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ABSTRACT: Researchers are currently showing interest in molybdenum disulfide (MoS2)-based solar cells due to their remarkable
semiconducting characteristics. The incompatibility of the band structures at the BSF/absorber and absorber/buffer interfaces, as
well as carrier recombination at the rear and front metal contacts, prevents the expected result from being achieved. The main
purpose of this work is to enhance the performance of the newly proposed Al/ITO/TiO2/MoS2/In2Te3/Ni solar cell and investigate
the impacts of the In2Te3 BSF and TiO2 buffer layer on the performance parameters of open-circuit voltage (VOC), short-circuit
current density (JSC), fill factor (FF), and power conversion efficiency (PCE). This research has been performed by utilizing SCAPS
simulation software. The performance parameters such as variation of thickness, carrier concentration, the bulk defect concentration
of each layer, interface defect, operating temperature, capacitance−voltage (C−V), surface recombination velocity, and front as well
as rear electrodes have been analyzed to achieve a better performance. This device performs exceptionally well at lower carrier
concentrations (1 × 1016 cm−3) in a thin (800 nm) MoS2 absorber layer. The PCE, VOC, JSC, and FF values of the Al/ITO/TiO2/
MoS2/Ni reference cell have been estimated to be 22.30%, 0.793 V, 30.89 mA/cm2, and 80.62% respectively, while the PCE, VOC,
JSC, and FF values have been determined to be 33.32%, 1.084 V, 37.22 mA/cm2, and 82.58% for the Al/ITO/TiO2/MoS2/In2Te3/Ni
proposed solar cell by introducing In2Te3 between the absorber (MoS2) and the rear electrode (Ni). The proposed research may
give an insight and a feasible way to realize a cost-effective MoS2-based thin-film solar cell.

1. INTRODUCTION
Energy consumption and utilization have been rising with the
rapid technological advancement, overpopulation, and the
progression of impoverished areas around the world. Energy
consumption in 2050 is expected to reach 30 terawatts (TW).1,2

To meet the current and future global electricity demands, the
manufacture of solar cells has expanded dramatically in recent
years. Approximately 90% of the present photovoltaic cell
market is silicon (Si)-based.3,4 Si-based solar cells have a variety
of drawbacks, including cost, weather dependence, space
requirements, pollution concerns, rigidity, and high production
costs.5,6 Due to their cheap manufacturing costs, established
fabrication technologies, large-scale production flexibility, and

extremely effective power conversion, thin-film solar cells
(TFSCs) are becoming more attractive in photovoltaic (PV)
technology.7−9 To produce cheaper, greater-efficiency, and
greener solar cells, researchers in this field explore some criteria
such as earth-abundant and nontoxic materials.
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The three most popular thin film solar cells on the market are
a-Si, CdTe, and CIGS. Various a-Si-, CdTe-, and CIGS-based
TFSC structures have been developed practically and numeri-
cally to improve the performance of PV cells.10−12 The highest
practical efficiency of α-Si, CdTe, and CIGS has been recorded
at 13.6, 22.3, and 22.1%, respectively.13 Copper zinc tin sulfide
(CZTS) is an earth-abundant solar cell material and a
replacement for CIGS.14 The highest theoretical efficiency has
been recorded at 30.79%.15

Recently, transition metal dichalcogenides (TMDs) have
been getting attraction due to their remarkable optical and
electrical features such as tunable bandgap, large absorption
coefficient, and suitable transportation of electrons.16−18 TMD
compounds having monolayer structures, for example, MX2,
where M, transition metal atom (Mo, W, Nb, Ti), and X,
Chalcogen atom, (S, Se, Te) have gained popularity for their use
in PV cells.19,20 Furthermore, 2D materials with distinct crystal
structures may help build a strong hetero-junction with excellent
interfacial properties that are not affected by lattice mismatch.21

The bandgap of molybdenum disulfide (MoS2) varies from
indirect to direct, increasing from 1.2 to 1.8 eV, indicating that
the bandgap of MoS2 is flexible as well as has multiple benefits in
optoelectronics.22 MoS2 has an absorption coefficient of around
2.8 × 106 cm−1 with a statistical uncertainty of ±1.3 × 105
cm−1.23 Due to these promising properties, several PV cell
structures of MoS2-based solar cells have been constructed and
analyzed experimentally24−27 and analytically28,29 in earlier
research to attain better performance.
The experimental power conversion efficiency (PCE) of the

MoS2-based Schottky-barrier solar cell (ITO/MoS2/Au) was
only 0.7 and 1.8% for the thickness of 110 and 220 nm absorber
layer, respectively.24 The same group also constructed an ITO/
TiO2/MoS2/P3HT/Au structure with a PCE of 1.3%.25 The
PCE of 5.23% has been achieved in a hetero-structure PV cell
composed of n-MoS2 (monolayer)/p-Si.

27 The experimental
PCE of a 2-D WSe2/MoS2 p−n hetero-structure-based
transpicuous SC has reached ∼10%.26 A PV cell structure of
ZnO/CdS/MoS2 has exhibited a PCE of 19.62%, suggesting
MoS2 as a suitable absorber layer for solar cells.

28 The theoretical
maximum efficiency of optimized ITO/ZnSe/MoS2 and ITO/
ZnSe/MoS2/SnS photovoltaic cells has been observed as 19.48
and 21.39%, respectively.29

The present determined performance parameters VOC, JSC, fill
factor (FF), and PCE of the MoS2 SC are not able to compete

with other heterojunction TFSCs. The carrier recombination at
the junction may reduce VOC and JSC. Moreover, the inadequate
carrier transportation, accumulation at the electrodes, and
carrier recombination at the junction due to the absence of back
surface field (BSF) or HTL and buffer layer cause the reduction
of the VOC and JSC, which results in degradation of conversion
efficiency.30,31 The conventional MoS2 SCs need to be
remodeled for achieving better performance by inserting a
suitable buffer and BSF between the absorber layer and rear
electrode. The buffer layer in the SC is positioned between the
window and absorber, which together form a p−n junction. It
eliminates defects as well as interfacial strain caused by the
window layer.32 Therefore, it is crucial to continue further
research work to attain enhanced performance of the TFSCs
based on the MoS2 absorber layer. The redesigning of the MoS2
SC with a suitable BSF or buffer layer is very much essential. The
BSF layer with desirable physical, optical, and chemical stability
will facilitate proper transportation and accumulation of
photogenerated carriers (PGCs) from the absorber layer to
the metal electrodes. In this case, rather than using a CdS or
ZnSe buffer layer, we consider using an n-type TiO2 layer for
MoS2-based TFSCs to get better performance. It is an inert,
nontoxic, and safe substance with exceptional better perform-
ance. The BSF layer has been developed in this study with 50
nm-thick indium telluride (In2Te3) in themolybdenum disulfide
(MoS2) solar cell, because of its ability to accumulate holes more
effectively as well as reduces electron−hole recombination.
Furthermore, the placement of BSF between the absorber and
rear electrode can minimize the absorber layer thickness,
minimizing the PV cell’s overall cost.33,34

In this article, the photovoltaic performance parameters of the
proposed (ITO/TiO2/MoS2/In2Te3) MoS2-based thin-film
heterojunction SC without and with BSF have been analyzed
utilizing the SCAPS-1D simulator. The investigation of the
influence of the thickness, carrier concentration, defect density,
working temperature, band alignment, rear electrode, capaci-
tance−voltage (C−V), and back surface recombination velocity
(SRV) on SC output parameters has been performed for
optimizing the device structure as well as to determine better
photoconversion efficiency in a cost-effective way.

Figure 1. (a) Schematic architecture and (b) energy band alignment of the Al/ITO/TiO2/MoS2/In2Te3/Ni solar cell.
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2. DEVICE CONSTRUCTION AND SIMULATION
METHODOLOGY

To explore the newly constructed ITO/TiO2/MoS2/In2Te3
photovoltaic cell, the one-dimensional Solar Cell Capacitance
Simulator (SCAPS) application has been used for simulation
purposes. Promising software named SCAPS-1D was developed
at the Electronic and Information Systems Department of the
University of Ghent, Belgium. It may be used to predict as well as
examine the optoelectronic characteristics of PV cell structures
by solving fundamental equations such as electrostatic potential
and continuity equation under steady-state conditions.35 Up to
seven semiconductor material layers in a solar cell may be
examined in the most recent version, SCAPS 3.8, which was
released in May 2020.
Figure 1a illustrates the heterojunction TFSC structure of the

Al/ITO/TiO2/MoS2/In2Te3/Ni. The p-type MoS2 absorber
layer is sandwiched between the highly doped p+-type In2Te3
BSF and n-type TiO2 buffer layer to form a p+−p−n−n+
structure. A p-type absorber layer, highly doped p+-type
In2Te3 BSF, n-type TiO2 buffer, and ITO window layer
compose the proposed PV cell. The energy position of the p+-
In2Te3 BSF layer and the n-TiO2 buffer layer is significantly
greater than that of the MoS2 absorber layer, as represented in
Figure 1b.
The In2Te3 BSF has a larger conduction band than the MoS2

absorber, and the conduction band minimum (CBM) is
determined to be 0.87 eV between BSF and absorber. It is
employed to transmit photogenerated holes (PGHs) while
preventing photogenerated electrons (PGEs) from passing into
back contact (Ni). The difference in bandgap between n-TiO2
and p-MoS2 has been determined to be 1.97 eV. The TiO2 buffer
layer intends to convey PGEs into the front contact while
preventing PGHs.
In our device structure, the spike band offset of the n-type

TiO2 buffer layer has a marginally higher CBM than the p-type
MoS2 absorber, and the difference in conduction band offset
(CBO) is +0.2 eV. According to a previous report, CBO
between +0.2 and +0.5 eV at the absorber/Buffer junction is
advantageous.36

SCAPS requires input data for each layer to be simulated. The
sources of these input data are listed in Table 1. The parameters
for ITO, TiO2, MoS2, and In2Te3 were collected from earlier
theoretical simulations and experimental published ar-
ticles.28,29,37−40 The thermal velocity of electrons and holes in
each layer has been estimated to be 107 cm/s for the sake of
simplicity in the numerical analysis. Nickel (Ni) and aluminum
(Al) have been used as rear and front electrodes. Table 2 depicts
information on the front and rear electrodes. Table 3 represents
the list of interface parameters used for Al/ITO/TiO2/MoS2/
In2Te3/Ni photovoltaic cell investigation.
This numerical approach evaluates energy bands, carrier

generation and recombination rate, quantum efficiency (QE),
and J−V characteristics at a particular operating condition using
the poison and continuity equations. In addition, the simulation
software appears to look into the influence of varying thickness,
doping concentration, and the defect concentration of each
layer, defect density at the junction, working temperature and
SRV on performance parameters like VOC, JSC, FF, and PCE.
All simulations have been conducted using single solar

irradiation of 100 mW/cm2 under AM 1.5G spectrum at a
working temperature of 300 K. The series and shunt resistances
have been fixed at 106 and 0.5 Ω cm−2 correspondingly.

3. RESULTS AND DISCUSSION
3.1. Influence of Performance Parameters Due to

Variation Thickness and Carrier Concentration of the
MoS2 Absorber Layer. The thickness and carrier concen-
tration of the absorber layer are crucial factors for the
improvement of the thin-film PV cell’s efficiency. They affect
photocarrier generation and the extraction. The rates of carrier
generation and recombination increase as the absorber layer
thickness increase. For analyzing the impact of the absorber layer
thickness as well as carrier concentration on photovoltaic
performance parameters of our designed cells, the parameters of
other layers have been kept constant. The carrier concentration
and thickness of the MoS2 absorber layer have been changed
from 1013 to 1019 cm−3 and 200 to 2000 nm, correspondingly as
illustrated in Figure 2. For the thickness range of 100 to 400 nm
with increasing doping 1013 to 1016 cm−3, there is a slight
increase in VOC, which then starts to decrease from 1017 to 1018
cm−3. For the thickness range of 500 to 2000 nm with increasing
carrier concentration from 1013 to 1015 cm−3, there is a rise in
VOC, whereas for the carrier concentration from 1016 to 1018
cm−3 there is a decline in VOC. The value of JSC increases as the

Table 1. Simulation-Related Input Data for MoS2-Based
TFSC at 300 K

parameters ITO37 TiO2
38

absorber
MoS2

39
In2Te3
BSF40

thickness (nm) 50 10−500 200−2000 10−500
Eg (eV) 3.6 3.2 1.23 2.10
χ (eV) 4 4 4.2 3.47
εr 9 9 4 12
NC (cm−3) 2.2 ×

1018
1 × 1019 7.5 × 1017 1 × 1016

NV (cm−3) 1.8 ×
1019

1 × 1019 1.8 × 1018 1 × 1017

μe (cm2 V−1 s−1) 100 0.02 100 1000
μh (cm2 V−1 s−1) 25 2 150 200
ND (cm−3) 1018 1012−1019 0 0
NA (cm−3) 0 0 1013−1019 1012−1019

type of defect (cm−3) single-
acceptor

single-
donor

single-
donor

energetic distribution Gaussian Gaussian Gaussian
defect density (cm−3) 1012−1018 1012−1018 1014

capture cross section of
electrons (cm−2)

1 × 10−17 1×10−15 1 × 10−15

capture cross section of
holes (cm−2)

1 × 10−15 1 × 10−17 1 × 10−17

Table 2. Data for Electrodes Used in the Simulation

contact parameters front electrode back electrode

Φ (eV) 4.06; Al (110) 5.35; Ni (111)
SRV of electrons (cm/s) 101−108 101−108

SRV of holes (cm/s) 101−108 101−108

Table 3. Data for Interface Parameters Used in the MoS2-
Based Solar Cell

parameters In2Te3/MoS2 interface MoS2/TiO2 interface

defect type neutral neutral
σe (cm2) 1 × 10−20 1 × 10−20

σh (cm2) 1 × 10−20 1 × 10−20

Er 0.06 0.06
total defect density (cm−2) 1010−1017 1010−1017

working temperature (K) 275−475
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MoS2 thickness rises from 200 to 2000 nm with increasing
doping 1013 to 1018 cm−3 as illustrated in Figure 2b. The
absorption of longer wavelength photons rises as the thickness of
MoS2 grows, which results in a rise in JSC. The longer diffusion
lengths of charge carriers are affected by the larger absorber
layer, which enhances photogenerated carrier recombination via
SRH recombination. The charge carriers may recombine before
arriving at the charge accumulating metal contact if the absorber
is too thick.41 The lifetime of light -induced electrons shortens as
the acceptor carrier concentration raises that limiting collection
of carriers at the interface as a result, JSC reduces.

42 Due to high
carrier concentration (>1018 cm−3) of the MoS2 absorber layer,
JSC starts to decrease. The FF also reduces with the enhancement
of the doping density (>1016 cm−3) with lower thickness (>1000
nm) in MoS2 absorber layer as represented in Figure 2c. The
PCE decreases due to the combined reduction of the JSC and FF
at higher doping density (>1016 cm−3) and absorber layer
thickness (>1000 nm). The PCE is similarly shown to be
approximately independent of MoS2 carrier concentration until
1016 cm−3 but rapidly drops if MoS2 carrier concentration
exceeds 1016 cm−3. This occurrence might be caused due to the
rise in recombination rate as well as collisions between PGCs at
greater carrier concentrations as demonstrated in Figure 2d.43

Another explanation is that when the concentration rises, the JSC
begins to fall due to a decrease in minority carrier diffusion
length. There is also the commencement of heavy doping effects,

in which the dark current increases rather than decreases as it
does at lower doping levels. As a result, the dark current starts to
rise.44 The optimal PCE of 33.32% has been achieved at MoS2
layer thickness and carrier concentration of 800 nm and 1016
cm−3, respectively for reducing the device fabrication cost.
3.2. Impact of Performance Due to Variation of

Thickness and Defects Density of MoS2 Absorber
Layer. To examine the influence of defect density on the
performance of the solar cell, the defect density and thickness of
the MoS2 absorber layer have been changed from 1012 to 1018
cm−3 and 200 to 2000 nm, respectively, as illustrated in Figure 3.
When the defect density of MoS2 is more than 1014 cm−3, the
solar cell performance parameters degrade significantly. For
changing the bulk defect density and absorber layer thickness
from 1012 to 1018 cm−3 and 200−2000 nm, the PCE, FF, JSC, and
VOC of ITO/TiO2/MoS2/In2Te3 structures drops from 36.5 to
9.5%, 87 to 64%, 38.5 to 22 mA/cm2, and 1.094 to 0.64 V
respectively.When the thickness is greater than 1500 nm and the
defect density is less than 1014 cm−3, the highest VOC of 1.093 V
has been attained; however when the defect density is larger than
1014 cm−3, the VOC declines dramatically to 0.6342 V as
represented in Figure 3a. The maximum value (38.5 mA/cm2)
of JSC attained at a thickness (>1500 nm) as well as defect
density (<1014 cm−3) is demonstrated in Figure 3b. When the
thickness of the absorber reduces, a sharp drop in JSC may also be
observed at the defect’s density larger than 1017 cm−3. The FF

Figure 2.Concurrent impact of photovoltaic performance parameters due to variation of absorber thickness and carrier concentration (a) VOC (b) JSC
(c) FF, and (d)η.
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Figure 3.Concurrent impact of PV performance parameters due to variation of absorber thickness and defect density (a) VOC, (b) JSC, (c) FF, and (d)
η.

Figure 4. Impact of the PV parameter due to variation of (a) In2Te3 layer thickness and (b) doping concentration of the In2Te3 layer.
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behaves in the same way as VOC as illustrated in Figure 3c. The
highest value (>32%) of conversion efficiency has been achieved
in the thickness range of 400−2000 nm and defect density (up to
1014 cm−3) as illustrated in Figure 3d.
The presence of defects in the MoS2 absorber layer increases

the SRH recombination rate, which decreases the number of
PGCs, which assists in decreasing the value of VOC, JSC, FF, and
PCE.45 The optimized value of PCE 33.33% has been

determined including VOC of 1.0893 V, JSC of 37.223 mA/cm2,
and FF of 82.58% at constant thickness of 800 nm MoS2
absorber layer and defect concentration of 1014 cm−3.
3.3. Effect of Thickness and Carrier Concentration of

In2Te3 BSF on Performance Parameters. By establishing a
strong field near the rear electrode, the back surface field (BSF)
has been utilized to maximize SC efficiency by reducing SRV.

Figure 5. Impact of the PV parameter due to variation of (a) TiO2 layer thickness (b) doping concentration in TiO2, and (c) defect density in the TiO2
buffer layer.
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The influence of the thickness and doping concentration of the
In2Te3 BSF on the device’s performance has been evaluated.
The In2Te3 BSF layer’s thickness has been changed from 10 to

500 nm at 1 × 1017 cm−3 acceptor doping concentration for
analyzing the impact on device performance parameters as
illustrated in Figure 4a.
As the In2Te3 BSF layer thickness increases, device perform-

ance begins to deteriorate. The main reason for this degradation
is that the enhancement of BSF thickness causes a rise in series
resistance. This increase in resistance due to the BSF layer
thickness affects the FF and PCE of a device.46

Figure 4b depicts the effect of doping concentration of In2Te3
on PV parameters at a thickness of 50 nm, and the influence of
carrier concentration on the In2Te3 BSF layer has been studied
in the range of 1012 to 1019 cm−3. All the PV parameters increase
significantly with rising peak doping concentration starting from
1016 cm−3 excluding the JSC.
Higher levels of acceptor doping concentrations generate

potential at the In2Te3/MoS2 junction, reducing carrier
recombination loss. Due to the increased carrier concentration,
the Fermi level of BSF moves toward the valence band (VB)
allowing for rapid accumulation of holes at the rear electrode by
developing an ohmic contact with rear-metal contact (Ni).47

The optimal thickness and acceptor concentration have been
chosen 50 nm and 1017 cm−3 for the In2Te3 BSF layer for
reducing the device fabrication cost.
3.4. Influence of Thickness Variation, Carrier Concen-

tration, and Defect Density of the Buffer Layer on PV
Performances.The PV parameters of theMoS2-based thin film
heterojunction PV cell with and without BSF have been
changed, when the buffer layer’s thickness varies. The thickness
changes from 10 to 500 nm. When the TiO2 buffer layer
thickness is increased, all of the PV parameters are slightly
reduced for both with and without the BSF structure as
illustrated in Figure 5a.

The influence of TiO2 buffer layer doping concentration on
PV parameters has also been evaluated as depicted in Figure 5b.
Our findings imply that all PV parameters enhances with
increasing carrier concentration starting at 1014 cm−3 for the
structure with BSF. The VOC, JSC, and PCE have been increasing
from 1.0521 to 1.1042 V, 37.22331 to 37.22353 mA/cm2, and
32.25 to 33.65%, respectively, for the doping concentrations
ranging from 1012 and 1019 cm−3, respectively, while VOC falls
from 0.7931 to 0.7928 V and JSC, FF, and η rise from 34.79023 to
34.93195 mA/cm2, 79 to 80.92% and 21.8 to 22.41%
respectively for changing doping concentrations from 1012 and
1019 cm−3 for the structure without BSF. The increase of TiO2
buffer layer thickness means photogenerated electrons need to
flow long distances to reach the front contact, which increase the
carrier recombination rate. Therefore, the number of carriers as
well as PV performance parameters reduces, while the increase
of doping density in TiO2 increases the number of carriers,
which contributes to increase efficiency parameter.15 The
optimum value of thickness and doping concentration has
been determined to be 50 nm and 1017 cm−3, respectively for
reducing device fabrication cost.
For the n-type buffer layer, we employed single-acceptor type

bulk defects. The defect density of the buffer layer TiO2 has been
changed from 1012 to 1018 cm−3, whereas the layer’s defect
concentration remained constant at 1014 cm−3 displayed in
Figure 5c. All the parameters, excluding VOC, decrease rapidly
with rising bulk defect density beginning from 1017 cm−3 for
both with and without the BSF structure. The presence of defect
density in the TiO2 layer contributes to increase the SRH
recombination rate, which degrade the overall performance of
the SC.38 The defect density has been kept at 1015 cm−3 for
determining optimum performance.38

3.5. Impact of Interface Defect on Performance
Parameters. Interface defect state impacts on the output
parameters significantly similar to the bulk defects. Figure 6a,b
depicts the consequence of an interfacial defect at MoS2/TiO2

Figure 6. Influence of defect at (a) MoS2/TiO2 and (b) MoS2/In2Te3 interfaces on PV parameters.
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and In2Te3/MoS2 on the PV parameters of a newly developed
MoS2-based solar cell. The interface defect concentration for
both MoS2/TiO2 and In2Te3/MoS2 interfaces has been varied
from 1010 to 1017 cm−2 in this numerical analysis, while the other
parameters remained fixed. It has been noticed from Figure 6a,b
for both interfaces that all the PV parameters degrade
significantly with increasing defect density starting from 1014
cm−2. The PCE decreased from 33.65 to 29.02% and 32.52 to
29.02% for changing defect concentration from 1010 to 1017
cm−2for the In2Te3/MoS2 and MoS2/TiO2 respectively. To
obtain optimal PV performance of MoS2 solar cells, defect
density has been kept 1014 cm−2 for both interfaces. The trap
states present at the interface act as a recombination center,
which contribute to the reduction of the number of photo-
generated carriers as well as inhibit the carrier collection.48 Both
of these interface state-related defects contribute to a significant
reduction in performance parameters.
3.6. Impact of Temperature on Cell Performance. The

working temperature of the proposed MoS2-based photovoltaic
cell must be regulated to achieve stability as demonstrated in
Figure 7. The PV parameters ofMoS2-based heterojunction with

and without BSF are considerably reduced when the temper-
ature increases from 275 to 475 K. The PCE of ITO/TiO2/
MoS2/In2Te3 and ITO/TiO2/MoS2 structures is determined to
be 34.36 and 23.79%, respectively at 275 K, but it falls to 25.45
and 11.46%, respectively due to the rise in operating
temperature at 475 K.
These simulation results also represent that a MoS2 solar cell

with BSF has better thermal consistency than a structure without
BSF.37 At high temperatures, more electron−hole pairs are
generated for a given irradiance that maintains a constant value
of JSC. The rise in the working temperature causes to reduce
band gap of MoS2 and the reverse saturation current also
enhances, which results in a decrease in VOC, FF, and efficiency.
In the previous publications, the consequences of PCE

degradation as working temperatures were generally well
acknowledged in refs 49−51.
When the temperature of PV solar cell rises, the height of the

bandgap energy shrinks, resulting in a small increase of JSC. As a
result, the solar cells VOC would be reduced. As a result, the
reduction of VOC as well as insignificant rise of JSC leads to a fall
in FF and PCE of the photovoltaic cells at higher temperature.51

3.7. Study of the Influence of SRV on the Performance
Parameters. The influence of SRV at the rear contact on the
performance characteristics of our proposed photovoltaic cell
has been analyzed in detail as shown in Figure 8. We have
alternated the SRV without and with BSF structure from 101 to
108 cm/s. All the PV parameters of ITO/TiO2/MoS2 degrade
significantly with increasing SRV. The recombination of
electron and holes happens at higher SRV before reaching
metal contact. By inserting an addition layer called BSF, it is
possible to overcome this problem. Figure 8a illustrates that the
FF and PCE of ITO/TiO2/MoS2/In2Te3 structure increase with
increasing SRV and at the same time VOC and JSC remain
constant. The minority carrier’s lifetime as well as diffusion
length has been dramatically reduced because of the rapid
recombination of electrons and holes at high SRV, resulting in a
decline in PV performance parameters.47 The photons with low
energy absorb in the thick absorber layer despite having a high
SRV; it helps to achieve a high FF and PCE because of the high
absorption coefficient.52

The external quantum efficiency (EQE) curve is shown in
Figure 8b, at three distinct SRV: 102, 108 cm/s (without In2Te3),
and 107 cm/s (with In2Te3). At higher SRV, the EQE of the solar
cell structure without In2Te3 reduces compared with the solar
cell with In2Te3 at longer wavelength at higher SRV. As the rate
of SRV rises, the electron and hole begin to recombine at the rear
contact surface due to the absence of In2Te3 degrading the solar
cell performance parameters.37

3.8. Effect of Capacitance−Voltage (C−V) on Solar
Cell. The C−V analysis has been performed in the range of
frequency from 0.5 kHz to 1 MHz to investigate the consistency
of the results. The depletion and diffusion capacitances are
associated with the p−n junctions. The value of depletion
capacitance is larger than diffusion capacitance at reverse bias
voltage, whereas the diffusion capacitance dominates at the
forward bias.
The capacitance of the p−n junction solar cell is found to be

16 nF cm−2 at the zero bias voltage as demonstrated in Figure 9a.
The capacitance rises exponentially with the enhancement of the
polarization potential at particular frequency. The insensitive-
ness of the absorber traps at any frequencies shows this
tendency. At the reverse bias, the effective traps do not help to
minimize the effective charge, which results in reduced
capacitance.53

The Mott−Schottky plot of the Al/ITO/TiO2/MoS2/
In2Te3/Ni PV cell has been represented in Figure 9b. The flat-
band potential of the proposed SC originates from the
intersection of the 1/C2 plot with the voltage axis. The negative
slope of the plot indicates that holes are majority carriers as well
as the space charge area largely occupies the p-type MoS2 layer.
The high carrier density in the MoS2 layer may have originated
from the PGCs owing to the exposure of sunlight. The marginal
deviation for 1/C2 may be as a consequence of the localized deep
states in the absorber layer. The impact of the deep states is not
dominant and the main effect is caused by the modulation of the
majority carriers.53

Figure 7. Influence of performance parameters due to variation of
working temperature in MoS2-based SC with and without BSF.
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Figure 9c represents C−V properties of MoS2 SC due to the
variation of the absorber layer doping concentration. The value
of capacitances increases with the rise of the forward bias voltage
and act as Mott−Schottky junctions. The lower value of the

built-in potential originated fromMott−Schottky plot under the
illumination of sunlight, which can be assigned to the
capacitance developed from the photogenerated carrier in side
lower mobility materials. The rise of doping density enhances

Figure 8. Impact of surface recombination velocity function on (a) performance parameters and (b) EQE.

Figure 9. Effect of C−V on solar cell (a) varying frequency, (b) 1/C2−V curve, (c) varying doping of absorber, and (d) varying thickness of absorber.
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the charge accumulation at the interface, which contributes to
the rise of the value of capacitance, which is reported in a
previous study.54

Figure 9d demonstrates the change of capacitance due to the
change of bias voltage at different thicknesses at a constant
frequency of 1 MHz. The value of capacitance change due to the
variation of thickness is almost insignificant. After the voltage of
0.80 V, the value of capacitance rises dramatically with the
increase of voltage. The same type tendency of the capacitance
on the thickness and voltage has been published in the previous
article.55

3.9. Device Output Performance. The simulated current
density−voltage (J−V) and EQE curves for the optimized
MoS2-based photovoltaic cell with and without BSF layer have
been demonstrated in Figure 10 under the 1.5AM solar
illumination. The estimated values of the VOC, JSC, FF, and
PCE is 1.084 V, 37.22 mA/cm2, 82.58%, and 33.32% of the
proposed Al/ITO/TiO2/MoS2/In2Te3/Ni heterostructure PV
cell determined from numerical simulation.
The output parameters of Al/ITO/TiO2/MoS2/Ni structure

have been found to be 0.793 V, 34.89 mA/cm2, 80.62%, and
22.30%. The determined PV parameters from the numerical
simulation of the SC with In2Te3 are much higher than those of
the structure without BSF.
The J−V curve is a powerful tool to estimate the

recombination loss of the carrier in the SC. The introduction
of In2Te3 BSF in the proposed SC structure results in a lower
value of recombination current density. In addition, it has been
demonstrated that the total minority carrier recombination
current density of MoS2 solar cell with In2Te3 BSF layer
estimated to be smaller than that of the reference SC. The
simulated results indicate that photogenerated carriers reflected
back toward the MoS2/TiO2 rather than recombination at the
back contact. Therefore, the inclusion of the In2Te3 BSF layer in
the reference Al/ITO/TiO2/MoS2/Ni structure contributes to
enhanced performance parameters by reducing carrier recombi-
nation loss.56

Furthermore, the efficiency enhancement may be justified by
calculating the lattice mismatch between absorber and BSF layer
(Table 4) using the following equation:15,57

= | | +a a a a2 /( )s e s e

where, δ, as, and ae are the lattice mismatch, substrate, and
epitaxial thin film lattice constant, respectively.

The value of the lattice constant for the different materials has
been taken from previous research.58−60 The lattice mismatch of
MoS2 and In2Te3 is 8.69%, which is lower than that of the HTLs
employed in the previous studies. The primary cause of non-
radiative recombination is the presence of defect and interface
defect density, which results in carrier losses and a drop in
output voltage.61 The lower value of lattice mismatch between
In2Te3 and MoS2 results in the reduction of interface defect
density as well as recombination loss significantly. Thus, the
insertion of the In2Te3 BSF layer inMoS2 reference enhances the
performance parameters significantly. The absence of BSF in the
Al/ITO/TiO2/MoS2/Ni reference structure exhibits low VOC
due to the rise of minority carrier recombination. As a result, the
device’s performance parameters have been affected.
Figure 10b shows the EQE of both the optimized cells. High

EQE has been demonstrated for the proposed solar cell with
In2Te3 compared to the without In2Te3 structure. The insertion
of the In2Te3 BSF layer in the proposed SC structure decreases
the PGC recombination by creating strong back surface electric
fields at the In2Te3/MoS2 interface and enhances the absorption
edge at the higher wavelength range, which contribute to
maximize the overall performance parameters of the SC.37

Table 5 compares the evolution of MoS2-based solar cell
configurations investigated by various research groups. The PCE
increases from 19.62 to 21.39% according to the earlier reported
experimental and numerical simulations. In comparison to the
published values, the improved VOC, JSC, and PCE have been
achieved by this numerical simulation. The presence of deep-
level defect levels inside the MoS2 absorber’s energy band gap as

Figure 10. (a) J−V curve and (b) EQE curve of the cell designed with and without the BSF structure.

Table 4. Lattice Mismatch between Absorber/BSF Values
Have Been Compared with Lattice Mismatch (%) of the BSFs
or HTLs Employed in the Previous Studies

layer

lattice parameters

lattice mismatcha (Å) B (Å) C (Å)

MoS2 3.15 3.15 12.3
In2Te3 13.417 13.417 13.417 8.69%
SnS 3.82 3.82 6.257 19.22%
Sb2S3 11.31 3.8363 11.22 19.64%
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well as interface-associated defects degrades the performance
parameters of the previously published structures. The practical
performance of MoS2 photovoltaic cells was quite poor
compared to the numerically determined values. The carrier
recombination at the rear and front contact and misalignment of
bands at the BSF/absorber and absorber/buffer is also
responsible for the reduction. The high surface carrier
recombination at MoS2/back contact results in a lower value
of the efficiency parameters. The P+-type In2Te3 BSF layer
introduced between an absorber and a back contact layer acts as
a passivation layer and enhances the efficiency parameters VOC,
JSC, FF, and PCE by reducing theminority carrier recombination
loss. Moreover, the formation of p+−p junction creates strong
electric field along the MoS2 absorber layer due to the insertion
of the In2Te3 BSF layer, which reflect the photo-generated
carriers toward the front contact and enhances the overall
efficiency parameters.

4. CONCLUSIONS
A comparative analysis of the performance parameters of MoS2-
based TFSCs with and without an In2Te3 BSF layer has been
done in this numerical simulation using SCAPS-1D. Instead of
the utilization of conventional toxic cadmium sulfide (CdS) as a
buffer layer, TiO2 with optimum thickness has been employed as
a buffer layer material. The optimal thicknesses for the TiO2
buffer layer, MoS2 absorber layer, and In2Te3 BSF layer have
been chosen to be of 50, 800, and 50 nm, respectively. The
optimized values of carrier concentration have also been selected
to be approximately to 1017, 1016, 1017 cm−3, respectively. The
peak defect concentration in the p-MoS2 absorber layer and the
interface defect at MoS2/TiO2 and In2Te3/MoS2 have been
calculated to be 1014 eV−1 cm−3 and 1014 cm−2 and 1014 cm−2,
correspondingly. The numerically simulated determined value
PCE is 33.32%, including VOC of 1.084 V, JSC of 33.22 mA/cm2,
and FF of 82.58% of the suggested MoS2-based heterojunction
with the In2Te3, which is greater than that without In2Te3 PV
cell. The present research work provides guidelines for the
realization of a highly efficient MoS2-based PV cell in a cost-
effective way.
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■ LIST OF ABBREVIATIONS
MoS2 molybdenum disulfide
In2Te3 indium telluride
TiO2 titanium dioxide
ITO indium tin oxide
BSF back surface field
VOC open circuit voltage
JSC short circuit current
FF fill factor
PCE power conversion efficiency
C−V capacitance−voltage
SRV surface recombination velocity
TMDs transition metal dichalcogenides
CBM conduction band minimum

Table 5. Upgraded Performance Parameters Values Have Been Compared with Previously Published Reportsa

number type of analysis formation of cell MoS2 depth (nm) JSC (mA/cm2) VOC (mV) FF (%) η (%) ref

01 Exp. ITO/MoS2 110 0.7 24
02 Exp. ITO/MoS2 220 1.8 24
03 Exp. ITO/TiO2/MoS2/P3HT 4.7 560 − 1.3 25
04 Exp. n-MoS2 (monolayer)/p-Si 22.32 410 57.26 5.23 27
05 Exp. WSe2/MoS2 ∼10 26
06 Theo. n-ZnO/n-CdS/p-MoS2 1000 19.62 28
07 Theo. ITO/n-ZnSe/p-MoS2 27.84 820 84.6 19.48 29
08 Theo. ITO/n-ZnSe/p-MoS2/p+-SnS 1000 29.89 841 85 21.39 29
09 Theo. Al/FTO/n-CdS/p-MoS2/Ni 1000 34.11 760 82.80 21.61 62
10 Theo. Al/FTO/CdS/MoS2/p+-Sb2S3/Ni 1000 35.20 920 85.51 27.96 62
11 Theo. ITO/TiO2/MoS2 800 34.89 793 80.62 22.30 this work
12 Theo. ITO/TiO2/MoS2/In2Te3 800 37.22 1084 82.58 33.32 this work

aExp. = experimental work and Theo. = theoretical work.
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CBO conduction band offset
TW terawatts
TFSCs thin-film solar cells
SC solar cell
PV photovoltaic
CdTe cadmium telluride
CIGS copper indium gallium selenide
CZTS copper zinc tin sulfide
HTL hole transport layer
PGC photogenerated carrier
PGHs photogenerated holes
PGEs photogenerated electrons
EQE external quantum efficiency
CdS cadmium sulfide
SRH Shockley−Read−Hall
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