO/CdS/CTS/BSF/Au metal contact, in which ITO functions as a transparent
conductive layer, ZnO acts as an electron transport layer, CdS serves as an effective window
layer that facilitates light absorption while minimizing recombination losses, CTS absorber
provides a low-cost, environmentally friendly, and earth-abundant alternative to traditional
materials with tunable band gaps suitable for efficient PV conversion, and the BSF and Au
contact are designed to enhance carrier collection and reduce energy loss, with considerable
effort devoted to optimizing the thickness, composition, and interface properties of each
layer to maximize overall PCE [21-23]. Accordingly, the primary objective of this study
is to explore a novel CdS/CTS thin-film solar cell configuration aimed at enhancing PCE
while reducing production costs through minimizing material layer thicknesses, and a
new device architecture comprising Au/BSF/CTS/n-CdS/i-ZnO/ITO has been proposed,
with multiple strategies being investigated to optimize performance through advanced
cell design. Numerical simulation provides a powerful approach for investigating how
changes in material properties affect the performance of solar cells, allowing researchers
to evaluate design feasibility, optimize structural parameters, and predict device behavior
prior to experimental fabrication, and in this study, simulations were performed using
SCAPS-1D platform to examine the influence of the thickness of monoclinic CTS absorber
layer and charge carrier concentration on key metrics, with the impact of varying the buffer
layer thickness analyzed to determine the optimal configuration for establishing an efficient
interface with the CTS absorber and to evaluate its contribution to overall cell efficiency,
while essential output parameters, including V¢, short-circuit current density (Jsc), FF,
and PCE, were systematically recorded and analyzed to characterize the proposed device
structures’ performance. Moreover, in this study, SCAPS-1D simulations also considered
critical parameters such as interface defect density, radiative and B4, coefficients, and
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the characteristics of various BSF layers to evaluate their influence on the PV performance
of the CTS-based solar cell. This comprehensive approach ensures that the interplay be-
tween material properties, layer thicknesses, and interface engineering is fully captured,
providing deeper insight into the design of high-efficiency CTS TFCs.

In addition to the material-level advantages discussed above, CTS-based solar cells
are also highly compatible with sustainable energy systems. Owing to their composition of
earth-abundant, low-toxicity elements and their compatibility with scalable thin-film fabri-
cation techniques, as well as CTS absorbers, provide a promising route toward cost-effective
large-scale photovoltaic deployment. However, it is important to note that many existing
studies, including device-oriented investigations, predominantly focus on material and
device optimization, often lacking sufficient connection to broader energy system consider-
ations such as scalability, system integration, and long-term sustainability. Addressing this
gap is essential for evaluating the real-world applicability of CTS-based technologies. In
this context, recent studies emphasize the integration of PV technologies into multi-energy
systems, where electricity generation is synergistically combined with thermal energy
management and hydrogen production/storage to improve overall system efficiency and
flexibility. In particular, risk-aware optimization frameworks for hydrogen-oriented energy
systems highlight the critical role of PV technologies in enabling low-carbon and resilient
energy infrastructures [24]. Furthermore, CTS materials exhibit potential for photoelec-
trochemical hydrogen generation, extending their functionality beyond conventional PV
applications. Recent advances in functional materials also provide new opportunities
to enhance CTS device performance. For instance, bioinspired photothermal superhy-
drophobic metamaterials have demonstrated improved photo/electro-thermal conversion
and anti-/de-icing capabilities [25,26], while plasmonic metamaterials with optical valve
characteristics enable selective spectral absorption for advanced light management [27].
Additionally, the development of highly conductive PEDOT:PSS hole transport layers has
significantly improved interfacial charge transport in emerging PV systems [28]. These
interdisciplinary developments suggest that CTS-based solar cells can be further optimized
in terms of light harvesting, carrier transport, and environmental stability, reinforcing their
potential role not only as efficient photovoltaic absorbers but also as key components in
hybrid, hydrogen-integrated, and low-carbon multi-energy systems.

In this study, the implementation of SnS, PbS, V,0s5, and Sb,S; as BSF layers to
effectively suppress the recombination of minority charge carriers at the rear contact
region while enhancing carrier collection within the depletion region. This strategic band
alignment and back interface engineering result in a significant improvement in the overall
photovoltaic performance of the solar cell. In addition, the comprehensive optimization
framework, in which critical device parameters, including interface defect density, radiative
and B4y ger within the absorber layer, bulk defect density, series and shunt resistances, and
operating temperature are systematically varied. Based on this parametric analysis, the
study determines the attainable lower and upper bounds of the PV parameters, thereby
providing a more realistic performance window and deeper insight into the operational
limits and stability of the proposed device structure.

2. Characterization of CuzSnS; Thin Film

The XRD results of the previously obtained CTS-1 for annealed at 30 sccm sulphur
flux (15 min), CTS-2 for annealed at 30 sccm sulphur flux (30 min), CTS-3 for annealed at
40 sccm sulphur flux (15 min), and CTS-4 for annealed at 40 sccm sulphur flux (30 min)
samples reveal that the dominant phase in all samples is orthorhombic CuzSnS; with a
pronounced preferential orientation along the (222) plane [22].

https:/ /doi.org/10.3390/nano16100597


https://doi.org/10.3390/nano16100597

Nanomaterials 2026, 16, 597

50f29

The crystallite sizes calculated from the XRD data for the (222) plane range from
approximately 34.7 to 45.6 nm, while the dislocation density varies between 4.82 x 10'# and
8.32 x 10'* m~2. The decrease in crystallite size accompanied by an increase in dislocation
density indicates an increase in lattice imperfections and internal strain. This behavior is
associated with the higher sulfur flux and prolonged annealing time, which limit grain
growth and promote defect formation within the crystal structure. The variations in
crystallite size and dislocation density are presented in Figure 1.
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Figure 1. The crystalline size and dislocation density change of CTS thin films.

The optical behavior of the previously reported CTS-1, CTS-2, CTS-3, and CTS-4
samples demonstrates a strong dependence on sulfur flow rate and annealing conditions
(Figure 2).
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Figure 2. The absorption coefficient of CTS thin films.

In the visible region, the absorption coefficient reaches values on the order of 107 m~1,

with CTS-2 showing the most pronounced absorption, while samples prepared under
higher sulfur flux exhibit relatively reduced values. This trend can be associated with
sulfur-induced compositional deviations and the emergence of secondary phases (e.g., Cu,S,
5nS;), which disturb the optical uniformity of the CuzSnS, matrix and weaken its effective
light-harvesting capability. Despite this, all films maintain sufficiently high absorption
coefficients (>10° m '), confirming their potential for optoelectronic applications.

The band gap energies, extracted from Tauc analysis (Figure 3), vary between 1.36
and 2.10 eV, showing a systematic increase with increasing sulfur content. This behavior is
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attributed to changes in the electronic structure arising from lattice imperfections, phase

inhomogeneity, and reduced crystallinity, all of which influence the optical transitions in
the material.

(cthv)?

Ll

1.5 2.0 2.5 3.0
Energy (hv)

Figure 3. The energy band gap of CTS thin films.

The SEM image (Figure 4) shows that the CTS film annealed at 550 °C exhibits a
homogeneous and well-adhered surface with nearly spherical Cu3SnSy grains. Compared
to CTS-1, prolonged annealing leads to a denser morphology composed of loosely packed
nanocrystals, confirming the polycrystalline nature of the films. Changes in sulfur flux
modify grain structure and surface coverage, indicating that sulfur content plays a key role
in determining the film morphology and related properties [22].
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Figure 4. SEM images of (a) CTS-1, (b) CTS-2, (c) CTS-3, and (d) CTS-4 thin films.
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The grain size distribution obtained from the histogram analysis is presented in
Figure 5. The average grain sizes were determined to be approximately 480 nm for CTS-1,
240 nm for CTS-2, 190 nm for CTS-3, and 240 nm for CTS-4. These values are consistent
with the SEM observations (Figure 4), where noticeable variations in grain size and surface
morphology are evident among the samples. The reduction in grain size, particularly for
CTS-3, can be attributed to changes in annealing conditions and sulfur content, which
influence nucleation and growth mechanisms during film formation.
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Figure 5. Histogram of (a) CTS-1, (b) CTS-2, (c) CTS-3, and (d) CTS-4 thin films.

3. The Modelling of Au/BSF/Cu3SnS4/CdS/i-ZnO/ITO Thin Film Solar
Cell by SCAPS-1D Software

In our earlier work, CuzSnSy (CTS) thin films were successfully produced by the spin
coating method, and the influence of the sulphur flow rate, together with annealing time
on their structural, optical, crystallographic, and electrical characteristics, was examined
in detail. X-ray diffraction measurements indicated that the films predominantly crystal-
lized in the orthorhombic CTS phase with a preferred (222) orientation, while the peak
intensities were found to be strongly dependent on the annealing parameters. For samples
annealed at 550 °C, the calculated crystallite sizes were within the range of approximately
34.67-45.56 nm. In addition, the dislocation density values were estimated to vary between
4.82 x 10" m~2 and 8.32 x 10" m~2, whereas the microstrain values were determined
to be in the range of 0.32 x 107#-0.42 x 10~*. Raman spectroscopy analysis revealed
the existence of secondary phases such as SnS and Cu,SnSs, characterized by dominant
vibrational modes around 228 cm™~!. Surface investigations performed by atomic force
microscopy demonstrated that the average roughness values of the samples were between
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32.37 nm and 50.50 nm, respectively. Scanning electron microscopy (SEM) images further
confirmed a relatively uniform surface morphology composed mainly of spherical grains.
Photoluminescence spectra exhibited emission features near 1.41 eV and 1.80 eV together
with broad emission bands centered at approximately 549 nm, 567 nm, 689.42 nm, and
882.6 nm. Particularly, the peaks observed at 549 nm and 567 nm in the green spectral
region were attributed to intrinsic defect levels associated with Cu, Sn, or S atoms. The
optical band gap values were determined to vary between 1.36 eV and 2.10 eV depending
on the sample conditions, suggesting the possible contribution of secondary phases. More-
over, Hall effect measurements confirmed that CTS film exhibits p-type conductivity with
carrier concentrations on the order of 10'7-10'® cm~3, while carrier mobility values ranged
from 54.90 to 231.18 cm? V~! s~1, according to the applied annealing conditions [22].

A simulation tool is required to assess the performance of solar cells fabricated through
experimental methods to model the potential behaviour of a solar cell by integrating the
produced semiconductor thin films [29]. Simulation software such as SCAPS-1D, SILVACO,
AMPS-1D, and ATLAS are employed to evaluate and validate the theoretical efficiency of
solar cells [30,31]. SCAPS-1D is utilized to compute the efficiency of solar cells comprising
multiple layers, employing an approach that deviates from traditional methodologies.

In this investigation, a solar cell structure consisting of Au/BSF/CTS/n-CdS/i-ZnO/ITO
was modelled using the SCAPS-1D simulation tool, with the CTS layer serving as the ab-
sorber material. SCAPS-1D numerically resolves the fundamental semiconductor transport
equations, including the coupled Poisson and carrier continuity equations, which define
charge carrier dynamics within the material system. SCAPS-1D simulation platform en-
ables systematic parameterization and grading of input variables, including recombination
mechanisms, carrier polarity, bulk and interface defect states, defect energy distributions
(Gaussian, discrete single-level, uniform, or hybrid configurations), and contact boundary
conditions (flat-band or work-function-defined), as well as optical characteristics such
as direct photo-generation processes [32]. Figure 6a,b illustrate the fundamental device
configuration of the solar cell and SCAPS-1D software work steps, respectively. The ab-
sorption coefficient data file, corresponding to the CTS thin film, was incorporated into the
simulation software as an input parameter. The specific physical parameters associated
with the constituent layers of the CTS thin-film solar cell are summarized in Table 1. The
experimentally produced CTS thin film thickness, band gap, mobility of electrons/hole
charges, and density of acceptor are experimental data in Table 1. The physical parameters
of the other layers are taken from the literature and referenced.

(b)
1 4 Launch SCAPS

W

z

1 Give Input Parameter W

BSF (SnS/PbS/V;04/Sh,S,) ‘l Specify the Action to be Measure ]

Figure 6. (a) The CTS solar cell diagram with BSF layer and (b) SCAPS-1D software work steps.
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The software computes PV parameters by solving the following set of equations

(Equation (1)):
d d?
O = T[p(x) — n(x) + Nj () — Nj + pe(x) — ()] @

Y denotes the electrostatic potential, & represents the dielectric permittivity, g stands
for the elementary charge, n and p indicate the electron and hole concentrations, respec-
tively, N; corresponds to the ionized acceptor density, N}} refers to the ionized donor
density, p; and n; indicate the densities of hole and electron trap states, respectively, and x
signifies the spatial coordinate [32].

Continuity equations for holes (Equation (2)) and electrons (Equation (3)) [33]:

dpn . _ Pn = Pno dj dﬁ dZPn
dt =Gy T +P"ypdx+ypde +Dpdxz @
dpp np — 1po dE dn, d*ny,
W_G"_T+np#”ﬂ+V"EE+D"W 3)

G, and Gp denote the rates at which electrons and holes are generated, while np
and p, represent the electron and hole concentrations within the p and n type regions,
respectively. The equilibrium values of the hole concentration in the p-type region and the
electron concentration in the n-type region are represented by 7, and py,0, respectively.
The lifetimes of electrons and holes are characterized by 7, and 7, while the mobilities
of electrons and holes are indicated by p, and pp, respectively. E denotes the electric
tield, while D, and D, represent the diffusion coefficients associated with electrons and
holes, respectively. The transport of charge carriers due to drift and diffusion processes for
electrons and holes is expressed in Equations (4) and (5):

d dE

Jn (x) = qnunE + an£ = Ny, d;" (4)
dp dEry

Jp (x) = apupE = qDp—— = npp—- ®)

Erp and Ep, correspond to the quasi-Fermi levels for holes and electrons, respectively.

Table 1. Physical characteristics of the layers in the simulated CuzSnSy solar cell.

Layers for Solar Cells ITO [34] i-ZnO [18] CdS [35] CTS [22,36] SnS [37] PbS [38] V,0s5 [39] Sb,S; [40]
Energy Gap (eV) 3.3 3.3 2.4 1.36 (exp.) 1.3 1.3 22 1.62
Affinity of electron (eV) 4.6 4.6 4.2 47 42 42 3.4 3.7
The permittivity of dielectric 9 9 10 10 12.5 9 10 7.08
CB effective density (cm~3) 2.2 x 1018 22 x 1018 2.2 x 108 2.2 x 1018 1.0 x 101 1.0 x 101 9.2 x 107 2.0 x 101
VB effective density (cm~3) 1.8 x 101 1.8 x 10 1.8 x 101 1.8 x 101 413 %10  413x10°  50x 10 1 x 101
Thermal velocity of electron/Hole (cm/s) 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107
Mobility of electron/Hole (cm? /Vs) 100/25 100/25 100/25 23(1é)1<?)/)20 25/100 100/38 320/40 9.8/10
Density of shallow donor (cm %) 1.0 x 102 1.0 x 10° 1.0 x 10'8 0 0 0 0 0
: 3 3.13 x 10V 18 17 18 15
Density of shallow acceptor (cm ™) 0 0 0 (exp.) 1.0 x 10 1.0 x 10 1.0 x 10 1.0 x 10
Thickness of film (nm) 100 100 50 857 (exp.) Variable Variable Variable Variable

3.1. The Influence of the Interface Defect Density

In solar cells, band gap mismatch, band slope mismatch, crystal defects, crystal
dislocations, grain boundaries, pinholes, microscopic cracks, and stress formations due to
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differences in thermal expansion between two semiconductors, oxide layer formation, and
sagging bond formations lead to the formation of interface defects and the recombination
of photo-excited charge carriers [41]. An elevated density of interface defects leads to a
reduction in the overall performance of the solar cell. The presence of interfacial defect states
creates localized trapping sites that function as recombination centers [42]. An increased
defect density results in a greater number of these regions, which subsequently trap more
charge carriers, particularly electrons. Moreover, interfacial defects can exacerbate series
resistance, leading to a significant reduction in the device’s efficiency. When the interface
defect density is increased from 1 x 10° cm =3 to 1 x 10'> cm~3, there is almost no significant
change in PV parameters, which indicates that the system operates in a defect-tolerant
regime in this region. This means that the trap levels at the interface are sufficiently low
and carrier lifetimes are not limited by Shockley—Read-Hall (SRH) recombination. As N;

increased from 1 x 102 cm 3 to 1 x 10'® em ™3
in Jsc, Voc, FF, and 7, which decreased from 29.22 mA/cm? to 27.12 mA/cm?, from
0.6820 V to 0.456 V, from 48.03% to 30.14%, and from 19.14% to 7.47%, respectively (in
Figure 7). Increased interface trap density significantly increases the SRH recombination

, a corresponding decline was observed

rate by creating intermediate energy levels in the semiconductor band gap, which explains
the significant decrease in V. in particular. Traps disrupt the transport path of charge
carriers, reducing the diffusion length and collection probability, which leads to a decrease
in Jsc. Charge accumulation and trap filling at the interface disrupt the local electric field
distribution, weakening band bending, which indirectly leads to a deterioration of the FF
and series resistance behavior.
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0.66 ~ 29
- g
> 0.6 o 285
N’
: g
> 0.54 E 28
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X 415 o138
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Figure 7. (a) Voc, (b) Jsc, (¢) FF, (d) # PV parameters depending on the interface defect density Nj;.

3.2. The Recombination and Generation Processes
3.2.1. The Effect of the Radiative Recombination

A photon is emitted when an electron transitions from the conduction band (CB) to
the valence band (VB) through a radiative recombination process. This process, where
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the electron and hole recombine, is referred to as radiative recombination. The B, is
mathematically represented by Equation (6) [42]:

1

Bh=—+——
T or p,radNA or D

(6)

The radiative recombination coefficient, B, (%), is associated with the radiative
lifetimes of the electron and hole carriers, denoted as 7,44 (s) and T, 44 (s), respec-
tively. In this work, the efficiency of CTS TFCs remained unaffected as B, varied between
1 x 1075 em3/sand 5 x 10719 cm3/s. This indicates that the device is insensitive to radia-
tive processes in terms of its recombination mechanism in this region, and performance
can be largely controlled by the SRH or transport-limited region. However, when B, is
arisen from 5 x 10710 cm3/sto 1 x 10~% ecm3/s, PV parameters of the TFC, it experiences
an important decrease, with Vo dropping from 0.684 V to 0.524 V, Js¢ decreasing from
28.75 mA/cm? to 7.06 mA /cm?, and efficiency falling from 19.12% to 3.66%, as shown in
Figure 8a—d. An enhancement in B, value leads to a reduction in the carrier lifetime or
carrier density, which in turn results in a decline in the solar cell’s performance, as stated
in Equation (6). This transition can be explained by the rapid decrease in carrier lifetime
due to the T,,5 « 1/B; relationship, and, consequently, the weakening of the quasi-Fermi
level separation, which directly leads to a decrease in V.. At the same time, increased
radiative recombination leads to a notable decrease in s, especially as carriers produced
in the depletion region are destroyed before they can be transported within the solar
cell. The deterioration in FF shows that increased recombination not only reduces the
number of carriers but also weakens the internal electric field distribution and disrupts
carrier transport. As a result, the device exceeds a critical threshold point in terms of
production-recombination balance, and the efficiency rapidly decreases.

0.7 a b
(a) ey (b)
0.66 %
E 23
o~ ~
> 0.62 é 185
0.54 = 95
0.5 5
5105 5101 5.10;0 5107 5.10¢ 51015 5.1013 5.10310 5107 5.10+
B, (cm?/s) B, (cm?/s)
54 21
(c) (d)
528 16.5
~ ~
= 51.6 e
S S 12
Eso.4 =
492 7.5
48 3
51015 5103 5101 5.107 5.10¢ 51015 510 5101 5107 5.10¢
B, (cm?/s) B, (cm3/s)

Figure 8. (a) Voc, (b) Jsc, (c) FF, (d) # PV parameters as a function of the radiative recombination
coefficient (By).
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In TFCs, a high concentration of photo-excited charge carriers, approximately
1.5 x 10?2 (1/cm3-s), is generated in the vicinity of the depletion region of the p-type
absorber layer, located at a distance of x = 0.857 um, as demonstrated in Figure 9a. Due to
the reduction in light absorption from the depletion region to the back contact, the rate of
charge carrier generation declines to 8.89 x 10" (1/ecm3-s) at x = 0 um. As the radiative
recombination coefficient B, was raised from 1 x 10~ 2 cm3/s to 5 x 10710 cm3/s, the rate
of radiative recombination near the depletion region increased from 2.14 x 1020 (1/cm?3-s)
to 4.15 x 10?! (1/cm3-s). After B, =5 x 107 19cm3/s (ranging from 1 X 1072 cm3/s to
1 x 10~*cm?/s), PV performance broke down considerably as the recombination rate
surpassed the charge generation rate, as demonstrated in Figure 9b.

= Generation (a) F2'1E+22 —B,=1012 cm3/s (b)
E1.8E+22 B =101 cm¥/s
Sispm —se0t e
S 1.2E+22
-
2 9E+2
T 6E+21
o
O 3E+21 =
0 02 04 06 08 1 1.2 0 02 04 0.6 08 1 12
x (um) X (um)

Figure 9. (a) Generation and recombination rate as a function of position (x) for the CTS TFC (b) at
different radiative recombination coefficients (B,) ranging from 10712 cm3/s to 10~* cm3/s.

3.2.2. The Effect of the Auger Electron Recombination

The holes and electrons recombine within the absorber layer, releasing energy during
the process. This energy is subsequently transferred to the charge carriers, enabling them
to transition into higher energy states without the emission of radiation. The phenomenon
referred to as Auger recombination is a non-radiative process. The By coefficient is
defined by Equation (7):

! @)

BAu =
ger, n or p 5
T or p,radNA or D

In this study, PV parameters were evaluated as a function of the B¢, coefficient,
varying within the range of 10732 cm®/s to 107! cm®/s. All parameters exhibited a
pronounced variation up to an Bgyg. coefficient of 10724 cm®/s. With an increase in
the Auger recombination coefficient from 10724 cm®/s to 1074 cm®/s, as illustrated in
Figure 10a-d, all PV parameters of the solar cell experienced a notable reduction. A
substantial degradation in the | — V characteristics is observed when the B 4., coefficient
exceeds Bayger,n 1072 cm®/s: V¢ decreased from 0.681 V to 0.377 V, Jsc declined from
29.22 mA /cm? to 8.54 mA /cm?, FF decreased from 48.46% to 37.79%, and 7 diminished
from 19.36% to 2.43%, respectively (in Figure 10a~d). When B 4;,¢.; becomes dominant, the
recombination rate increases, and carriers are destroyed very quickly within the absorber
before they can be collected. Carrier lifetime and diffusion length are severely reduced,
physically limiting the carriers’” ability to reach the joint area. This rapid decrease in carrier
density reduces quasi-Fermi level separation, leading to a sharp decrease in V., while the
shortened diffusion length reduces the probability of photocarrier collection, resulting in a
significant decrease in Jyc.
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Figure 10. (a) Vpoc, (b) Jsc, (¢) FF, (d) PV parameters as a function of Auger electron capture
coefficient.

As depicted in Figure 10c, for an Auger recombination coefficient of B 4y¢er= 107%0,
10-2%, 10728 cm®/s, the charge recombination process remains comparatively minimal rel-
ative to the charge generation rate. For BAuger: 1073, 1072, 10728, 10727, 10726 cm®/s,
Auger electron recombination occurring at the edges of the depletion region was character-
ized by values of 1.36 x 10%,1.16 x 10%,1.22 x 10?2, 1.24 x 10%%,7.24 x 102 (1/cm3-s),
respectively. After 10727 cm®/s, the Auger electron capture coefficient exceeded the amount
of charge generation.

3.2.3. Effect of the Defect Density in the Absorber Layer

In CTS thin film, Cu deficiency, Sn irregularities, and antisite defects (such as Cug, and
Snc,) create dense trap levels within the band gap. Irregularities in the crystal structure
include secondary phases such as CuySn and SnS,, and phase and grain boundaries act as
both potential barriers and scattering centers for carriers. Furthermore, the strain within
the absorber sample, along with the consistency of pinholes and cracks forming during thin
film production and an increased density of grain boundaries, leads to the development
of defects and trap sites, ultimately shortening the carrier lifetime. The degradation rate
amplifies with a reduction in the stability of the sample. The heightened degradation results
in an increased defect density, which may subsequently facilitate the predominance of SRH
recombination in the absorber layer [43,44]. The impact of defect density can be described
using the SRH model, where electrons transition between conduction and valence bands via
intermediate energy states (localized states) introduced within the band gap by defects [45].

2
np — n;

(Eg—Ey) (Ep)
Tp<n+NCe kpT >+Tn(p+NVe BT)

R = (8)
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The electron and hole mobility are denoted by ,, ,, while g represents the carrier
charge. The equations illustrate that a rise in defect density in the semiconductor leads
to improved carrier recombination, which in turn shortens the carrier lifetime and neg-
atively impacts the performance of the solar cell. The variables p and n correspond to
the concentrations of free holes and electrons, respectively, while E; indicates the energy
level at which defect-related trap states are positioned. The defect density, as defined in
Equation (8), serves as a critical parameter for characterizing the carrier recombination rate
(R). The electron and hole lifetimes, denoted by 7, and 7}, respectively, are quantifiable via
the expression outlined in Equation (9) [46].

1
Ty = — 7 )

U'n,p-Vth-Nt
oy and 0y, characterize the effective cross-sectional areas for electron and hole scattering
events, respectively. The trap defect density is represented by N;, and vy, signifies the
thermal velocity. The correlation between carrier lifetime and diffusion length is formalized

in Equation (10) [46].
kgT
Lyy = /WPTBTn,p (10)

The electron and hole mobilities are denoted by p, and ., respectively, with g rep-
resenting the carrier charge. The derived equations demonstrate that an increase in semi-
conductor defect density results in an enhanced recombination of charge carriers, which
reduces their lifetime and leads to a deterioration in the performance of the solar cell.
Figure 11a—d reveals that PV parameters remained relatively unaffected within the trap
defect density range from N; = 1.1013 t0 5.10'° cm—3. At low Nt values, these trap levels
are low, and the carriers have a high mean free path and lifetime. Therefore, the generated
electron-hole pairs are largely decomposable and can be transported to the contacts with
the contribution of the electric field. In this region, the solar cell operates efficiently with
a balance of diffusion and drift. Nevertheless, after a defect density of 3.1013 cm—3 value,
while FF exhibits some increase, a decline in other PV parameters was noted. Specifically,
as the trap defect density was increased from 1.10'® em~3 t0 5.10° cm—3, Voc, Jsc, FF,
and efficiency decreased from 0.682 V to 0.407 V, from 29.17 mA/ cm? to 12.13 mA /cm?,
from 48.16% to 34.57%, and from 19.17% to 3.41%, respectively, as seen in Figure 12. As a
consequence, there is a corresponding decline in Vpc, Jsc, FF, and efficiency values. As N;
increases, defect levels form intermediate locations for electrons and holes; an electron is
first captured at this level, then recombines with a hole. The distance between semi-Fermi
levels decreases and is directly observed as a drop in Voc. The lifetime of charge carriers
subjected to recombination is reduced, defects also act as scattering centers, mobility is
indirectly reduced, and the drift speed of the carriers decreases, thus causing a decrease in

Jsc and FF values.

Figure 13 shows the generation-recombination characteristics as a function of position
(x) within the active layer of the solar cell, showing that for defect densities N; in the
absorber layer ranging from 1.10'3 cm® and 5.10!” cm3, SRH recombination rate remains
lower than the generation rate up until Ny = 105 ecm—3. After N; = 10" em—3, SRH recom-
bination rate escalates considerably, adversely impacting PV performance. An increase in
N results in a reduction of the minority carrier diffusion length (L), and a concomitant
decrease in their lifetime (), as indicated in Table 2. Notably, as N; risen from 1013 cm—3
to 10'® cm 3, both L,, and T, diminished significantly, with L, dropping from 7.7 x 10! um
to 2.4 x 10° um and T, reducing from 10* ns to 10! ns. This decrease in carrier parameters
resulted in diminished charge accumulation within the solar cell, which in turn negatively
impacted all PV performance metrics.
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Figure 11. (a—e) Generation and recombination profiles versus position (x) of the CTS TFC for B gr
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Figure 12. (a) V¢, (b) Jsc, (¢) FF, (d) # PV parameters depending on N; (cm~3) in the CTS absorber layer.
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Figure 13. (a—d) Generation-recombination profile as a function of position for the CTS TFC at
absorber layer defect densities ranging from 103 cm=3 to 101 cm 3.

Table 2. Variation of the electron/hole diffusion length and electron/hole lifetime as a function of
defect density in the CTS absorber layer.

Electron Diffusion Length Hole Diffusion Length  Electron Lifetime Hole Lifetime ()

-3
Nt (em™) (L) (um) (L) (um) () (ns) (ns)
1013 7.7 x 101 2.5 x 101 10% 10%
1014 2.4 x 10! 8.0 x 100 103 103
1012 7.7 x 109 2.5 x 100 102 102
1016 24 x 100 8.0 x 10! 10! 10!

3.3. Effect of the Operating Temperature

The performance of solar cells is significantly affected by the operating temperature.
As demonstrated in Figure 14a—d, when the temperature was elevated from 200 K to 400K, a
reduction in V¢, Jsc, FF, and efficiency was observed. An upsurge in temperature leads to
a higher intrinsic carrier concentration and a corresponding reduction in the semiconductor
energy gap. Consequently, the rise in reverse saturation current density leads to a decline in
(Voc)- An increase in temperature results in band gap narrowing (negative dE¢ /dt), which
facilitates electron-hole recombination between the conduction and valence bands of the
semiconductor and consequently increases the dark current of the TFC. The correlation
between the operating temperature, the semiconductor’s energy band gap, and V¢ is
mathematically represented by the following equation [47].

_E
d(;;tzc) _ (VDCT qg) (11)
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Figure 14. (a) Vo, (b) Jsc, (c) FF, (d) 7 PV parameters depending on the operating temperature.

Elevated temperatures supply thermal energy to the electrons, resulting in their
excitation to higher energy states. Consequently, the electrons are rapidly excited into
the conduction band, which indirectly leads to a decline in the energy gap. As outlined
in Equation (11), an increase in temperature results in a reduction of both V¢ and the

band gap.

3.4. The Effect of the Series and the Shunt Resistance

The predominant parasitic resistances in TFCs are the series resistance (Rg) and the

shunt resistance (Ry;,). Rg denotes the resistance encountered between the semiconductor

and the metal contact, arising from the flow of current across the interface of the two layers,

as well as other internal resistances within the device [48]. Moreover, R is influenced by

factors such as surface grain boundaries, strain, interface trap states, and the resistance

associated with the thin film surface. Ry, resistance arises from defects introduced dur-
ing thin film production, such as crack or pinhole formation, losses due to unintended
alternating current pathways, and leakage currents at the junction area [49].

The influence of Rg and Ry, resistances on the PV parameters is given by Equation (12) [33]:

I=Ly—1 [exp( T

q(V—l—IRs)) _1] _ V+IRs

Rsp 12

I denotes the output current, [, represents the saturation current, I, is the photocur-
rent, V indicates the voltage, g refers to the elementary charge, k is the Boltzmann constant,
n is the ideality factor, and T stands for the temperature.

In this theoretical analysis, the value of Rg was varied from 9.5 Q-cm? to 0.5 Q-cm?,
while Ry, was adjusted from 5 x 107! O-em? to 3 x 10% O-cm?. The reduction in series
resistance (Rg) did not lead to a substantial variation in V¢; however, a notable enhance-
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ment in Jsc, FF, and overall efficiency was observed, as demonstrated in Figure 15a—d.
Elevated series resistance could have contributed to a decrease in 5, as it likely hindered
the effective transport of charge carriers. When Rs was decreased from 9.5 Q-cm? to
0.5 Q-cm?, the values of Jsc, FF, and 7 increased significantly, rising from 29.22 mA/ cm?
t0 29.85 mA /cm?, from 48.53% to 78.44%, and from 19.37% to 31.96%, respectively. These
values are consistent with PV data from modeled CTS solar cells reported in the litera-
ture [33,50-54]. Specifically, the fact that metal contacts exhibit more ohmic behavior due
to reduced resistance, and that the reduction in surface resistance in thin films facilitates
charge transfer between the two layers, leads to an increase in PV values. An increase
in shunt resistance results in a reduction of the current flowing through the shunt path,
which subsequently leads to an enhancement in both V¢ and Jsc. The increase in shunt
resistance leads to an improvement in both Vy, Jsc, FF and # as illustrated in Figure 15a—d.
In the case of an infinite shunt resistance, the output voltage can be represented by the
following equation:

kT, (s
V= an(IoH) (13)
0.74 29.92
(a)
0.716 o~ 2976 (b)
£ 0.692 E 20
0000000000000000000
= <
> 0.668 E 2944
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Figure 15. (a) Vpc, (b) Jsc, (¢) FF, and (d) 7 PV parameters.

The reverse saturation current (I,) has an adverse impact on the output voltage. This
relationship is mathematically represented in Equation (13). The presence of a leakage
current within the junction region, which can be attributed to defects introduced during

the thin film fabrication process. Consequently, a reduction in the shunt resistance led to a
corresponding decrease in all PV parameters of solar cell, as illustrated in Figure 16a—d.
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Figure 16. (a) V¢, (b) Jsc, (c) FF, and (d) # PV parameters.

According to Table 3, the calculated and optimized PV results of solar cells modeled
with SCAPS, as reported in the literature and in this study, are somewhat higher. Because
several important physical and structural effects observed in experimentally fabricated
solar cells cannot be fully modeled due to their one-dimensional approach in SCAPS-1D
software. Morphological features such as lateral current flow, grain boundaries, local
defects, cracks, pinholes, and surface roughness are neglected, and all layers are assumed to
be homogeneous despite the presence of composition gradients and doping fluctuations in
real devices. Complex defect distributions and multi-level trap systems are simplified, while
optical effects such as light scattering and wave optics, as well as mechanical and thermal
effects, are not included. At the interfaces, chemical reactions, diffusion, and interphase
formations are not treated in detail, and interface recombination is typically represented
by simplified trap densities. Similarly, non-ideal metal/semiconductor contact effects
such as Fermi level pinning, contact resistance, and interface irregularities are not fully
considered. As a result, the solar cell’s operating performance, whether weak or improved,
has been demonstrated, and these values are consistent with the literature [55-57]. The
SCAPS-1D program reliably analyzes carrier transport, recombination mechanisms, and
energy band alignment using a physics-based drift-diffusion model, enabling a clear
understanding of the fundamental processes that determine device performance. One
of the program’s advantages is its ability to provide systematic parametric analysis and
optimization of variables such as layer thickness, band gap, electron affinity, doping
density, and defect parameters. Furthermore, its ability to comparatively examine different
materials and layer structures allows for in-depth evaluation from a band alignment and
interface engineering perspective; this plays a critical role in understanding the impact of
structural enhancements, such as BSF, on device performance.
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Table 3. Comparison of PV parameters of CTS thin-film solar cells modeled with the SCAPS-1D
program reported in the literature.

Solar Cell Voe (V) Jsc (mA/cm?) FF (%) 1 (%) REF
FTO/CTS/ZnS/Ag 0.425 24.82 78.18 8.25 [58]
p-CTS/n-CdS/i-ZnO/n-ZnO:Al 0.58 48.71 78.13 2235 [59]
Mo/CTS/ZnS/1ITO 0.795 34.19 62.68 17.05 [60]
Mo/CTS/CdS/ITO 0.794 34.01 61.17 16.53 [60]
iZnO/CdS/p-CTS 0.712 35.00 - 20.3 [61]
Au/CTGS/CdS/i-ZnO/AZO 0.788 41.09 85.30 27.30 [33]
n-ZnSe/p-CTS 0.602 323 80.58 30.00 [50]
Mo/CGS/CTS/ZnSe/Ti 0.600 32.39 80.58 17.69 [54]
Al:ZnO/Zn0O/CdS/CTS/Mo 0.827 35.23 77.32 22.56 [62]
FTO/CdS/CTS 0.753 46,5 86.88 31.8 [63]
FTO/CdSe/CTS 0.781 47.1 86.90 32.0 [63]
SLG/Mo/CTS/ZnS/ITO/ Al 1.091 24.6 75.23 20.3 [36]
Au/CTS/CdS/i-ZnO/1TO 0.682 29.85 78.44 31.96 In this study

3.5. The Effect of Different BSF Layers

The heavily doped p-type semiconductors, called BSF layers, are placed between the
back contact and the absorber layer in solar cells and play a significant role in the efficiency
of solar cells [64]. When an electron in CTS semiconductor reaches the rear surface of TFC, it
is often captured, rendering it unable to contribute to the current flow. BSF layer acts like a
quasi-ohmic contact and forms barrier height or built in voltage as seen in the band diagram
in Figure 16 [38,65]. The BSF layer, by applying a high electric field to electrons coming
from the conduction band of CTS, pushes the electrons back to the depletion region. Thus,
the minority charge carriers (electrons) contribute to charge accumulation at the boundary
of the depletion region without undergoing recombination in the back contact region and
enhance Jsc value. In particular, ultra-TFCs, such as CTS solar cells with absorber layer
thicknesses less than 1000 nm, may have somewhat low V¢ values. In such thin film solar
cells, BSF layers improve V¢ value by preventing the recombination of minority charge
carriers at the back contact [66]. If there is a coherent band alignment between BSF and CTS
semiconductor layers, holes in the valence band of CTS readily migrate to the BSF layer
without undergoing recombination, thus contributing to Vpoc and Jsc [38].

The VB maximum of the BSF layer must exhibit precise alignment with the VB max-
imum of the absorber semiconductor layer to ensure optimal electronic interaction and
efficiency. This alignment minimizes the energy barrier for hole transport from the CTS
absorber layer to the back contact via BSF, thereby enhancing charge carrier mobility and
improving overall device performance [67]. Efficient hole transport is achieved through
optimal energy level alignment, which minimizes both energy loss and the likelihood of
recombination. As shown in the band diagram in Figure 17a, in a BSF-free solar cell, there
is no barrier height between the back contact and the active layer, allowing minority charge
carriers to easily pass from the active layer to the metal contact. Without BSF, there is no
energy selectivity between the back contact and the CTS absorber. Electrons and holes reach
the back surface by diffusion. High-speed surface recombination occurs on the back surface.
Since the carrier flow is not controlled by drift, the system operates in the diffusion-limited
recombination region. This leads to recombination, which somewhat degrades the solar
cell’s performance. In this study, in order to enhance the efficiency of the solar cell, SnS,
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PbS, V,0s5, SbyS3, and BSF layers were used, and their physical parameters are given in
Table 2. As seen in Figure 17b, the SnS BSF layer formed a barrier height, limiting the
movement of minority charge carriers to the back region and redirecting them back to the
deposition region. At the SnS interface, a 0.29 eV electron barrier occurs in the conduction
band and a 0.35 eV hole alignment occurs in the valence band. Valence band alignment
forms a low-resistance path for holes and increases electron-hole separation, thus forming
strong carrier selectivity. The parameters Vpc, Jsc, FF, and 7 of the solar cell for 20 nm
thickness of SnS increased significantly to 0.7971 V, 29.38 mA/ cm?, 53.89%, and 25.24%,
respectively (in Figure 18).
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Figure 17. The band diagram of Au/CTS/CdS/i-ZnO/ITO with (a) no BSF and (b) SnS, (¢) V,05 and
(d) SbyS3 BSF layer.

For PbS BSF (20 nm thickness), which has the same band gap and electron affinity
as SnS, Voc = 0.781V, Jsc = 29.329 mA /cm?, FF = 53.29%, and 1 = 24.42% (in Figure 19).
For V,05 and Sb,S3 (20 nm thickness), the efficiency parameters showed a decrease to
12.89% and 14.79%, respectively, in Figures 20 and 21. As seen in the band diagram in
Figure 16, although BSF layers with this high band gap exhibit high barrier height, their low
electron affinities cause electrons to easily recombine on this surface, leading to a decrease
in performance. Specifically, mismatched band alignment in the valence band of V,05
can cause recombination during hole transition [67]. The lower acceptor carrier density
of SbyS3 has reduced the likelihood of heavy doping, potentially decreasing the electrical
field that would repel minority charge carriers within the absorber layer, thereby reducing
charge accumulation and current. Surfaces with low electron affinity often have a high
work function. This makes it difficult for carriers (especially electrons) to move across the
surface. The high work function prevents carriers from interacting smoothly with the back
electrodes. Furthermore, in the case of V05, CB (0.89 eV), and VB (0.59 eV), alignments are
more incompatible with the CTS thin film. For large AE,, electrons are completely blocked,
while for large AE,, holes also hit the energy wall. This bidirectional barrier makes the
interface a charge accumulation region. Carriers can accumulate at the interface, increasing
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local charge density, distorting the electric field in the opposite direction, and enhancing
recombination. For Sb,S3 BSF (CB (0.79 eV) and VB (0.55 eV)), an electron barrier exists
but is not as optimized as in SnS. Valence band alignment is not entirely ideal; electrons
are partially repelled, but carrier dissociation is incomplete because the local electric field
remains weak, and the diffusion component becomes dominant again.
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Figure 18. (a-d) V¢, Jsc, FF, 11 PV parameters, (e,f) the 3D contour plots, depending on SnS BSF
layers thickness.

As the thickness of BSF increases, electrons and holes have a longer distance between
them, and the probability of recombination decreases in this process [68]. A thick BSF layer
evenly orients the carriers, allowing more carriers to associate with the electrode. Thick
BSF layers passivation more effectively on surface defects. Passivation prevents carrier
losses by neutralizing active transition levels on the surface. Increasing the thickness of the
BSF layer creates a stronger electrical field on the back surface. This electrical field moves
the carriers in the correct direction. As the thickness of BSF layer increases, more light can
be reflected from the back surface. This allows more light to return to the active area, thus
promoting more efficient light absorption by the cell. Therefore, increasing the thickness of
SnS and V;,0s layers increased the efficiency of solar cell to 25.53% and 21.79%, respectively.
In particular, after a V,Os thickness of 50 nm, an efficiency (19.69%) was obtained higher
than that in a solar cell without BSF (19.37%) in Figure 20.

https://doi.org/10.3390/nan016100597


https://doi.org/10.3390/nano16100597

Nanomaterials 2026, 16, 597 23 of 29

J,. (mA/cm?)
29.40

29.39

0.784

a
S ors @
N’

8 d
> 0.776

29.38

29.38
29.37
29.36
29.35
29.34

w2
2 2

by
.

Dy w) IS¢

0.772

(Qw

(3
2 B
X by
5 3

0.768 ! ! . . - . . s 29.34

o E b
= 29.364 L ( )
g
< 29352 |
S
2934 £ o7
229328 [ ¥
29.316 1 1 1 1 1 1 1 1
s31fF 2 ® ©

528 [ \x\ﬂ

525 ¢ - -~

522 T

244 £ A (d)

242 £ \A\A\A\A

24 e e
L2

74
8 b \A\‘kA—A—A—A—A—A . ,}‘! ,III//

L5l
&

29.33
29.32

(mA/

J

FF (%)

N (%)

23.6 Dottt il e e

15 25 35 45 55 65 75 8 95 105
PbS thickness (nm)

Figure 19. (a-d) V¢, Jsc, FF, 1 PV parameters, (ef) the 3D contour plots depending on PbS BSF
layers thickness.

_ 3, mAwd)
1 \ o
|

e e

0.74

0.68
2

Voc
o o
noa
a R
T T
~

e

wn
) 98¢
%

g™

J,c (mA/cm?)
w w w
- ~ w
5 = 2

j

N’

w
=]

FF (%)
S
& o &
1

375 . . . . . . n .

19.8

14.6

n (%)
\@

2 e
15 25 35 45 55 65 75 85 95 105
V,05 thickness (nm)

vy

ey

Figure 20. (a—d) Voc, Jsc, FF, 1 PV parameters, (e,f) the 3D contour plots depending on the V,05
BSF layers thickness.

https://doi.org/10.3390/nano16100597


https://doi.org/10.3390/nano16100597

Nanomaterials 2026, 16, 597

24 of 29

w
e
IS

29.6

42
X 408
= 39.6
=

38.4

)

(

372 E

14.74

14.52

n (%)

14.3

14.08 Lo

I AT RS BN ST A IS SN T AN AN ST AN N AN O B A SN AN B B S AU I N A A

(a)

2% 4 s @ M 0 %
$byS3 Thickness (nm)

15

45 55 65 75 85 95 105
Sh,S; thickness (nm)

Figure 21. (a-d) V¢, Jsc, FF, 1 PV parameters, (e,f) the 3D contour plots depending on Sb,S3 BSF
layers thickness.

As a result, the band gap, electron affinity, acceptor carrier density, and thickness of
BSF layer are of great importance in determining the efficiency of the solar cell. Compared
to other layers, the SnS BSF layer exhibited ideal BSF characteristics, as seen in the ] — V
characteristic in Figure 22. The low cost, environmental friendliness, and ease of production
of the SnS layer make it highly advantageous for use as a BSF layer in CTS solar cells. So,
SnS BSF’s high electroaffinity forms a favorable conduction band offset relative to the
absorber side by pulling the conduction band down, preventing minority carrier electrons
from reaching the back metal contact and redirecting them back into the absorber. This
reduces back-surface recombination, increases carrier lifetime, and improves both V.
and Js;.. At the same time, the appropriate x value does not impair hole transport by
preventing excessive barrier formation; thus, the system achieves balanced selectivity. A
high dielectric permittivity of SnS BSF allows the material to carry the electric field better
and results in a more uniform distribution of the charge region. Coulombic scattering
and potential fluctuations at the interface weaken, and local electric fields are created by
defect and trap levels. Thus, carriers undergo less scattering, and interface recombination
is suppressed. As a result, carrier transport becomes more stable, and FF increases. High
acceptor defect density (high p-type doping) forms a strong built-in electric field in the
BSF layer. This strong field increases band bending at the absorber/BSF interface and
forms a more effective repulsive force, especially for electrons. That is, electrons have to
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climb upwards in energy as they approach the back surface and therefore return. At the
same time, high doping provides a low-resistance conduction path for holes (quasi-ohmic
contact) so that the majority carriers are easily transported to the back contact. Thus, both
recombination is reduced and the series resistance is decreased, thus increasing FF and
efficiency. Due to all these factors, the SnS BSF-containing CTS solar cell exhibited the
highest PV performance.

Voo (V)
0 01 02 03 04 05 06 07 08
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—
wo
o
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Figure 22. | — V characteristic depending on no BSF and SnS, PbS, V,0s, and Sb,S3 BSF layer thickness.

4. Conclusions

In this study, PV performance of an Au/BSF/CTS/CdS/i-ZnO/ITO TFSC was sys-
tematically investigated using SCAPS-1D simulation software. The effect of interface defect
density, recombination mechanisms, absorber defect density, operating temperature, para-
sitic resistances, and different BSF layers on the device performance was comprehensively
analyzed. The simulation results revealed that the interface defect density plays a crucial
role in determining PV characteristics of the CTS solar cell. When the interface defect
density increased from 1 x 102 cm™3to 1 x 101 cm ™3, the V¢ decreased from 0.682 V
to 0.456 V, while the Jsc declined from 29.22 mA /cm? to 27.12 mA /cm?. Consequently,
the PCE dropped significantly from 19.14% to 7.47%, indicating the strong influence of
recombination centers at the interface. The effects of radiative and B4,g.r were also evalu-
ated. It was observed that the solar cell maintained stable PV performance for B, between
10715 ecm3/s and 5 x 10710 em3/s. However, further increases in the recombination coef-
ficient resulted in severe degradation of the device performance, reducing the efficiency
from 19.12% to 3.66%. Similarly, when the B4, g, coefficient exceeded 10~2 cm®/s, a
remarkable deterioration in PV parameters was observed.

The defect density within the CTS absorber material was found to be another critical
factor affecting the performance of the device. As the defect density increased from
10 em =3 to 5 x 10'° em ™3, V¢, Jsc, FF, and efficiency decreased from 0.682 V to 0.407 V,
29.17mA/cm? to 12.13 mA /cm?, 48.16% to 34.57%, and 19.17% to 3.41%, respectively. These
results indicate that higher defect densities significantly enhance carrier recombination and
reduce the minority carrier lifetime. The operating temperature also exhibited a noticeable
effect on PV characteristics. When the temperature increased from 200 K to 400 K, a gradual
reduction in V¢, FF, and overall efficiency was observed because of energy gap reduction
and increased recombination processes. Furthermore, the impact of parasitic resistance
was investigated. Reducing the series resistance from 9.5 Q-cm? to 0.5 Q-cm? resulted in a
remarkable improvement in the device efficiency from 19.37% to 31.96%, while increasing
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the shunt resistance significantly enhanced the overall device stability and PV performance.
Finally, the role of different BSF layers was examined in order to suppress the recombination
of minority carriers at the back contact. Among the investigated BSF materials, BSF layer
of SnS demonstrated the best performance due to its favorable band alignment with the
CTS absorber layer. With an optimized SnS thickness of 20 nm, PV parameters reached
Voc =0.797 V, Jsc = 29.38 mA /cm?, FF = 53.89%, and a maximum PCE of 25.24%.

Author Contributions: Conceptualization, S.Y.G.; Methodology, S.Y.G.; Software, S.Y.G.; Validation,
H.$.K; Formal analysis, S.Y.G. and $.B.; Investigation, $.B.; Data curation, S.Y.G.; Writing—original
draft, S.Y.G.; Writing—review & editing, $.B. and S.E.Z.; Supervision, H.S.K. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study is available on request from the
corresponding author.

Conflicts of Interest: The authors declare that there is no conflict of interest regarding the publication

of this paper.

References

1. Mishra, R.; Anwar, M.; Hasan, M. Performance evaluation of CdTe-based heterojunction solar cell with IGZO-based window
layer and electron transport layer. Chalcogenide Lett. 2025, 22, 871-882. [CrossRef]

2. Gu, X; Wang, Y,; Yuan, M.; Khawaja, K; Li, L.; Yan, F. Thermally Stable Halide-Tuned CsPbX3/CdTe Four-Terminal Tandem
Solar Cells with 25% Efficiency. ACS Appl. Energy Mater. 2026, 9, 2912-2920. [CrossRef]

3.  Pei, F;Lin, S;; Zhang, Z.; Lin, S.; Huang, X.; Zhao, M.; Xu, J.; Zhuang, X.; Zhang, Y.; Tang, J. Inhibiting defect passivation failure
in perovskite for perovskite/Cu (In, Ga) Se, monolithic tandem solar cells with certified efficiency 27.35%. Nat. Energy 2025,
10, 824-835. [CrossRef]

4. Suryawanshi, M.; Agawane, G.; Bhosale, S.; Shin, S.W.; Patil, P; Kim, J.-H.; Moholkar, A. CZTS based thin film solar cells: A status
review. Mater. Technol. 2013, 28, 98-109. [CrossRef]

5. Zaki, M.Y,; Velea, A. Recent progress and challenges in controlling secondary phases in kesterite CZT (S/Se) thin films: A critical
review. Energies 2024, 17, 1600. [CrossRef]

6. Cancino-Gordillo, FE.; Ortiz-Quifionez, J.-L.; Pal, M.; Gonzélez, R.S.; Pal, U. Removal of secondary phases and its effect on the
transport behavior of CupZnSn;_,GexS, kesterite nanoparticles. Appl. Surf. Sci. 2023, 617, 156617. [CrossRef]

7. Karaman, M.C. Effect of Deep-Level Defects on the Performance of CdZnTeSe Detectors. Master’s Thesis, Middle East Technical
University, Ankara, Turkey, 2024.

8.  Zhao, X;; Li,J; Hu, C; Qi, Y;; Zhou, Z.; Kou, D.; Zhou, W.; Yuan, S.; Wu, S. Revealing the role of hydrogen in highly efficient
Ag-substituted CZTSSe photovoltaic devices: Photoelectric properties modulation and defect passivation. Nano-Micro Lett. 2025,
17, 84. [CrossRef] [PubMed]

9.  Ennouhi, N. Doping and Alloying Approaches for Enhancing the Properties of Wide-Band Gap Semi-Transparent Kesterite
Materials and Their Applications in Next Generation of Kesterite/c-Silicon Tandem Cells. Ph.D. Thesis, Université Mohammed 5
de Rabat, Rabat, Morocco, 2025.

10. Guan, H.; Shen, H.; Gao, C.; He, X. Structural and optical properties of Cup;SnS3 and CuzSnS, thin films by successive ionic layer
adsorption and reaction. J. Mater. Sci. Mater. Electron. 2013, 24, 1490-1494. [CrossRef]

11.  Fernandes, P.,; Salomé, P.; Cunha, A.d. A study of ternary CuySnSs and Cu3SnSy thin films prepared by sulfurizing stacked metal
precursors. J. Phys. D Appl. Phys. 2010, 43, 215403. [CrossRef]

12.  Hussain, Z.; Padha, N.; Banotra, A. Development of nanostructured CuzSnSy thin films through annealing of the stack of
precursors for photonic applications. Opt. Quantum Electron. 2024, 56, 1976. [CrossRef]

13.  Jin, Y.; Yoo, H.; Seong, H.; Moon, ].H.; Kim, G.; Jung, T.; Myung, Y.; Lee, W.; Kim, S.; Choi, J. Cubic Cu3SnS;@ CNT for stable
and high-temperature sodium-ion batteries: Simple colloidal synthesis and enhanced cycle performance. Chem. Eng. J. 2025,
503, 158461. [CrossRef]

14. Zhang, R.; Liu, R; Ding, Z.; Ma, J.; Wang, T.; Zhang, D.; Liu, J.; Cai, P,; Pu, X. Photothermal-assisted S-scheme heterojunction of
CuzSnSy /vno.3Cdo 7S for enhanced photocatalytic hydrogen production. J. Colloid Interface Sci. 2025, 682, 568-577. [CrossRef]

15. Lin, X,; Kavalakkatt, J.; Ennaoui, A.; Lux-Steiner, M.C. CuyZnSn (S, Se), thin film absorbers based on ZnS, SnS and CuzSnSy

nanoparticle inks: Enhanced solar cells performance by using a two-step annealing process. Sol. Energy Mater. Sol. Cells 2015,
132,221-229. [CrossRef]

https:/ /doi.org/10.3390/nano16100597


https://doi.org/10.15251/CL.2025.2210.871
https://doi.org/10.1021/acsaem.6c00408
https://doi.org/10.1038/s41560-025-01761-5
https://doi.org/10.1179/1753555712Y.0000000038
https://doi.org/10.3390/en17071600
https://doi.org/10.1016/j.apsusc.2023.156617
https://doi.org/10.1007/s40820-024-01574-3
https://www.ncbi.nlm.nih.gov/pubmed/39625629
https://doi.org/10.1007/s10854-012-0960-x
https://doi.org/10.1088/0022-3727/43/21/215403
https://doi.org/10.1007/s11082-024-07709-5
https://doi.org/10.1016/j.cej.2024.158461
https://doi.org/10.1016/j.jcis.2024.11.245
https://doi.org/10.1016/j.solmat.2014.08.024
https://doi.org/10.3390/nano16100597

Nanomaterials 2026, 16, 597 27 of 29

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Thripuranthaka, M.; Sharma, N.; Das, T.; Varhade, S.; Badadhe, S.S.; Thotiyl, M.O.; Kabir, M.; Ogale, S. A combined experimental
and computational study of gas sensing by CuzSnS, nanoparticulate film: High selectivity, stability, and reversibility for room
temperature H,S sensing. Adv. Mater. Interfaces 2018, 5, 1701492.

Shelke, H.; Mohite, A.; Torane, A.; Madhale, K.; Lokh, C. Effect of CusSnSy layer thickness on the photovoltaic parameters of
photoelectrochemical solar cells. ES Mater. Manuf. 2022, 18, 66-76.

Manimozhi, A.; Sumathi, T.; Saravanan, S.; Dhachanamoorthi, N.; Saravanakumar, M.; Jayaprakash, K. Dual purpose of graphene
decorated with CuzSnSy as a counter electrode for dye sensitized solar cells and degradation of tetracycline antibiotics. Chem.
Phys. Impact 2025, 10, 100779. [CrossRef]

Liu, G.; Sun, S,; Shen, T.; Zhu, Y. Preparation of CuzSnSy film with single ceramic target magnetron sputtering for Pt-free counter
electrode of dye-sensitized solar cell. J. Mater. Sci. Mater. Electron. 2021, 32, 17292-17300. [CrossRef]

Chen, S.-L.; Tao, J.; Shu, H.-B.; Tao, H.-J.; Tang, Y.-X,; Shen, Y.-Z.; Wang, T.; Pan, L. Efficient electron transfer kuramite CuzSnSy
nanosheet thin film towards platinum-free cathode in dye-sensitized solar cells. J. Power Sources 2017, 341, 60-67. [CrossRef]
Jalali, H.; Orouji, A.A.; Gharibshahian, I. Advanced Bandgap Engineering and Interface Optimization of Zn;_,Mg,O Window
Layers for Performance Enhancement in Sb,Ses Thin-Film Solar Cells. Phys. Status Solidi (a) 2026, 223, e202500669. [CrossRef]
Yildiz, N.; Baturay, S.; Ava, C.A. The Effect of Annealing on Structural, Optical, and Electrical Properties of CuzSnS; Thin Films
Prepared by Spin Coat Method. J. Nano Res. 2025, 90, 31-46. [CrossRef]

ElKhamisy, K.; Abdelhamid, H.; El-Rabaie, E.-5.M.; Abdel-Salam, N. A comprehensive survey of silicon thin-film solar cell:
Challenges and novel trends. Plasmonics 2024, 19, 1-20. [CrossRef]

Xu, G.; Yang, Z. Risk-aware low carbon optimization of hydrogen-oriented multi-energy system with linear approximation of
bi-product fuel cell. Energy 2025, 334, 137581. [CrossRef]

Lu, T,; Li, X,; Lu, M,; Lv, W.; Liu, W,; Dong, X.; Liu, Z.; Xie, S.; Lv, S. Flexible and scalable photothermal/electro thermal
anti-icing/de-icing metamaterials for effective large-scale preparation. iScience 2024, 27, 111086. [CrossRef] [PubMed]

Ren, Z; Niu, S.; Lv, A,; Liu, X.;; Mu, W,; Liu, T.; Wang, Q. Bioinspired photothermal superhydrophobic metamaterial with
structured micro-nano crystal arrays for anti-/de-icing. Adv. Mater. 2026, 38, €16655. [CrossRef] [PubMed]

Kamal Eddin, EB.; Fan, H.; Liu, Z; Donati, P; Amin, Y.; Fen, YW.,; Liang, J.; Pompa, P.P; He, S. Progress in surface plasmon and
other resonance biosensors for biomedical applications. Adv. Mater. Technol. 2025, 10, 2500536. [CrossRef]

Huang, X.; Wang, K.; Yi, C.; Meng, T.; Gong, X. Efficient Perovskite Hybrid Solar Cells by Highly Electrical Conductive PEDOT:
PSS Hole Transport Layer. Adv. Energy Mater. 2016, 6, 1501773. [CrossRef]

Gezgin, S.Y,; Kilig, H.S. The effect of Ag and Au contacts on the efficiency of CZTS/n-Si solar cell: The confirmation of experimental
and theoretical results by SCAPS simulation. Braz. J. Phys. 2022, 52, 148. [CrossRef]

Yigit Gezgin, S.; Kilig, H.S. The effect of Ag plasmonic nanoparticles on the efficiency of CZTS solar cell: An experimental
investigation and numerical modelling. Indian J. Phys. 2023, 97, 779-796. [CrossRef]

Yigit Gezgin, S.; Houimi, A.; Kilig, h.s. Comparison of electrical and photovoltaic parameters of the hetero-junction solar cells
based on CZTS and CIGS ultrathin films. Mater. Technol. 2022, 37, 1573-1585. [CrossRef]

Manimaran, U.; Dangate, M.S. The SCAPS-1D Simulation and Optimization of Organic Hole-Transport Layer in AZO/CdTe
Solar Cells Using an Experimentally Calibrated Baseline Model. IEEE Access 2026, 14, 21753-21765. [CrossRef]

Baturay, S.; Gezgin, S.Y.; Koylii, M.Z.; Kabatas, M.A.B.-M.; Kili¢, H.S. Influence of Gd doping on CuySn;_4GdyS3 thin film solar
cell. iScience 2025, 28, 112597. [CrossRef]

Baturay, S.; Yigit Gezgin, S.; Aytug Ava, C.; Kili¢, H.§. A Numerical Study on PV Performance of the Modeled Solar Cell Based on
Y-doped CuO Thin Film Produced by Spin Coating. J. Electron. Mater. 2025, 54, 8696-8717. [CrossRef]

Rafee Mahbub, M,; Islam, S.; Anwar, F; Satter, S.; Ullah, S. Simulation of CZTS thin film solar cell for different buffer layers for
high efficiency performance. South Asian J. Eng. Technol. 2016, 2, 1-10.

Nouri, Y.; Hartiti, B.; Batan, A.; Ziti, A.; Labrim, H.; Ouannou, A.; Laazizi, A.; Fadili, S.; Tahri, M.; Thévenin, P. Improvement
experimental and numerical simulation of Cu;SnS3-based solar cells. Opt. Mater. 2023, 137, 113602. [CrossRef]

Omrani, M.K.; Minbashi, M.; Memarian, N.; Kim, D.-H. Improve the performance of CZTSSe solar cells by applying a SnS BSF
layer. Solid-State Electron. 2018, 141, 50-57. [CrossRef]

Barman, B.; Kalita, P. Influence of back surface field layer on enhancing the efficiency of CIGS solar cell. Sol. Energy 2021, 216, 329-337.
[CrossRef]

Kuddus, A.; Rahman, M.E;; Ahmmed, S.; Hossain, J.; Ismail, A.B.M. Role of facile synthesized V,Os as hole transport layer for
CdS/CdTe heterojunction solar cell: Validation of simulation using experimental data. Superlattices Microstruct. 2019, 132, 106168.
[CrossRef]

Rahman, M.E; Chowdhury, M.; Marasamy, L.; Mohammed, M.; Haque, M.D.; Al Ahmed, S.; Irfan, A.; Chaudhry, A.; Goumri-Said,
S. Improving the efficiency of a CIGS solar cell to above 31% with Sb,S3 as a new BSF: A numerical simulation approach by
SCAPS-1D. RSC Adv. 2024, 14, 1924-1938. [CrossRef]

https:/ /doi.org/10.3390/nano16100597


https://doi.org/10.1016/j.chphi.2024.100779
https://doi.org/10.1007/s10854-021-06239-0
https://doi.org/10.1016/j.jpowsour.2016.11.107
https://doi.org/10.1002/pssa.202500669
https://doi.org/10.4028/p-oZpQC7
https://doi.org/10.1007/s11468-023-01905-x
https://doi.org/10.1016/j.energy.2025.137581
https://doi.org/10.1016/j.isci.2024.111086
https://www.ncbi.nlm.nih.gov/pubmed/39507248
https://doi.org/10.1002/adma.202516655
https://www.ncbi.nlm.nih.gov/pubmed/41190866
https://doi.org/10.1002/admt.202500536
https://doi.org/10.1002/aenm.201501773
https://doi.org/10.1007/s13538-022-01145-0
https://doi.org/10.1007/s12648-022-02453-6
https://doi.org/10.1080/10667857.2021.1964215
https://doi.org/10.1109/ACCESS.2026.3661571
https://doi.org/10.1016/j.isci.2025.112597
https://doi.org/10.1007/s11664-025-12172-3
https://doi.org/10.1016/j.optmat.2023.113602
https://doi.org/10.1016/j.sse.2017.12.004
https://doi.org/10.1016/j.solener.2021.01.032
https://doi.org/10.1016/j.spmi.2019.106168
https://doi.org/10.1039/D3RA07893K
https://doi.org/10.3390/nano16100597

Nanomaterials 2026, 16, 597 28 of 29

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Fentahun, D.A.; Tyagi, A.; Kar, K.K. Numerically investigating the AZO/Cu,0O heterojunction solar cell using ZnO/CdS buffer
layer. Optik 2021, 228, 166228. [CrossRef]

Wang, Z.; Gong, C.; Zhang, C.; Zhao, C.; Su, T.-S.; Li, H.; Zhang, H. Recent advances in interfacial engineering for high-efficiency
perovskite photovoltaics. DeCarbon 2025, 8, 100107. [CrossRef]

Dar, S.A ; Sengar, B.S. Design, Characterization, and Performance Evaluation of Highly Efficient Lead-Free Gradient-Structured
Perovskite Solar Cells With Carbon Nanotube-Based Hole Transport Material. Prog. Photovolt. Res. Appl. 2026, 1-22. [CrossRef]
Saeed, F.; Haseeb Khan, M.; Tauqeer, H.A.; Haroon, A.; Idrees, A.; Shehrazi, S.M.; Prokop, L.; Blazek, V.; Misak, S.; Ullah, N. Nu-
merical investigation of photo-generated carrier recombination dynamics on the device characteristics for the perovskite/carbon
nitride absorber-layer solar cell. Nanomaterials 2022, 12, 4012. [CrossRef]

Yasin, S.; Al Zoubi, T.; Moustafa, M. Design and simulation of high efficiency lead-free heterostructure perovskite solar cell using
SCAPS-1D. Optik 2021, 229, 166258. [CrossRef]

Baig, F.; Khattak, Y.H.; Mari, B.; Beg, S.; Ahmed, A.; Khan, K. Efficiency enhancement of CH3NHj35nI;3 solar cells by device
modeling. |. Electron. Mater. 2018, 47, 5275-5282. [CrossRef]

Imani, S.; Seyed-Talebi, S.M.; Beheshtian, J.; Diau, E.W.G. Simulation and characterization of CH3NH3SnI3-based perovskite solar
cells with different Cu-based hole transporting layers. Appl. Phys. A 2023, 129, 143. [CrossRef]

Heredia-Rios, M.].; Hernandez-Martinez, L.; Linares-Aranda, M.; Moreno-Moreno, M.; Méndez, J.F. Analysis of losses associated
with series resistance (Rs) in simple-structured c-Si solar cells. Energies 2024, 17, 1520. [CrossRef]

Ali, S.S.; Mohamed, W.; Mohamed, H. Effect of series and shunt resistance on the performance of CZTSe thin film solar cell. Sohag
J. Sci. 2025, 10, 75-79. [CrossRef]

Siddique, A.; Islam, M.N.; Karmaker, H.; Igbal, A.A.; Khan, A.A.M,; Islam, M.A; Das, B.K. Numerical modelling and performance
investigation of inorganic Copper-Tin-Sulfide (CTS) based perovskite solar cell with SCAPS-1D. Results Opt. 2024, 16, 100713.
[CrossRef]

Biswas, S.K.; Ahmed, M.M.; Orthe, M.F,; Sumon, M.S.; Sarker, K. Numerical investigation of high efficiency CuySnSejs thin film
solar cell with a suitable ZnSe buffer layer using SCAPS 1D software. Eur. J. Electr. Eng. Comput. Sci. 2023, 7, 63-70. [CrossRef]
Bappy, M.EH.; Khan, A.-A.-M,; Islam, M.R.; Shanto, M.S.L; Islam, M.A. Unveiling the Potential of CTS (Cu,;SnS3) Solar Cells:
High Efficiency and Energy Viability via SCAPS-1D Simulation. Available online: https:/ /ssrn.com/abstract=5342893 (accessed
on 1 April 2026).

Meyer, E.L.; Jakalase, S.; Nqombolo, A.; Rono, N.; Agoro, M.A. The numerical simulation of a non-fullerene thin-film organic
solar cell with CuyFeSnS, (CFTS) kesterite as a hole transport layer using SCAPS-1D. Coatings 2025, 15, 266. [CrossRef]
Nayeen, M.].; Mondal, B.K.; Basu, S.R.; Hossain, J. Theoretical exploration of high VOC in Cu;SnS3 thin film solar cells towards
high efficiency. Sol. Energy 2023, 265, 112076. [CrossRef]

Haddout, A.; Raidou, A.; Fahoume, M. A review on the numerical modeling of CdS/CZTS-based solar cells. Appl. Phys. A 2019,
125,124. [CrossRef]

Islam, B.; Khan, T.M.; Rahaman, M.M.; Al Ahmed, S.R. Computational optimization of MASnI3 perovskite solar cells using
SCAPS-1D simulations and machine learning techniques. RSC Adv. 2026, 16, 1172-1192. [CrossRef]

Ait Abdelkadir, A.; Sahal, M. Theoretical development of the CZTS thin-film solar cell by SCAPS-1D software based on
experimental work. Mater. Sci. Eng. B 2023, 296, 116710. [CrossRef]

Rahaman, S.; Singha, M.K,; Sarkar, P.; Sunil, M.A.; Ghosh, K. Optimization of CTS thin film solar cell: A numerical investigation
based on USP deposited thin films. Phys. B Condens. Matter 2025, 698, 416751. [CrossRef]

Mathur, A.; Upadhyay, S.; Singh, P.P,; Sharma, B.; Arora, P.; Rajput, VK.; Kumar, P; Singh, D.; Singh, B. Role of defect density in
absorber layer of ternary chalcogenide Cu,SnS; solar cell. Opt. Mater. 2021, 119, 111314. [CrossRef]

Laghchim, E.; Raidou, A.; Fahmi, A.; Fahoume, M. The effect of ZnS buffer layer on CuySnS; (CTS) thin film solar cells
performance: Numerical approach. Micro Nanostruct. 2022, 165, 207198. [CrossRef]

Amiri, I; Ahmad, H.; Ariannejad, M.; Ismail, M.; Thambiratnam, K.; Yasin, M.; Nik Abdul-Aziz, N. Performance analysis of
Copper Tin Sulfide, Cu,;SnS;z (CTS) with various buffer layers by using scaps in solar cells. Surf. Rev. Lett. 2017, 24, 1750073.
[CrossRef]

Islam, F,; Islam, M.A.; Sarkar, D.K.; Yatim, N.M. Device performance for CTS-based thin film solar cell using Scaps-1D simulator.
J. Sustain. Sci. Manag. 2025, 20, 1807-1818. [CrossRef]

Raval, J.B.; Chaki, S.H.; Tailor, J.P,; Bhatt, S.V.; Patel, S.R.; Desai, R.K.; Chakrabarty, B.S.; Deshpande, M.P. Optoelectronic
applications of chemical bath deposited Cu,SnS3 (CTS) thin films. RSC Adv. 2025, 15, 24304-24316. [CrossRef]

Houimi, A.; Yigit Gezgin, S.; Kilig, H.S. Theoretical analysis of solar cell performance with different backsurface-filed layers
utilizing experimental results of CdS Films deposited by pulsed laser. Phys. Status Solidi (a) 2022, 219, 2100780. [CrossRef]
Et-taya, L.; El Khalfi, A.; Ridani, K.; El Boukili, A.; Mansour, N.; Elmaimouni, L.; Benami, A. Enhancement of kesterite solar cells
using a carbon nanotube as a back surface field layer. J. Phys. Chem. Solids 2025, 196, 112361. [CrossRef]

https:/ /doi.org/10.3390/nano16100597


https://doi.org/10.1016/j.ijleo.2020.166228
https://doi.org/10.1016/j.decarb.2025.100107
https://doi.org/10.1002/pip.70076
https://doi.org/10.3390/nano12224012
https://doi.org/10.1016/j.ijleo.2021.166258
https://doi.org/10.1007/s11664-018-6406-3
https://doi.org/10.1007/s00339-023-06428-0
https://doi.org/10.3390/en17071520
https://doi.org/10.21608/sjsci.2024.335014.1232
https://doi.org/10.1016/j.rio.2024.100713
https://doi.org/10.24018/ejece.2023.7.5.558
https://ssrn.com/abstract=5342893
https://doi.org/10.3390/coatings15030266
https://doi.org/10.1016/j.solener.2023.112076
https://doi.org/10.1007/s00339-019-2413-3
https://doi.org/10.1039/D5RA07200J
https://doi.org/10.1016/j.mseb.2023.116710
https://doi.org/10.1016/j.physb.2024.416751
https://doi.org/10.1016/j.optmat.2021.111314
https://doi.org/10.1016/j.micrna.2022.207198
https://doi.org/10.1142/S0218625X17500731
https://doi.org/10.46754/jssm.2025.09.004
https://doi.org/10.1039/D5RA03157E
https://doi.org/10.1002/pssa.202100780
https://doi.org/10.1016/j.jpcs.2024.112361
https://doi.org/10.3390/nano16100597

Nanomaterials 2026, 16, 597 29 of 29

66. Matin, M.; Tomal, M.; Robin, A.; Amin, N. Numerical analysis of novel back surface field for high efficiency ultrathin CdTe solar
cells. Int. |. Photoenergy 2013, 2013, 652695. [CrossRef]

67. Al-Buzayd, H.Y.H.; Bahrami, A. Exploring of inorganic Cu-based back surface field layer on the performance of SbySesz /WO3
heterojunction solar cells: A SCAPS-1D simulation study. Inorg. Chem. Commun. 2025, 173, 113773. [CrossRef]

68. Yadav, RK,; Pawar, P.S.; Nandi, R.; Neerugatti, K.E.; Kim, Y.T.; Cho, ].Y.; Heo, J. A qualitative study of SnSe thin film solar cells
using SCAPS 1D and comparison with experimental results: A pathway towards 22.69% efficiency. Sol. Energy Mater. Sol. Cells
2022, 244, 111835. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/nano16100597


https://doi.org/10.1155/2013/652695
https://doi.org/10.1016/j.inoche.2024.113773
https://doi.org/10.1016/j.solmat.2022.111835
https://doi.org/10.3390/nano16100597

