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Abstract. Solar cells are considered a potential
sustainable device for generating -electricity from
sunlight. However, the cost of commercial silicon based
solar cells is high due to a complex manufacturing
process. The halide double perovskite (HDP) solar cell
provides high power conversion efficiency (PCE) at a
lower fabrication cost due to their tunable optoelectronic
properties and the inexpensive materials involved in the
fabrication of the device. The basic structure of the solar
cell contains the window layer, the electron transport
layer (ETL), the absorber layer, and the hole transport
layer (HTL). We have investigated the performance of
GaCeCls based thin film solar cell (TFSC) numerically
using SCAPS-1D (Solar Cell Capacitance Simulator).
The structure of the device is ITO/C60/GaxCeCls/CZTS
where ITO (indium tin oxide), C60, Ga,CeCls and CZTS
(copper zinc tin sulfide) are the window layer, ETL,
absorber layer, and HTL respectively. Various factors
affect the performance of the TFSC, such as the
thickness of different layers, the concentration of dopants,
defects, operating temperature, series resistance, shunt
resistance, and so on. These quantities are varied in a
certain range, and their effects on the solar cell
parameters such as open-circuit voltage (Voc),
short-circuit current density (Jsc), fill factor (FF), and
PCE are obtained from simulation. The optimum values
for those quantities are implemented to design a cost
effective and high performing TFSC device. For the
optimized Ga>CeCls based TFSC, the values of Voc, Jsc,
FF, and PCE are 1.2 V, 31 mAcm?2, 89%, and 33.34%,
respectively.

Key words. Halide double perovskite, High efficiency,
Optimization, Solar cell

Accepted: 03 August 2026

17

Available Online: 07 August 2026

1. Introduction

Currently, more than 70% of electricity worldwide is
generated by non-renewable sources of energy such as
coal, natural gas, oil, nuclear energy, and so on [1,2].
There are several disadvantages of using these sources,
such as emission of harmful gas into the atmosphere
while burning the fossil fuels, depletion of sources due to
extensive large usage, and increase in price due to
scarcity and high market demand [3]. That is why
non-renewable sources are considered unsustainable, and
it is essential to develop the technology to generate
electrical energy from renewable sources [4]. Among
renewable sources of energy, wind, hydro and solar
contribute primarily to the remaining 30% of electricity
generation. There are several advantages of solar energy,
such as high scalability, long lifespan, accessibility, and
low impact on the environment [5].

The solar cell works on the principle of photovoltaic
effect, by which sunlight is absorbed by the solar panels
and converted into electrical energy [6]. Commercially,
silicon is used as the semiconductor material to generate
electrons and holes charge carriers [7]. They are further
transported to the respective electrodes, and electric
current is produced. The fabrication cost for silicon
based solar cells is quite high [8]. Alternatively, halide
double perovskites (HDP) are considered sustainable,
environmentally friendly and low cost materials for solar
cells [9]. They exhibit suitable optical, electronic, and
photovoltaic properties to produce electricity from
sunlight [10,11].
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The general chemical formula of HDP is A2BB’X¢ where
A, B, B’ are cations while X represents the halide anion
[12]. Alghamdi et al. theoretically investigated the
performance of a HDP based solar cell
(FTO/SnO2/Cs2Ptls/Spiro-OMeTAD/C)  [13]. Power
conversion efficiency (PCE) of 25.7% and quantum
efficiency (QE) of 97.5% were obtained in the spectral
range for the optimized device. In another theoretical
study, Rb:LiGals, Cu20O and TiO; are used as absorber
layer, HTL and ETL respectively [14]. The optimized
solar cell yielded PCE of 26.48% for the band gap of
1.13 eV of RboLiGals. The substitution of 5% Ga in the
HDP Cs2AgBiBrs reduces the band gap and improves the
efficiency and stability of the solar cell [15]. Liu et al.
have demonstrated other techniques such as vacuum
treatment and interlayer engineering to enhance the
performance of lead-free tin-based perovskite solar cell
[16]. Various research groups have made efforts to
improve the performance of HDP CsxAgBiBrs by doping
rubidium [17], molybdenum [18], graphdiyne [19] and
polypyrrole [20].

Band alignment of the absorber layer with the electron
transfer layer (ETL) and hole transfer layer (HTL) is an
important factor to consider for the fabrication of highly
efficient device. Usually, ZnO, CdZnS, In;03, IGTO,
C60, Al,O3, WS,, WO3, TiO2, PCBM, SnO,, and LBSO
are used as ETL [21] while Cu0, CBTS, CuSCN, P;HT,
PEDOT:PSS, GaAs, CdTe, PTAA, and Cu are used as
HTL [22]. Mohandes et al. investigated the performance
of Cs:BiAgls based thin film solar cell (TFSC) with
ZnO/AZN as ETL [23]. In this work, eight devices with
different HTL were manufactured and V,0s was selected
as HTL based on a quantitative analysis of device
performance.

In this study, an optimized TFSC structure is investigated
for the absorber layer of the Ga>CeCls. First-principles
calculations are performed by Rafiu et al. on Ga;CeCls to
investigate its structural, electronic, thermoelectric,
optical, mechanical, phonon stability, molecular
dynamics, and photovoltaic properties. Their findings
conclude that GaxCeCls possesses stability, a tunable
optoelectronic  response, and strong photovoltaic
performance [24]. It is placed between C60 ETL and
copper zinc tin sulfide (CZTS) HTL. CZTS is a low-cost
inorganic material which exhibits a tunable direct band
gap and large absorption coefficient, making it a suitable
material for HTL [25]. The performance of the device is
examined with SCAPS-1D (Solar Cell Capacitance
Simulator) software [26]. Parameters like thickness and
carrier concentration of the window layer, ETL, absorber
layer, and HTL are varied over a certain range and the
corresponding variations in open-circuit voltage (Voc),
short-circuit current density (Jsc), fill factor (FF) and
PCE are studied. In addition, the effects of factors such
as operating temperature, defects, series, and shunt
resistance on the performance of the solar cell are also
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examined. Finally, current density-voltage (J-V)
characteristics, energy band diagram and QE are plotted
for the optimized Ga,CeCls based TFSC.

2. Materials and Methodology
2.1 Numerical Simulation

Simulation of a model is often helpful to optimize the
parameters for experimental work. We have used
SCAPS-1D simulator to examine the performance of the
solar cell under standard test conditions (STC).
SCAPS-1D is developed at the University of Gent,
Belgium [26]. It is an open-source TFSC simulator that
gives very reliable results [27]. The software provides
the option to add different materials along with their
electronic and optical properties. The performance of the
solar cell can be determined under STC. The effects of
various factors such as defects, operating temperature,
series, and shunt resistance, etc. on the device
performance can also be studied by SCAPS-1D.
SCAPS-1D simulator solves Poisson equation (Eq. 1)
and continuity equation (Eq. 2) numerically for charge
carriers in one dimension. It also solves the equations for
the transport mechanism of the carriers by drift and
diffusion processes according to Egs. 3 and 4.
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where ¢ is electrostatic potential, g is charge, ¢ is electric
permittivity, p is hole concentration, n is electron
concentration, Np is donor density, N4 is acceptor density,
pp 1s holes distribution, p, is electrons distribution, J, is
electron current density, J, is hole current density, G is
generation rate, R is recombination rate, D, and D, are
diffiusion coefficients, u, and u, are carrier mobilities.

2.2 Solar Cell Device Structure

An absorber layer absorbs the incident light and
generates electron-hole pairs from the absorbed photons
[28]. ETL and HTL extract electrons and holes from the
absorber layer and facilitate their smooth transition to the
front and back contacts, respectively. A transparent
window layer is placed on top and is connected to the
electrode.



Table 1. Input parameters for ITO, C60, Ga,CeCls, and CZTS used in the simulation of solar cell.

1ITO C60 GayCeCls CZTS
Thickness (nm) 100 100 800 1500
Band gap (eV) 3.3 1.7 1.733 1.45
Electron affinity (eV) 4.1 3.9 4.47 4.5
Dielectric constant 2 4.2 3.52 9
Conduction band density of states (cm™) | 2 x 10%° 8 x 10" 2.5x 10" 22x10"%
Valence band density of states (cm™) 1.8 x 10" 8x 10" 1.5x 10" 1.8 x 10"
Electron mobility (cm?*V-!s!) 5 0.08 40 6
Hole mobility (cm*V-'s™) 7.5 3.5x107 65 2
Donor density (cm™) 1x10" 1x107 1x10" 0
Acceptor density (cm™) 0 0 0 1x10
References [29] [30] [24] [31]
: - extracted by CZTS HTL placed below the absorber layer.
Front Contact nght The holes are further collected by Cu metallic back
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Figure 1. Schematic diagram of the structure of TFSC
ITO/C60/Ga2CeCls/CZTS.
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Figure 2. Absorption coefficients of CZTS, Ga,CeCls, C60 and
ITO over a wavelength range of 300 to 800 nm.

Schematic diagram of Ga,CeCls based TESC is shown in
Figure 1. Indium tin oxide (ITO) is a transparent
conductive oxide (TCO) having a large band gap (3.3 eV)
[29]. Most of the light passes through this layer without
being absorbed. The thin ETL of C60 is placed below the
window layer, which extracts the electrons and blocks
the holes. Ga;CeCls absorbs the light that passes through
the ETL and generates electron-hole pairs. The holes are
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contact. Similarly, electrons are collected by Cu metallic
front contact. The electric current starts flowing through
the load when applied across the terminals of the device.
Under STC, the temperature is fixed at 300 K and the
1.5G AM solar spectrum with a power of 1000 Wm?? is
incident to the device window layer. The optoelectronic
properties of the materials are given in Table 1 and
absorption coefficients of the layers for wavelength
range of 300 to 800 nm are plotted in Figure 2 [24,32-34].
Above 800 nm, the absorption of photons is significantly
reduced by the layers.

3. Results and Discussion

3.1 Influence of Window Layer (ITO) Thickness on
Device Performance

The light is incident on the window layer of the solar cell.
It has low absorption and high transparency in the
wavelength range of the solar spectrum [31]. When light
is absorbed by the absorber layer, charge carriers, such as
electrons and holes, are generated. The electrons move
towards the ETL and further they pass through the
window layer. They contribute to current flow when they
are transferred through the front contact. The contact
with the window layer should be stable to facilitate the
flow of electrons and minimize series resistance [35]. A
thicker window layer may be responsible for poor device
efficiency by increasing series resistance. Optimization
of the thickness of the window layer is essential for the
overall performance of the device.

ITO is selected as the window layer for the GaxCeCls
based TFSC. The solar cell parameters Voc, Jsc, FF, and
PCE are plotted against the ITO thickness as shown in
Figure 3.
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Figure 3. Effect of thickness of window layer (ITO) on solar cell parameters. (a) Voc, (b) Jsc, (¢) FF and (d) PCE.

All parameters have decreased while increasing the
thickness of the layer from 20 to 200 nm. A decrease in
Jsc implies that some of the photons are absorbed by ITO.
This reduces the light reaching the absorber layer and
hence the generation of electron-hole pairs is affected.
Voc is also affected, as the rate of electron-hole
recombination is higher for a thicker layer. FF and PCE
are also reduced, implying poor device performance due
to thicker ITO. A thin ITO layer is suitable for Ga,CeCls
based TFSC and the optimum thickness of ITO is 50 nm.

3.2 Influence of ETL (C60) Thickness on Device
Performance

The electrons generated at the absorber layer from the
absorbed photons are transferred to the front contact for
the production of electricity. The transition of electrons
becomes smooth with the help of ETL [36]. There are
certain properties that are exhibited by the ETL such as
proper band alignment with the window layer and the
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absorber layer [37]. Otherwise, the recombination of an
electron-hole pairs at the interface deteriorates the
performance of the solar cell. A thicker ETL reduces the
recombination loss, whereas it may increase the
absorption of light within the layer. The photons reaching
the absorber layer would decrease as a result of thicker
ETL resulting in a poor efficiency. The thickness of the
ETL is an important factor which determines the
performance of the solar cell. The thickness of C60 ETL
is increased from 50 to 600 nm and the solar cell
parameters are plotted against the thickness as shown in
Figure 4. Jsc has increased by a small amount,
suggesting that more photons are absorbed to generate
the charge carriers. A marginal change in Voc indicates
that the reverse saturation current remains the same even
for a thicker layer of C60. FF and PCE are not
significantly affected by the thickness of the C60 layer.
Less material is required to deposit a thinner layer during
the manufacturing process. A 200 nm thick C60 ETL
would be suitable for the device.
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Figure 4. Effect of thickness of ETL (C60) on solar cell parameters. (a) Voc, (b) Jsc, (¢) FF and (d) PCE.
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3.3 Influence of Absorber
Thickness on Device Performance

Layer (Ga:CeCls)

Light is absorbed by the absorber layer to generate
electron-hole pairs. Thus, poor absorption of light by the
window layer and ETL result in higher efficiency of the
solar cell. Electrons and holes move towards the front
and back contacts for the production of electrical energy.
The presence of additional layers such as ETL and HTL
facilitate the smooth transition of electrons and holes,
respectively. Abundances of charge carriers are generated
if more number of photons are absorbed [38]. A thicker
absorber layer is essential for higher photon absorption.
However, the probability of recombination of electrons
and holes also increases when the charge carriers have to
travel longer distances within the absorber layer [39].
The series resistance is enhanced for thicker absorber
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layer. Both of these factors adversely affect the
performance of the device.

GaxCeCls is used as an absorber layer for the TFSC. The
thickness of the absorber layer is varied from 0.5 to 5 pm
as shown in Figure 5. The value of Jsc has increased with
the thickness of the layer. More photons are absorbed by
a thicker layer, which generates a large number of charge
carriers. However, minor changes in Voc suggest that
most electron-hole pairs are recombined and heat is
released during this process. Similarly, FF has also
increased marginally. This may be due to the increase in
series resistance occurring from the larger path length for
the charge carriers. In general, the performance of the
solar cell has improved with that of Ga,CeCls thickness,
and 2 um would be suitable thickness of the absorber
layer for the Ga>CeCls based TFSC.
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Figure 5. Effect of thickness of absorber layer (Ga,CeCls) on solar cell parameters. (a) Voc, (b) Jsc, (¢) FF and (d) PCE.

3.4 Influence of HTL (CZTS) Thickness on Device
Performance

The holes generated by the absorber layer reach the back
contact for the production of electrical energy. For
smooth transition of the holes, HTL is placed in between
the absorber layer and the back contact electrode. The
HTL also blocks the flow of electrons towards the back
contact. A thin HTL increases the recombination loss,
while a thick HTL increases the series resistance [40].
The thickness of the CZTS HTL ranges from 0.5 to 4.5
pum, as shown in Figure 6. A rapid increase in Jsc has
been observed with that of the thickness of CZTS. More
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electron-hole pairs are generated in the device as a result
of the absorption of photons even by the CZTS layer.
Voc remains unchanged with increasing thickness of
CZTS. Most of the generated charge carriers must be
recombined during the migration to the respective front
and back contacts. A small increase in the FF with that of
the CZTS thickness suggests that the series resistance
offered by the thicker CZTS layer has not increased
significantly. PCE has also increased, and the rate of
increase is higher until the thickness of CZTS reaches 2
pm. For this thicker layer, a smaller increase in PCE is
observed. The above analysis suggests that 2 pm is an
optimum thickness of CZTS for the GaCeCls based
TFSC.
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Figure 6. Effect of thickness of HTL (CZTS) on solar cell parameters. (a) Voc, (b) Jsc, (¢) FF and (d) PCE.

3.5 Influence of Window Layer (ITO) Donor Density
on Device Performance

Donor charge carriers are added to the window layer of
the solar cell. The purpose of the window layer is to
transmit the light and smoothly transfer the electrons
generated by the absorber layer to the front contact
electrode. Increasing the carrier concentration could alter
the band gap so that the recombination loss is reduced.
However, a high donor density may adversely affect the
performance of the solar cell [40]. ITO is used as a
window layer for a GaCeCls based TFSC. The
concentration of donor atoms in ITO is varied from 10'°
to 10! cm™ and its effects on the solar cell parameters
are plotted as shown in Figure 7. The Voc remains
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unaffected by this variation in the donor density of ITO.
The recombination of electron-hole pairs has not been
influenced by increasing the donor density of ITO. For a
lower donor density, Jsc remains the same, whereas it has
increased sharply for a higher donor density above 108
cm?, The presence of donor atoms in high concentration
increases the generation of electron-hole pairs [40].
However, FF has increased with that of donor density.
The series resistance of the solar cell has been reduced
by increasing the donor density of ITO. However, a large
concentration of donor atoms may have acted as defects
and this leads to the saturation in the FF at higher donor
density [41]. Similar effects have also been observed for
the PCE of the solar cell. The 10'* cm™ donor density for
the ITO window layer of GaxCeCls based TFSC can be
implemented to improve the performance of the device.
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Figure 7. Effect of donor density of window layer (ITO) on solar cell parameters. (a) Voc, (b) Jsc, (c) FF and (d) PCE.
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3.6 Influence of ETL (C60) Donor Density on Device
Performance

The role of ETL is to facilitate the charge extraction and
smoothen the transition of electrons from the absorber
layer towards the window layer. When the donor density
in ETL is high, the presence of electrons increases the
electric field across the region. The electrons move
smoothly without contributing to the recombination loss.
The series resistance also decreases as a result of the
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presence of a large number of electrons [40]. The donor
density of C60 ETL has been increased from 104 to 10%
cm as shown in Figure 8. Jsc remains the same with this
increase in concentration of the dopants, while a small
decrease in Voc has been observed for donor density of
the C60 layer greater than 10%° cm™. FF has increased
from 87.5% to 89.25% since the presence of dopants
reduces the series resistance of the device. However, the
dopants start to behave as defects if their concentration is
too high. The optimum donor density of the C60 ETL
would be 10?° cm™ for the Ga,CeClg based TFSC.
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Figure 8. Effect of donor density of ETL (C60) on solar cell parameters. (a) Voc, (b) Jsc, (c) FF and (d) PCE.

3.7 Influence of Absorber Layer (Ga:CeCls) Donor
Density on Device Performance

Charge carriers such as electrons and holes are extracted
from the absorber layer as a result of the absorption of
incoming radiation. If the donor density is too high, the
dopants start behaving like defects and thus the
efficiency of the solar cell is reduced [38]. A moderate
increase in donor density changes the band gap and band
alignment with the ETL and HTL. It helps in the smooth
transition of electrons and holes towards ETL and HTL
respectively. In this way, the performance of the solar
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cell is enhanced. An optimum donor density in the
absorber layer plays a significant role for the device. The
donor density of GaxCeClgs absorber layer is increased
from 10' to 10> cm™ and the parameters of the solar cell
are plotted against the donor density as shown in Figure
9. Both Voc and Jsc have been charged marginally,
implying that the concentration of dopants in Ga;CeCls
has not affected the rate of charge carrier generation and
the recombination process. However, FF has increased
from 88.5% to 89.25% with the increase in donor density
from 10' to 10'7 cm™. PCE almost remains the same as
that of donor density. The optimum donor density of
GaxCeClg is 10'7 cm™ for the device.
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3.8 Influence of HTL (CZTS) Acceptor density on
Device Performance

The HTL is doped with acceptor charge carriers,
increasing the concentration of holes in the layer. It is
used to move the holes generated by the absorber layer to
the back contact. Adding holes to the HTL increases the
charge concentration, thus reducing the series resistance
of the device. It also decreases the recombination loss by
increasing the number of holes present in the layer. The
CZTS present in the device acts as an HTL for the
GayCeCls based TFSC. It behaves as a p-type material
and the concentration of dopants is varied from 10'* to
102 cm™ as shown in Figure 10. All of the performance
parameters of solar cells are affected by the acceptor
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density of CZTS. The value of Jsc decreases with that of
the acceptor density until it becomes saturated above 10'°
cm?. This implies that a lesser number of charge carriers
are generated as the concentration of dopants increases.
However, Voc has continuously increased with acceptor
density. The reverse saturation current increases with the
presence of a larger number of holes and suppression in
the recombination process. Initially, the FF has increased
rapidly with the acceptor density of the holes. The series
resistance has been reduced by the presence of more
acceptor atoms. PCE has been affected by the acceptor
density as shown in Figure 10(d). However, a very large
concentration may cause the acceptor atoms to behave
like defects in the layer and thereby increase the series
resistance of the device [38]. An acceptor density of 102
cm in the HTL is suggested for the optimized solar cell.
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Figure 10. Effect of acceptor density of HTL (CZTS) on parameters. (a) Voc, (b) Jsc, (¢) FF and (d) PCE.



3.9 Influence of Operating Temperature on Device
Performance

Exposure of a solar cell to sunlight leads to an increase in
its temperature above 300 K. Higher temperature affects
the performance of the device. The band gap of the layer
decreases with an increase in temperature [42]. A smaller
band gap increases the recombination rate of
electron-hole pairs. It further increases the reverse
saturation current and significantly reduces Voc [43].
The generation of electron-hole pairs is marginally
affected by the increase in the temperature of the solar
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cell. The total output power of the device decreases due
to the drop in Voc. The performance of the Ga,CeCls
based TFSC is examined for a range of operating
temperature from 290 to 420 K as shown in Figure 11. A
continuous drop in Voc occurs with the increase in
temperature, whereas Jsc remains constant for this
variation. The process of electron-hole pairs
recombination  dominates at  higher  operating
temperatures, and it degrades the performance of the
device [44]. The continuous drop in FF and PCE can be
reduced by operating the device nearly at room
temperature.
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Figure 11. Effect of operating temperature on solar cell parameters. (a) Voc, (b) Jsc, (¢) FF and (d) PCE.

3.10 Influence of Series Resistance on Device

Performance

Series resistance arises in a solar cell at front and back
contacts of the device. The interfaces at various layers,
such as the window layer, the ETL, the absorber layer,
and the HTL, also contribute to the series resistance [45].
For an ideal solar cell, series resistance is considered as
zero. However, in reality, it is unavoidable, and its
presence reduces the performance of the device by
increasing the voltage drop [38]. In our work, series

resistance is varied from 10 to 107 Q cm? as shown in
Figure 12 and solar cell parameters such as Voc, Jsc, FF
and PCE are calculated. The solar cell behaves as an
ideal device for lower series resistance up to 0.1 Q cm?.
The voltage drop across the series resistance increases
drastically above 1 Q cm?. Unlike Voc, Jsc has been
reduced while increasing the series resistance. The
generation of electron-hole pairs in the solar cell is
influenced by the lower absorption of photons at the
absorber layer. It is suggested to have proper metallic
contacts for both electrodes and minimize interfacial
defects during manufacturing processes.
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3.11 Influence of Shunt Resistance on Device
Performance

The defects present in various layers contribute to the
shunt resistance of the solar cell. It arises during the
manufacturing processes of various layers of the device
[46]. For an ideal solar cell, infinite shunt resistance is
considered. This obstructs the flow of current through the
resistor, and the current passes completely through the
device [38]. Thus, a higher shunt resistance is a favorable
condition for a good performance of the device. The
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shunt resistance is varied from 10! to 10° Q c¢cm? for the
GaxCeCls based TFSC as shown in Figure 13. Jsc is not
affected by the shunt resistance of the device since
electron-hole pairs are generated by the absorption of
photons. However, Voc is reduced to low voltage for a
smaller shunt resistance below 100 Q cm? The
recombination process of electron-hole pairs increases
due to the presence of defects, and it results in lower
shunt resistance. FF and PCE are also reduced to lower
values for a smaller shunt resistance. The shunt
resistance should be maintained above 10* Q cm? for
optimal performance.
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Figure 13. Effect of shunt resistance on solar cell parameters. (a) Voc, (b) Jsc, (¢) FF and (d) PCE.

3.12 Influence of Absorber Layer (Ga:CeCls) Defect
Density on Device Performance

Various processes such as photon absorption, generation

of electron-hole pairs, and recombination of charge
carriers are affected due to the presence of defects in the
device [23]. A higher defect density in the layers
degrades the performance of the solar cell. These defects
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act as a recombination center, which reduces the lifespan
of the charge carriers. Electrons and holes recombine
after traveling a shorter path in the device. The effects of
defect density on the parameters of the solar cell are
shown in Figure 14. The defect density of GaxCeCls
absorber layer is varied from 10" to 10%° ¢m. Jsc has
decreased from 30 to 10 mA cm for a defect density
greater than 10'7 cm. The photons are not effectively
absorbed by GaxCeCls to generate electron-hole pairs.

Voc remains almost constant even for high defect density.

(a) 150

1.25¢

2— 1.00}F
Q
O
>

0.75t

0.50 bt
10™

07 10t 107 10®
Defect Density (cm®)

Y ——

90.0

875+
85.0
8251 .

80.0F
775}

FF (%)

1_0'1; 15‘54 1_0"7_. 1519
Defect Density (cm®)

10"

A small decrease in Voc is observed for a defect density
greater than 10'° cm?. The FF does not change until the
defect density is 10" ¢cm™. A sudden fall in FF is
observed beyond this concentration of defects in the
layer. However, PCE decreases significantly from 33% at
a defect density higher than 10'* cm. The stability of the
absorber layer is a crucial factor affecting the
performance of the solar cell. It is suggested to maintain
the defect density of the absorber layer below 10'3 ¢cm
for the optimum performance of Ga;CeCls based TFSC.
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Figure 14. Effect of defect density of Ga,CeCls on solar cell parameters. (a) Voc, (b) Jsc, (¢) FF and (d) PCE.

3.13 Band Diagram, J-V Characteristics and QE of
Optimized Device

The light incident at the window layer passes through it
and is finally absorbed at the absorber layer. Thus, the
window layer has a large band gap, whereas the band gap
of the absorber layer matches well with the solar
spectrum. Holes and electrons are generated at the
absorber layer and are further transported to the
corresponding back and front contacts. The charge
carriers can be transported smoothly if there is minimal
band offset at the interface [37]. The holes are extracted
by HTL and move towards the back contact. The offset
of the valence bands between the HTL and the absorber
layer affects the extraction of the holes. In case of larger
misalignment of the bands at the interface,
recombination of charge carriers takes place, which
reduces the performance of the device.

Similarly, electrons are extracted by ETL and transferred
to the front contact after passing through the window
layer. Conduction band alignment of the absorber layer
and ETL at the interface is essential for smooth transition
of electrons. A large offset of their valence bands at the
interface blocks the movement of holes towards the front
contact [37]. Poor band alignment at the interfaces
causes the recombination of electron-hole pairs, which
decreases the Voc of the solar cell. CZTS, GaxCeCls,
C60 and ITO are the HTL, absorber layer, ETL, and
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window layer of the device, respectively. The conduction
band, valence band, band gap and the thickness of these
layers for the optimized solar cell structure are shown in
Figure 15. ITO allows most of the light in the solar
spectrum to pass through due to its large band gap of 3.3
eV. The conduction bands of GaCeCls and C60 are
properly aligned, facilitating smooth migration of
electrons to the front contact electrode.
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Figure 15. Energy band diagram of optimized GaxCeCls based
solar cell.

The QE is the ratio between the number of charge
carriers collected at the electrodes and the number of



photons incident at the solar cell. At a certain wavelength, The donor density for ITO, C60, and Ga,CeCls are 10'4,
QE is considered 100% if all photons emitted at that 10%°, and 10'7 cm?, respectively, while the acceptor

wavelength are absorbed, resulting in the production of density for CZTS is 10% ¢cm. Room temperature, defect
an electric current. In this way, this parameter is used to density below 10" cm™ for Ga>CeCls, series resistance
measure the spectral response of the solar cell. Figure 16 of 0.1 Q cm? or lower and higher shunt resistance above

shows the J-V characteristics and QE for the GaxCeCls 10* Q cm? are suitable conditions for the device. The
based TFSC with the optimized parameters. The QE is solar cell parameters Voc, Jsc, FF and PCE for the

very high (above 95%) in the wavelength range of 400 to optimized device under favorable conditions are 1.2 V,
800 nm. The optimization process is discussed above, 31 mA cm?, 89% and 33.34% respectively. These
and the optimized values are given in Table 2.The parameters for different HDPs are further compared with

optimum values for the thickness of ITO, C60, Ga;CeCls the Ga;CeClg based TFSC, given in Table 3.
and CZTS are 50, 200, 2000 and 2000 nm, respectively.
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Figure 16. J-V characteristics and QE for the GaxCeCls based TFSC with the optimized parameters. (a) After the process of
optimization, the current density-voltage (J-V) characteristics of the device show a high FF with Voc =1.2 V, and Jsc =31 mA cm?;
(b) The quantum efficiency (QE) of the optimized Ga>CeCls based TFSC is above 95% in the wavelength range of 400 to 800 nm.

Table 2. Optimized values of various factors obtained from the simulation of Ga;CeCls based TFSC.

Optimized values
Thickness of window layer (ITO) 50 nm
Thickness of ETL (C60) 200 nm
Thickness of absorber layer (Ga>CeCls) 2000 nm
Thickness of HTL (CZTS) 2000 nm
Donor density of window layer (ITO) 1x10%cm
Donor density of ETL (C60) 1x10®°cm?
Donor density of absorber layer (Ga>CeClg) 1x107cm
Acceptor density of HTL (CZTS) 1x10°cm
Operating temperature for the device Near room temperature
Series resistance of the device Below 0.1 Q cm?
Shunt resistance of the device Above 1 x 10* Q cm?
Defect density of absorber layer (Ga>CeCls) Below 1 x 1053 cm™

Table 3. Comparison of solar cell parameters for various device structures obtained from theoretical studies.

Voc (V) Jsc (mA cm?) FF (%) PCE (%) References
ITO/WS,/Cs2AgSbBrs/CBTS 1.037 25.20 80.46 21.40 [47]
ITO/ZnO/AZO/Cs2BiAgls/V20s | 1.322 23.84 86.3 27.2 [23]
FTO/Ti02/Rb2LiGals/CuO 0.89 31.87 79 26.48 [14]
ITO/WS,/Dy>2NiMnOg¢/CFTS 0.741 44.67 80.67 26.72 [48]
ITO/BaSn0O3/K>CuBiBrs/NiO 0.98 29.20 55.88 14.70 [49]
ITO/C60/GaxCeCle/CZTS 1.2 31 89 33.34 This work
4. Conclusions layer and the HTL respectively. The parameters of the
solar cell Voc, Jsc, FF and PCE are evaluated while
In this work, SCAPS-1D solar cell simulator software is varying various quantities, such as the thickness of the

used to optimize the performance of GaCeCls based layers, the concentration of dopants in the layers, the
TFSC. The structure of the  device s operating temperature, the defect density of the Ga;CeCls,

ITO/C60/Ga,CeCly/CZTS where ITO, C60. Ga:CeCls series, and the shunt resistance of the device. Finally, the
and CZTS are the window layer, the ETL, the absorber energy band diagram, the J-V characteristic, and the QE
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curves are plotted for the optimized solar cell. The
genration of electron-hole pairs by photon absorption
occurs mainly in the absorber layer, and this property is
quantified by the value of Jsc. For the Ga;CeCls based
TFSC, Jsc is significantly affected by the thickness of
ITO, GaxCeCls and CZTS, acceptor density of CZTS, the
series resistance and the defect denisty of Ga>CeCls. The
reverse saturation current existing in the device is
affected by the recombination process of electron-hole
pairs, and the Voc of the device is estimated to
understand this current. Quantities such as the acceptor
density of CZTS, the operating temperature, and the
shunt resistance significantly affect the parameter Voc of
GayCeCls based TFSC. FF also depends on the
generation of charge carriers and the reverse saturation
current. In addition, the quality of the solar cell and the
presence of series resistance across the device are
captured by its FF. The value of FF is mostly affected by
the thickness and donor density of ITO, donor density of
C60, acceptor density of CZTS, operating temperature,
defect density of GaxCeCls, series, and shunt resistance.
PCE captures the overall performance of the solar cell,
and it is affected by all the quantities considered in this
study. These factors should be chosen very precisely
before fabricating the real device, and such types of
simulation works are very helpful in optimizing the
device parameters. The optimum values obtained for Voc,
Jsc, FF and PCE are 1.2 V, 31 mA cm?, 89%, and
33.34%, respectively.
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