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Enhancing Cu2ZnSnS4 Solar Cell Efficiency through
Antimony Substitution for Tin: A SCAPS-1D
Simulation Study

Sushmita Chaudhari

Abstract— SCAPS-1D, a one-dimensional solar cell simulator,
provides a valuable tool for predicting device performance based
on layer-by-layer material properties. Copper Zinc Tin Sulfide
(CZTS) has emerged as a promising absorber material due to its
exceptional light absorption coefficient and the abundance and
non-toxic nature of its constituent elements. This study leverages
SCAPS-1D to investigate the working mechanism of CZTS-based
solar cells. We simulate a Mo/CZTS/CdS/ZnO device structure
under AM 1.5 spectrum illumination and 300 K temperature,
analyzing the impact of individual layer thickness on
photovoltaic performance. Further, a comparative analysis
explores the influence of various n-type materials. In addition,
the introduction of antimony (Sb) doping into CZTS leads to a
significant change in efficiency of the cell. The efficiency of Sb-
doping CZTS attained 21.90%, while there was a great
improvement by 3% via reduced recombination losses and
enhanced photocurrent. This work gives an insight into the
possibility of Sb doping for the improvement in the performance
of thin-film solar cells.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/9125

Index Terms— Photovoltaic cell, SCAPS-1D, CZTS, CdS,
ZnO, Thin film.
I. INTRODUCTION
HE increasing demand for clean and sustainable energy
sources has driven significant research into renewable
energy technologies. Among these, solar photovoltaics
(PV) hold immense promise due to their ability to
convert sunlight directly into electricity. Theoretically, only a
small fraction of the Earth's surface covered with efficient
solar cells could meet global energy demands. While solar PV
accounted for roughly 8.3% of global electricity generation in
2024 [1], further efficiency improvements can significantly
reduce production costs and make solar a viable alternative to
fossil fuel-based power generation. Common thin film solar
cell absorber materials are CdTe, ZnSe, Sb,S;, ZnTe and
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CZTS [2-9]. Among all Copper Zinc Tin Sulfide (CZTS,
Cu2ZnSnS4) has emerged as a promising candidate for second-
generation thin-film solar cells. Its high absorption coefficient,
earth-abundant and non-toxic constituents, and direct bandgap
make it an attractive substitute for currently used CdTe/CdSe-
based thin-film solar cells. However, the maximum reported
efficiencies for CZTS solar cells is around is around 10% and
12.6% for a CZTS and CZTSSe based solar cell solar cell [10-
12] remain lower than those achieved with CIGS (Copper

Indium Gallium Selenide) technology and theoretical
predictions for CZTS.
Several deposition methods, both vacuum-based

(sputtering [13], E-beam evaporation [14-15] etc.) and non-
vacuum-based (dip coating [16-18], spin coating [19],
electrodeposition [20-23], chemical bath deposition [24],
combination technique of electrodeposition followed with
chemical bath deposition [25] etc.), can be used to fabricate
CZTS absorber layers. However, the performance of a solar
cell depends not only on the absorber material but also on the
other constituent layers, such as the buffer layer, window
layer, and electrical contacts. These elements influence factors
like band structure at heterojunctions and overall device
functionality. In addition, there are several disadvantages of
experimental methods such as cost inefficient, time inefficient
etc. Optimizing parameters using experimental approach is
very challenging and sometimes leading to inconsistent
results. Secondly, reproducibility in various environmental or
experimental conditions is also a biggest challenge. Hence in
this study simulation is preferred as an invaluable tool instead
of experimental approach before moving to experimental
validity.

Researchers often use the SCAPS 1D simulation tool for
optimize thin film solar cell performance. It facilitates the
study of the effect of different parameters for example layer
thickness, doping concentration etc. on the performance of
device characteristics like QE, FF, Voc and Jsc. This make
SCAPS 1D an important tool in solar cell design and
optimization strategies. Specifically, researchers have been
working to optimize second generation thin film solar cell
using SCAPS 1D, including ZnTe based solar cell [7-8], CdTe
based solar cell [2-3], ZnSe based solar cell [4] and CZTS
based solar cell [9]. In case of CZTS various dopants have
been reported with the view to minimizing the defects in
Cu2ZnSnS4 (CZTS) and thereby improve the photocurrent of
solar cells. Of these, antimony (Sb) has received much interest
because of its ability to replace tin (Sn) within the CZTS
crystal structure. This substitution also results in the
formation, of an intermediate band about 0.5 eV below the
valence band [26]. The existence of this intermediate band
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improves light absorption and photocurrents, which will
enhance the conversion ability of the solar cell. To best of our
knowledge, no one has yet studied the impact of substitution
of Sb for Sn in CZTS based solar cell on the device
performance using SCAPS 1D.

Thus in the current study our main objective is to simulate
Mo/CZTS/CdS/ZnO solar cell using SCAPS-1D and study its
different parameters like efficiency (1), short circuit current
(Jsc), open circuit voltage (Vo) and fill factor (FF). The study
is made using [-V Characteristics to predict the best possible
efficiency by varying different parameters of cell like
thickness of each layer (absorber layer, window layer and
buffer layer) and the impact of different buffer layer materials.
To enhance the efficiency of solar cell conversion, dopants are
commonly employed in the absorber layer. Recently, Zhang et
al. [26] conducted first-principle calculations and observed an
enhancement in the absorber coefficient of CZTS.
Additionally, their findings demonstrate that antimony (Sb)
has a preference for occupying the tin (Sn) sites, thereby
reducing and preventing non-radiative recombination. This
study aims to improve the efficiency of solar cells made by
using earth abundant materials.

II. DEVICE STRUCTURE & SIMULATION

This study investigates the performance of a
Mo/CZTS/CdS/ZnO solar cell structure using SCAPS-1D, a
one-dimensional solar cell simulator. SCAPS-1D is a freely
available software program widely used by researchers and
students for simulating solar cell characteristics. Developed by
Prof. Marc Burgelman at Ghent University's Department of
Electronics and Information Systems in Belgium, it
incorporates models for various physical phenomena within
the device, including generation, recombination, defect states,
and carrier transport.

The simulated device architecture is depicted in Fig. 1.
Here, CZTS serves as the light absorber layer, sandwiched
between a molybdenum (Mo) back contact and a cadmium
sulfide (CdS) buffer layer. A zinc oxide (ZnO) window layer
completes the device structure. Material properties such as
thickness, bandgap, carrier concentrations (electron and hole),
and electron affinity are crucial for defining each layer in the
device model. These parameters were chosen based on
literature values and are presented in Table I [27].

To achieve realism with experimental findings, defects are
introduced into the absorber layers and is mentioned in Table
I [27]. In addition, the applied simulation parameters
throughout the experiments are Series resistance (Rs) of 1
Qcm? and Shunt resistance (Rsh) of 10° Qcm?. Illumination
conditions were set to mimic standard reporting conditions
using AM 1.5 spectrum with Input power density of 1000
W/m?, Temperature of 300 K (room temperature) as specified
in Fig. 1. Additionally, specific surface recombination
parameters were employed for the front and back electrodes of
the simulated device. The metal work function, electron
surface  recombination velocity and hole surface
recombination velocity of front electrode are 5.0 eV, 10° cm/s
and 107 cm/s respectively. Whereas the metal work function,
electron surface recombination velocity and hole surface
recombination velocity of back electrode are flat band

(assumed ohmic contact), 107 cm/s and 10° cm/s respectively
and is mentioned in Table 1.
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Fig. 1. Device structure of Mo/CZTS/CdS/ZnO solar cell.

TABLEI
MATERIALS PARAMETERS USED IN DESIGNING THE DEVICE STRUCTURE [27]
Parameters CZTS cds Zn0

Thickness 2 0.05 0.08
Bandgap (Eg) 1.5 24 33
Electron Affinity 45 45 4.6
V4

Dielectric

permittivity & 10 10 90
CB  density of 2.2F18 22E18 22E18
State

VB density of  gpig 1.8E19 1.8E19
state

Electron - thermal 1.0E7 1.0E7 1.0E7
velocity

Hole —thermal 1.0E7 1.0E7 1.0E7
velocity

Electron mobility 1.0E2 1.0E2 1.0E2
Hole mobility 2.5E1 2.5E1 2.5E1
Donor density 1.0E1 1.0E18 1.0E18
Acceptor density 1.0E18 0 1.0E1

III. RESULT AND DISCUSSION
To optimize the overall performance of CZTS based solar
cell theoretical investigation on Mo/CZTS/CdS/ZnO cell is
carried out using the software SCAPS-1D and the
corresponding J-V curve of the cell is stored to calculate all
the device parameters such as Voc, FF, Jsc, and n of the
device.
Fig. 2 shows the J-V curve of Mo/CZTS/CdS/ZnO cell.
From the figure it is clear that V.= 1.079229 volt and J«=
23.24 mA/cm? for the simulated cell, and thus

V., *L
FF=-22 ™ - 8482%

]/OC * ISC
and its conversion efficiency n= Vmp*Imp/Pin = 21.27%.
Fig. 3 depicts the simulated External Quantum Efficiency



382

(QE) of the Mo/CZTS/CdS/ZnO solar cell across the
ultraviolet-visible (UV-Vis) spectrum. The high QE observed
between 380 nm and 830 nm suggests efficient light
absorption within this wavelength range, indicating the
device's functionality primarily in the visible region. Quantum
efficiency is reduced below 300 nm wavelength. It may be
because in case of photons having energy higher than the
bandgap of absorber material, excess energy will not be
utilized for the charge carrier generation and will dissipate as
thermal energy. This excess energy loss will reduce the overall
photo conversion efficiency.

However, for optimal performance, considerations
beyond light absorption are crucial. Fig. 4 illustrates the
simulated band alignment at the critical CZTS/CdS interface,
which forms a heterojunction between the absorber and buffer
layer. As highlighted by Susanne et al. [28], a cliff-like band
alignment, where the conduction band minimum (CBM) of
CdS lies below that of CZTS, can lead to increased interface
recombination due to a narrower bandgap at the junction
compared to the bulk CZTS bandgap. This phenomenon,
along with the spike-like band alignment at the CdS/ZnO
interface, might be contributing factors to the relatively low
conversion efficiency of 21.27% observed in Fig. 2 (compared
to the theoretical potential of CZTS solar cells). The spike at
the CdS/ZnO heterojunction, while potentially reducing
interface recombination, can also act as a barrier for charge
carrier transport, hindering efficient collection at the
electrodes and ultimately limiting device performance.

A. Impact of Absorber Layer Thickness

Fig. 5 explores the relationship between absorber layer
thickness (varied from 500 nm to 3000 nm in 500 nm steps)
and key device parameters like efficiency (n), open-circuit
voltage (Voc), fill factor (FF), and short-circuit current density
(Jsc). The initial increase in efficiency with increasing
thickness can be attributed to an enhanced light absorption
probability, as confirmed by the rising ratio of absorbed
photons to incident light. However, this trend is known to
eventually reverse in practical devices, as reported in [29]. As
the absorber layer thickness grows beyond a certain point,
several factors can lead to a decrease in efficiency. One is
Increased Recombination: With a thicker absorber layer, the
generated charge carriers have to travel a longer distance to
reach the collecting electrodes. This increases the probability
of encountering recombination centers, such as defects or
grain boundaries within the material, ultimately reducing the
number of collected carriers and lowering efficiency. Second
is Carrier Diffusion Length: The diffusion length represents
the average distance a charge carrier can travel before
recombining. If the absorber thickness exceeds the diffusion
length, a significant portion of generated carriers may not
reach the electrodes, again leading to efficiency losses.
Therefore, an optimal absorber thickness exists that balances
efficient light absorption with minimal carrier recombination.

B. Impact of Buffer Layer Thickness

Fig. 6 investigates the effect of buffer layer thickness
(varied from 30 nm to 100 nm in 10 nm steps) on key
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TABLEII
DEFECTS PARAMETERS USED TO DESIGN CZTS MATERIAL PROPERTIES [27]
Defects Defect Charge Electron hole Level
density Nt state: capture cross
(cm™) Type section
(ce,ch) (cm?)
Multivalent SE14 (0/-) 103,103 0.1 eV above
defect acceptor VBM
Veu, Cuzn VB tail
Multivalent 5E14 (-2/-) 10141074 0.2 eV above
defect acceptor VBM
Znsn, Cusn VB tail
Multivalent 5E14 (-2/-3) 10141074 0.5 eV above
defect acceptor VBM
Vsn, — Znsy, VB tail
Cusn
TABLE I11

SIMULATION PARAMETERS USED TO DESIGN CZTS MATERIAL PROPERTIES

Simulation Parameters

Series resistance (Rs) 1 Qcm?
Shunt resistance (Rsh) 10° Qem?
Illumination conditions

Input power density 1000 W/m?

Temperature 300 K (room temperature)
Surface recombination parameters for Front electrode

Metal work function: 5.0eV

Electron surface recombination 10° c/s

velocity

Hole surface recombination 107 c/s

velocity

Surface recombination parameters for Back electrode

Flat band (assumed ohmic contact)
107 cm/s

Metal work function

Electron surface recombination
velocity

Hole surface recombination
velocity

10% cm/s

CZTS

-25 —r7 77—
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage(volt)

Fig. 2. J-V curve of Mo/CZTS/CdS/ZnO cell.

device parameters like efficiency (1), short-circuit current
density (Js), open-circuit voltage (Voc), and fill factor (FF).
The observed increase in efficiency, Jsc and Voc with
increasing buffer layer thickness can be attributed to its role in
reducing recombination losses within the device. As buffer
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Fig. 4. Band alignment of Mo/CZTS/CdS/ZnO solar cell.
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Fig. 7. Variation in device characteristics of Mo/CZTS/CdS/ZnO solar cell by
varying thickness of ZnO layer.

layer’s thickness increases, more photons are absorbed beyond
the region of the hole diffusion length. This leads to a
reduction in the recombination rate. This recombination would
otherwise reduce the number of carriers available for current
collection. However, it’s important to note that excessively
thick buffer layers can also have detrimental effects [30].

Fig. 7 highlights the influence of window layer thickness
on device performance. From Fig. 7, it is clear that efficiency
of cell not only pivot on the absorber layer’s thickness or
buffer layer but also depend upon the window layer thickness.
While both efficiency and fill factor (FF) exhibit a dependence
on this parameter, their trends are opposing. We observe an
increase in FF with increasing window layer thickness. This
can be attributed to the reduction in recombination losses at
the junction and improve the electrical properties.

Nevertheless, the same trend leads to a decrease in overall
cell efficiency. Maybe as the window layer thickness
increases, a greater portion of the incident light is absorbed
within the ZnO layer before reaching the absorber layer
(CZTS). This reduces the number of photons available for
generating electron-hole pairs within the CZTS, ultimately
leading to a decline in photocurrent and overall efficiency.
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C. Investigating the Impact of Buffer Layer Materials on
CZTS Solar Cell Performance

This study explores the influence of various n-type buffer
layer materials on the performance and conversion efficiency
of CZTS solar cells using a simulated device configuration
depicted in Fig. 1. All other device parameters are held
constant, allowing for a focused investigation on the effect of
buffer layer material properties. The specific experimental
parameters and material properties of the different n-type
materials employed in the simulations are detailed in Table IV
for reference. Cadmium sulfide (CdS) remains the most
commonly used n-type material in CZTS solar cells, even in
devices achieving the highest reported efficiencies [11].
Heterojunction band alignment has a pivotal role in overall
efficiency. In case of CZTS/CdS solar cell both cliff and spike
like configuration is reported. Both configuration has their
own advantages and disadvantages which inhibits the
efficiency of the cell. Thus it is essential to find the alternative
n-material for the formation of favorable heterojunction band
alignment. In the current study, different n-type material like
ZnS, CdZnS, In,S; and ZnSe is studies and reported.

Fig. 8 shows the device characteristics of CZTS based
solar cell with different n-type materials. Black color square
represents the cell efficiency and suggest that the efficiency of
ZnS, In,S; and WS, based cell are almost same as CdS and
thus can be used n-type material in case of CZTS based solar
cell. ZnS is not only a good alternative as it is non-toxic
material but also it is cost efficient compare to CdS, In,S; and
WS,. The reason for low efficiency in case of CdZnS and
ZnSe based cell is lower short circuit current of the device.
From Fig. 8, it is clear that short circuit current of CdZnS and
ZnSe based cell is very less compare to other devices, limiting
the overall efficiency.

D. Enhancing CZTS Properties through Antimony (Sb)
Doping

Substitution of Sb for Sn in CZTS can tune the materials
properties by modifying the electronics structure. Antimony
has different electronic properties compared to tin, which can
lead to changes in the band structure and the behavior of
charge carriers within the material. This substitution can
potentially enhance the absorption of sunlight and improve the
efficiency of solar cells based on CZTS. Furthermore, limited
performance of CZTS is due to its complex structure and
presence of antisite defects such as Cu- Zn, Cu-Sn etc.

In 2017, Zhang et al. [26] elucidated the potential
mechanism behind the enhanced efficiency of Sb-doped CZTS
solar cells. Substitution of Sb for Sn in CZTS enhances the
cell efficiency, Jic and V. by introducing the intermediate
band above Valence band maxima (VBM), which increases
the photocurrent and improves the overall performance of the
cell [26].”

Motivated by these theoretical predictions, we employed
SCAPS-1D to investigate the influence of Sb substitution on
CZTS solar cell performance. The specific device parameters
used in this simulation study are detailed in Table V.

Anticipating significant variation in the antisite defect
with increasing Sb concentration in CZTS, defect density of
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TABLE Iv

MATERIALS PARAMETERS OF DIFFERENT N-TYPE MATERIALS USED TO
DESIGN DEVICE STRUCTURE

Parameters CZTS CdS ZnS CdZnS 1In,S; Z:S WS,
Thickness 2 0.05 0.05 0.05 0.05 0.05 0.05
Bandgap
P 1.5 24 33 2.98 282 29 22
Electron
Affinity 1 45 45 4.1 42 45 402 47
Dielectric 10 10 10 9.4 135 10 5.1
permittivity &
CB demsity ) ,p13  92EIS 22EI8 22EI8  22E17 22EI8 9.7EIS
of state
VB density | ¢p19  1gE19 18E19 18EI9  18E19 18EI9 134EI9
of state
Electron
thermal 1.0E7  10E7 1.0E7  1.0E7 1.0E7 1.0E7 1.0E7
velocity
Hole thermal | ;.0 | opq 1.0E7  1.0E7 10E7 1.0E7
velocity 1.0E7
Electron
mobility 1OE2  LOE2 LOE2 o, 1.0E2 25El 1.0E2
Hole 25E1  25El 25El 27El 25El  1.0E2 2.5El
mobility
Donor
demsity LOEL  10EI8 | o . 10EI7  1OEI3 10EI7 10EI8
Acceptor 10EI8 0 0 0 10El 0  1.0EIS
density
25 0 100
1.6 - ]
] = . v
204, I M L 80
154 = off M
1.4 4
* Voo 60
Jsc
104 v FF
L 40
1.2 4
]
S_
. . . . . . L 20
.
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N-type Material
Fig. 8. Device characteristics of Mo/CZTS/CdS/ZnO solar cell using various
n-type semiconductors.

CZTS is adjusted from 5E14 to SE13 for Sb doped CZTS. Fig.
9 shows the J-V curve of Mo/Sb-CZTS/CdS/ZnO cell. Fig. 9
presents the current density-voltage (J-V) curve for the
simulated Mo/Sb-doped CZTS/CdS/ZnO solar cell. The
simulated device exhibits an open-circuit voltage (Voc) of
0.7026 V, a short-circuit current density (Jsc) of 40.08
mA/cm?, and a corresponding efficiency of 21.90%. Hence,
the boost in efficiency resulting from Sb doping in CZTS
amounts to approximately 3% compare to undoped CZTS
based solar cell, marking a significant advancement in the
field of thin-film single-junction solar cells.

Fig. 10 illustrates the simulated External Quantum
Efficiency (QE) of the solar cell across the ultraviolet-visible
(UV-Vis) spectrum. Compared to the undoped CZTS cell
(refer to Fig. 3 for reference), the Sb-doped cell exhibits an
extended light absorption range. Notably, the QE remains
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TABLE V
MATERIALS PARAMETERS USED IN CASE OF SB DOPED CZTS
Parameters Sb doped cds Zn0
CZTS
Thickness (um) 2 0.05 0.08
Bandgap (eV) 1.14 24 33
Electron Affinity y 4.35 4.5 4.6
Dielectric permittivity & 13.6 10 9.0
CB density of state 2.2E18 2.2E18 2.2E18
VB density of state 1.8E19 1.8E19 1.8E19
Electron thermal velocity 1.0E7 1.0E7 1.0E7
Hole thermal velocity 1.0E7 1.0E7 1.0E7
Electron mobility 1.0E2 1.0E2 1.0E2
Hole mobility 2.5E1 2.5E1 2.5E1
Donor density 1.0E1 1.0E18 1.0E18
Acceptor density 1.0E17 0 1.0E1
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Fig. 9. J-V curve of Mo/Sb-CZTS/CdS/ZnO cell.
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Fig. 10. Quantum Efficiency (QE) versus
CZTS/CdS/ZnO cell.

wavelength of Mo/Sb-

above 10% up to a wavelength of 1000 nm, as opposed to the
830 nm limit observed for the undoped device (Fig. 3). This
signifies a significant improvement in light utilization by the
Sb-doped CZTS solar cell. By effectively harvesting a broader
range of light within the solar spectrum, Sb doping has the
potential to contribute to the observed enhancement in overall
device efficiency. Fig. 11 illustrates the simulated band
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Fig. 11. Band alignment of Mo/Sb-CZTS/CdS/ZnO solar cell.

alignment for the Mo/Sb-CZTS/CdS/ZnO solar cell. The band
alignment at the critical CZTS/CdS interface, which forms the
heterojunction, appears largely unaffected by the Sb doping
within the CZTS layer.

IV. CONCLUSION

This study employed numerical simulations to
comprehensively investigate the device parameters of
Mo/CZTS/CdS/ZnO thin-film solar cells. The simulations
revealed that various parameters, including the thickness of
the CZTS, CdS, and ZnO layers and impact of different buffer
layer materials, significantly impact cell performance. The
study additionally investigated the effects of Sb cation
substitution within the CZTS structure. The results
demonstrated a notable improvement in solar cell efficiency
with Sb doping, suggesting this approach as a viable strategy
for further efficiency enhancements. These findings hold
significant potential for the development of next-generation
high-efficiency solar cells. In the future, experimental studies
of Sb doped CZTS solar cells are proposed for validation
based on the SCAPS 1D simulation findings which suggest the
improved efficiency of the cell. It includes synthesis of Sb
doped CZTS material using non-vacuum techniques followed
by the characterization to confirm the formation of Sb-doped
CZTS material. Further, fabrication of Sb doped CZTS device
is proposed to assess the Jsc, Voc, FF and efficiency of the
cell under AM 1.5G condition. Formation of intermediate
band above Valence band Maxima will be validated by the
first-principles DFT calculations. Simulation results will be
compared with experimental results to confirm the practical
implementation of Sb-CZTS based solar cell.
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