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ARTICLE INFO ABSTRACT

Keywords: Researchers have recently shown a great deal of interest in molybdenum diselenide (MoSey)-
MoSe; based solar cells due to their outstanding semiconducting characteristics. However, discrepancies
HTL in the band arrangement at the MoSey/ETL (electron transport layer) and hole transport layer
:rflfsiziency (HTL)/MoSe; interfaces impede performances. In this research, a device combination with Ag/
SCAPS-1D FTO/ETL/MoSe,/HTL/Ni is employed, where 7 HTLs and 3 different ETLs have been utilized to

explore which device arrangement is superior. To achieve the most effective device arrangement,
the effects of various device variables, such as thickness, donor density, acceptor density, defect
density, temperature, series, and shunt resistance, are optimized. The computational evaluation
under AM 1.5 light spectrums (100 mW/cm?) is performed using the SCAPS-1D simulator. When
the several device parameters were optimized, the device that was correlated with Ag/FTO/SnSy/
MoSe,/V20s5/Ni revealed the highest overall performances among the three different ETL (InyS3,
SnSy, ZnSe)-based devices, with measuring a PCE of 34.07 %, a Voc of 0.918 V, a Jg¢ of 42.565
mAcm’z, and an FF of 87.19 %. This recommended MoSey-based solar cell exhibits outstanding
efficiency in terms of maintenance and comparison to numerical thin film solar cells, highlighting
MoSe; as an attractive option for solar energy systems while eliminating toxicity challenges.

1. Introduction

Globally, there is an ever-increasing demand for energy. Since there are no specialized energy storage technologies available, the
supply of acceptable energy sources is steadily declining. This means that a clean energy source is needed that is long-term, renewable,
affordable, and environmentally benign. Solar energy is one option in this regard. Solar cells are a great option because they minimize
the demand for fossil fuels and lower the cost of power generation [1-3]. However, single-junction solar cells are unable to achieve
their theoretical efficiency limit, also referred to as the Shockley-Queasier limit, due to the intrinsic bandgap of absorber materials. The
reliance on solar energy is increasing thanks to recent advancements in research. The dependence on solar energy is on the rise, driven
by innovations aimed at enhancing its efficiency. In our country, various government electrification programs emphasize the
importance of solar power [4]. Energy is one of the most crucial factors for the advancement and prosperity of any nation. When
considering sustainable energy, it is essential to replace existing sources with renewable energy supplies. The continuous use of fossil
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fuels has already caused several problems, including pollution, health issues, and global warming [5]. Therefore, with the pressing
demand for energy and growing environmental apprehensions, researchers are directing their efforts towards alternative sources such
as solar energy, which can fulfil our energy requirements without causing harm to the environment [6]. Polycrystalline silicon
photovoltaic solar cells dominate the global market and account for more than 90 % of PV production [7,8]. Si solar structure’s large
production cost and poor efficiency are its disadvantages. The maximum power conversion efficiency for crystalline and poly-
crystalline Si-based photovoltaic cells was observed at 26.7 % and 24.4 %, respectively [9]. These days, scientists are focusing on
producing extremely efficient thin-film solar cells (TFSCs) using materials that are readily available, safe, and appropriate for the
environment [10]. Inorganic perovskites, which might prove extremely useful as solar cell absorber materials, have also been the
subject of research lately [11-15].

Molybdenum diselenide (MoSey) is one of the most promising and effective absorber materials among TFSCs due to its stability,
affordability, and lack of toxicity. This substance is a transitional metallic dichalcogenide (TMD). Numerous research groups have
thoroughly examined the diverse electrical, optical, catalytic, and magnetic properties of TMD materials [16-18]. Among its benefits
are its inexpensiveness, ease of manufacture, excellent PCE, and broad-spectrum responses [19]. They have the generic formula MXj,
where X represents a chalcogen (S, Se, and Te) and M denotes a transition metal (Mo, W, Nb, and Ti). TMD compounds are being
studied as absorbers along with transport layers because of their appropriate structural and electronic characteristics [20]. MoSes
exhibits a 1072 Sm™! electrical conductivity [21], and it has a light absorption coefficient between 10* and 10° cm™? [22]. The
bandgap of this absorber can be adjusted based on a number of variables, including thickness, temperature, and doping. Because of
these advantageous qualities, MoSe; is a strong contender for photovoltaic applications. The usefulness of MoSey-based technologies
has been shown in the past conceptually [23-25] and practically works [26,27]. The initial MoSe,-based SC was created experi-
mentally early in 1991 by Jager-Waldau et al., and with their n-ZnO/p-MoSey/Au single junction technology, they were able to attain a
PCE of 0.12 % below 70 mW/cm? of light [26]. In a study conducted in 2016, a comparatively narrow absorber (1.5 pm) was used to
create MoSez/GaN heterojunction SC, which was discovered to have 1.29 % PCE [27]. Counter electrodes (CEs), hole transport layers
(HTL), and electron transport layers (ETL) have all been used by researchers over the past few years to improve the efficiency of solar
energy [10,28]. Although the simulation study may offer a very effective SC model, these structures’ consistency and endurance create
problems in practical applications. The efficiency is permanently decreased by temperature and environmental deterioration.

A substance called an ETL layer is placed in between a SC’s absorber and window layers. Another name for it is the buffer layer.
Among its functions are transferring the electrons produced by photosynthesis to the electrode, decreasing flaws, enhancing band
alignment, and shielding the absorber from corrosion and harm. Examples include ZnS, ZnSe, SnS», ZnO, InyS3, TiO2, and CdS as ETL.
Due to their excellent band gap alignment, high transparency in the visible range, and simple fabrication technique, In,S3, and SnS; are
frequently employed as ETL layers [29-31]. Conversely, a p + -type substance called a hole transport layer (HTL) is applied to a SC’s
back surface. Concerning PV effectiveness, the HTL layer offers a number of advantages. An HTL layer stops the surface recombination
by generating an electric field at the contact with the p-type absorber. In addition, it can improve the ohmic contact between the back
electrode and function as a light reflector [32]. HTL layers can be found in V505, SnSe, MoS,, GeSe, MoOs, GaAs, and PTAA, to name a
few [33,34]. Among them, V505 has a direct band gap of around 2.20 eV together with good thermal stability, optical absorption
coefficient, and long-term performance, and it has just been added to the high priority production list due to its minimal environmental
impact and inexpensive fabrication techniques [10].

In this computational study, the SCAPS-1D software is used to examine seven distinct arrangements of HTL, with MoSey, SnS,,
nickel (Ni), and silver (Ag) being used as the absorber layer, ETL, back, and front contacts, respectively. Once an exceptionally effective
HTL has been optimized, three ETLs (InoS3, SnSs, and ZnSe) are combined and subsequently modified utilizing a device structure of
Ag/FTO/ETL/MoSey/V20s/Ni. Furthermore, after optimizing absorber layer thickness, ETL thickness, absorber layer defect density,
and HTL acceptor and defect density, the impacts of temperature, generation, recombination, j-v features, and quantum efficiency are
noted. Ultimately, based on the combined effectiveness of the three configurations under investigation, the ideal device for the study
was chosen. All things considered, the results of this numerical research are essential for creating environmentally safe solar cells made
of MoSe;, absorber material. The whole work has been completed by using the Advanced Energy Materials and Solar Cell Research
Laboratory, Department of Electrical and Electronic Engineering, Begum Rokeya University, Rangpur, 5400, Bangladesh.

2. Simulation techniques with device structures and band alignments
2.1. Simulation techniques

SCAPS-1D, a computational simulation tool created by Professor Marc Burgelman (version 3.3.07), was used in this study [35].
SCAPS-1D was selected as the simulator for our solar device due to its advantages over other software options and its consistent
agreement with findings from prior research [36,37]. In the context of SCAPS-1D simulations of solar cells, originality contributes in a
variety of ways. These include novel designs, novel material properties, sophisticated modelling methods, optimization studies,
integration with experimental data, performance analysis, investigation of novel phenomena, comparative studies, and instructional
materials. All of these factors have the potential to greatly progress our knowledge and lead to the creation of solar cells that are more
affordable and efficient. Solving 1-D semiconductor equations, including the well-known transport equation, continuity equation, and
Poisson’s equation, and taking into consideration one or more recombination mechanisms are essential steps towards understanding
the fundamental physics of SCAPS. The charge carrier (electrons and holes) flow inside a solar cell is described by the transport
equation, while the continuity equation links the processes of carrier formation, recombination, and transport. Poisson’s formula
clarifies the distribution of electrostatic potential in the solar cell by taking into account the electric field and charge distribution.
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"Diffusion length" denotes the distance over which diffusion substantially affects carrier mobility in a solar cell, whereas "diffusivity"
describes the capacity of charge carriers to disperse inside a material. In the context of solar cells, carrier lifetime refers to the mean
amount of time that a charge carrier—an electron or a hole—remains in a material before recombining or disappearing. Open-circuit
voltage is the voltage across a solar cell’s terminals when there is no external load. Through the solution of equations (1)-(3), which
establish the structure, SCAPS may calculate multiple performance measures for photovoltaic (PV) devices [38,39].
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In the equation provided, the terms represent the following:

&, permittivity in free space, q elementary charge, ¢ electrostatic potential, the relative permittivity is denoted by (er), (Na, Np)
acceptor and donor density, respectively, (n, p) electron and hole concentrations, respectively, (G, Gp) generation frequency of
electrons and holes, (n;, py) trapped electron and hole concentrations, respectively, (J,, J,) electron and hole density currents,
respectively, (R, Rp) recombination rates of electrons and holes, respectively. Equations (4) and (5) define (Jp, Jy,), respectively.
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Where p, and i, denote the mobility of holes and electrons, respectively, and D, and D, represent the diffusion coefficient of electron
and hole. Additionally, the mathematical formula for the absorption rate utilized in the analyses is described as [40]:

a(hv) =Ba /hv — E, (6)

In this context, Ba denotes a constant coefficient defined as 10° cm ™! eV~ and ho signifies the photon energy.

2.2. Structure of the devices and band alignments

This study examines a MoSey-based n-i-p structured heterojunction SC (solar cell), as shown in Fig. 1(a), where the n, i, and p
regions stand for the active layer, HTL, and ETL, respectively. A computational investigation is carried out using three distinct ETLs
(InyS3, SnSy, and ZnSe) and seven separate HTLs (V20s, SnSe, MoS,, GeSe, MoO3, GaAs, and PTAA) inside the device structure, which
consists of the right contact, FTO, ETL, absorber layer, HTL, and left contact. The MoSe; material acts as an absorber layer and is often
positioned between the ETL and the HTL. Light illuminating this layer causes excitons to arise. The ETL functions as a hole-blocking
layer when excitons come into contact with the ETL/active layer, preventing the hole from passing through the ETL and permitting the
electron to proceed. Similar behaviors are shown by the HTL/absorber layer, which blocks electrons and makes it easier for holes to
flow through. Here, an intrinsic electric field is vital because it facilitates the dissociation of excitons. Fig. 1(b) shows the band
alignments of the Ag/FTO/ETL/MoSey/HTL/Ni structures. The work function of nickel (Ni) used in various previous research papers is
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Fig. 1. (a) Schematic design and (b) band alignments of Ag/FTO/ETL/MoSe,/HTL/Ni PV cell.
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higher than 5 eV [41,42]. In Ag/FTO/ETL(In,S3,SnS2,ZnSe)/MoSey/V205/Ni solar cell structures, the high work function of Ni forms
an effective Schottky barrier for electron collection and aligns well with the valence band of V05 for efficient hole transport. This
reduces recombination losses, ensures good electrical conductivity, and enhances the overall efficiency and stability of the solar cell
[431.

While data from literary sources was used to optimize the other layer characteristics, simulation was used to optimize the thickness,
defect, and doping concentrations of the absorber layer. In this setup, a perfect tunnel free of optical loss and electrical resistance
connects the absorber and HTL. Optimizing the thickness of Ag/FTO/ETL(In,S3,SnS,,ZnSe)/MoSes/V20s/Ni solar cells using the
quarter-wavelength principle enhances light absorption and minimizes reflection. The principle states that if a layer’s thickness is an
odd multiple of A/4 (where X is the wavelength of light within the medium), destructive interference will reduce reflected light,
increasing transmission and absorption. For the FTO layer, optimizing thickness to 1/4 for relevant wavelengths (500-700 nm) en-
hances transparency and light entry. Similarly, In,Ss, SnS5, ZnSe, and MoSe; layers should be A/4 thick to maximize light absorption by
reducing reflection. The V505 layer also benefits from this principle to ensure optimal light transmission and minimal reflection.
Calculating the thickness involves d = ﬁ (where n is the refractive index), but practical fabrication constraints must be considered.

In order to prevent shunting and shield the upper layers from sputtering damage and solvent exposure, this arrangement in-
corporates a conformal recombination layer in between the absorber layers. While Table 2 displays all of the input values for all of the
HTL materials, Table 1 provides all of the electrical parameters used in the simulations, which were derived from pertinent compu-
tational and experimental research published in the literature for absorber and ETL materials. Parameters such as layer thickness (t),
relative dielectric constant (g,), electron affinity (x), electron and hole mobility (i, & pn), bandgap (Eg), donor and acceptor densities
(Np & Nj), valence band and conduction band effective state densities (Ny & N.), and total defect concentration (Ny) are included.
Additionally, Table 3 presents the interface characteristics of the InyS3/MoSey, SnSo/MoSes, ZnSe/MoSe;, and MoSey/ V205 systems,
enabling examination of the effect of defect concentration while maintaining a consistent overall defect density at the interface.

3. Result and discussion
3.1. HTL optimization

A mixture of one ETL material and seven HTL materials is used to examine the optimal HTL material; the MoSe, material, rear, and
front contacts remain fixed during the entire process, as shown in Fig. 2. The obtained data indicates that the device structure with Ag/
FTO/SnSy/MoSey/V20s/Ni performs relatively better, where the power conversion efficiency (PCE), fill factor (FF), short circuit
current density (Js¢), and open circuit current voltage (Voc) are, respectively, 34.07 %, 87.19 %, 42.565 mAcm 2, and 0.918 V. While
MoS,, GeSe, MoOs, GaAs, and PTAA are examples of other HTL materials that show efficiency at or over 30-33 %, SnSe performs
noticeably worse, with a PCE of 28.41 %, a Voc of 0.793 V, a Jgc of 42.419 mAcm 2, and an FF of 84.43 %. The reduced hole mobility
along with the poor band alignment of SnSe are the reasons for this inferior performance. The photovoltaic effect determines a solar
cell’s I-V properties. Photons from the sun’s rays are absorbed by the semiconductor material in the cell, forming electron-hole pairs.
At the p-n junction, an electric field separates these charge carriers, creating a current. While the material qualities and the cell’s
working circumstances have an impact on the output voltage (V), the output current (I) is determined by the intensity of the light.
Generally speaking, the I-V curve exhibits a current that falls as the voltage rises and a maximum power point when the voltage
multiplied by the current is at its highest. Simulations with constant thickness, bandgap, donor density, acceptor density, and defect
density for the absorber layer were run in order to determine the best combination of ETL and HTL. Since V205 performed better than
other HTLs, it was chosen as the HTL for additional simulation as well as numerical evaluation. Table-4 shows the all output values of
Ag/FTO/SnSy/MoSey/V20s/Ni structures with seven different HTL materials.

3.2. Variations in the defect and doping density of the HTL layer along with their impact on PV parameters

The appropriate HTL layer can facilitate the correct conveyance and collection of photogenerated holes while obstructing the flow
of electrons (the minority carrier). It consequently lessens carrier recombination. Demonstrating the impact of the HTL layer on SC

Table 1

SCAPS-1D Simulation parameters for absorber, ETLs, and FTO layers.
Parameters MoSe, [44] ZnSe [45] In,S;3 [46] SnS, [47] FTO [48]
Layer thickness, t (nm) 0.8 50 50 50 50
Band gap, E; (eV) 1.10 2.70 2.1 2.240 3.6
Electron affinity, y (eV) 4.372 4.09 4.65 4.240 4.5
Dielectric permittivity (relative), e, 13.60 10.0 135 10.0 10
Hole mobility, up (ecm?/(Vs)) 25 20 210 50 20
Electron mobility, yy, (em?/(Vs)) 100 50 400 50 100
VB effective density of states, Ny (cm™>) 1.8 x 10%° 1.8 x 10%° 4 x 1013 1.8 x 10%° 1.8 x 10%°
CB effective density of states, N¢ (cm™~3) 2.2 x 10'® 2.4 x 10'® 1.8 x 10" 2.2 x 108 2 x 108
Defect density, N, (cm™>) 1x 10" 1x 10" 1x 10" 1x 10" 1 x 10"
Shallow uniform acceptor density, Ny (em™3) 1 x 10 0 0 0 0
Shallow uniform donor density, Np (cm™3) 0 1 x 10" 1 x 10V 1 x 107 1x10'®
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Table 2
SCAPS-1D Simulation parameters for HTL layers.
Parameters V505 [10] SnSe [49] MoS, [50] GeSe [51] MoO; [34] GaAs [34] PTAA [34]
t(nm) 100 100 100 100 100 100 100
Eg (eV) 2.20 1.2 1.23 1.41 3.0 1.42 2.96
x (eV) 3.40 4.2 4.2 4.07 2.3 4.07 2.30
€ 8.0 10.0 4.0 14.30 18.0 12.90 9.0
N¢ (cm™) 9.2 x 10° 2.8 x 10'® 7.5 x 107 4 x 108 1 x 10%° 2.2 x 10'® 2 x 102!
Ny (cm™®) 5 x 10%° 4.75 x 10'8 1.8 x 108 1.75 x 10*° 2.2 x 10'® 1.8 x 10" 2 x 10%
pn(cm®/(Vs)) 150 130 100 17 210 8500 1
un(em®/(Vs)) 100 56.1 150 17 210 400 40
Ny (cm™) 1x10'® 1x10'® 1x 10 1x 10 1x 10" 1x 10 1x 10
Np (cm™3) 0 0 0 0 0 0
N, (cm™) 1 x 10 1 x 10 1 x 10 1 x 10 1 x 10 1 x 10 1 x 10
Table 3

Characteristics of interface used in heterojunction solar cells comprising Ag/FTO/ETL(In,S3,SnS,,ZnSe)/MoSe,/V20s/Ni structures.

Interface Defect Capture cross section: Defect position above the Reference for defect Energetic Total defect
type electrons/holes (cm?) highest EV (eV) energy level distribution density (cm™?)
MoSe,/ Neutral 1x10 % 0.06 Above the highest E, Single 1.0 x 10
SnS,
MoSe,/ Neutral 1x10°% 0.06 Above the highest E, Single 1.0 x 10'°
In,S3
MoSey/ Neutral 1x10 71 0.06 Above the highest E, Single 1.0 x 10%°
ZnSe
V,0s/ Neutral 1x10 % 0.06 Above the highest E, Single 1.0 x 10
MoSe,
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Fig. 2. Optimizing the HTL of MoSe; based solar cell depends on the performance of the cell, namely the PCE, Vo, FF, and Jsc values.
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The values of the performance parameters for Ag/FTO/SnS,/MoSeo/HTL/Ni structures with different HTLs.

Structure Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
FTO/SnS,/MoSe,/SnSe 0.79321 42.4197 84.4344 28.4103
FTO/SnS,/MoSe,/MoS, 0.83519 42.580 86.1096 30.6226
FTO/SnS,/MoSe,/GeSe 0.87176 42,7317 85.4108 31.817

FTO/SnS,/MoSe,;/MoO3 0.91656 42.5650 87.0066 33.944

FTO/SnS,/MoSe,/GaAs 0.90395 42.5826 87.1627 33.5515
FTO/SnS,/MoSe,/PTAA 0.86921 42.4947 81.871 30.2405
FTO/SnS,/MoSe,/V;0s 0.91800 42,5654 87.1994 34.0734

performance indicators is therefore crucial. Fig. 3 shows how the defect (N¢) and doping density (Np) of V05 affect the suggested SC’s
performance parameters. While other parameters stay the same, the values of N; and N have been altered within the ranges of 10'° to
10'7 em~2 and 10'? to 10%° em 3, respectively. The PCE, Voc, FF, and Jgc values do not significantly change as the HTL layer’s N¢
increases from 10'° to 10'7 cm 2 and remain constant at 34.07 %, 0.9178 V, 87.1976 %, and 42.56542 mAcm’z, as shown in Fig. 3
(a—-d). At first, there is a steady trend in the parameter values of Voc and PCE when the Ny of the HTL layer is increased up to 107 em 3.
After that, when the N exceeds 10" cm’3, it marginally rises.

Additionally, the initial values of Jgc and FF similarly exhibit a steady tendency as the N of the HTL layer is increased up to 10'®
cm 3. Following that, when the N, exceeds 101® cm 3, it slightly rises. A higher concentration of N may lessen the recombination of
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carriers that aid in the appropriate transportation and carrier collection, leading to an increase in PCE, V¢, FF, and Jsc. The increment
in series resistance in the proposed SC is indicated by the reduction in FF in V205 HTL with decreasing Na. To attain the maximum PCE
of 34.07 %, the ideal N; could be determined to be 104 cm’3, and the optimal Nj to be 108 cm’g, with a Voc of 0.918 V, a Jg¢ of
42.565 mAcm ™2, and an FF of 87.19 %.

3.3. Band diagram of MoSe; setups using various ETLs

Three Electron Transport Layers (ETL) band configurations are shown in Fig. 4(a-c), which show band diagram changes that are
exclusively related to the ETL, while the absorber layer and HTL stay unchanged. Since electron and hole extraction efficiency has a
major impact on overall performance, optimizing band alignment is essential for improving device performance. When exposed to
light, excitons produced in the absorber layer are transported to the ETL and HTL. The device keeps the single fermi level when there is
no light. But as it gets lighter, the Fermi level splits into two quasi-Fermi levels, one for electrons and one for holes. The quasi-Fermi
level for electrons is continuously higher in the HTL than the E. and E, levels, which coexist with two quasi-Fermi levels. When
compared to Fy, E. exhibits strikingly comparable behavior, as seen in Fig. 4. But F, always lies higher than E, for all ETLs combined.
This kind of solar cell device’s performance is highly affected by its conduction band offset (CBO) and valence band offset (VBO),
which can both be positive or negative. Because of the decreased carrier recombination, a positive CBO (spike-like) is produced when
the ETL material’s Conduction Band Minimum (CBM) is greater than the absorber material.

This leads to superior PCE. Because photogenerated carriers are lost, PCE and Js¢ are reduced when the positive CBO is greater than
4. On the other hand, when the CBM of the ETL is smaller than that of the active layer, a negative band alignment, sometimes referred
to as a cliff-like alignment, happens. In general, a tiny spike (0-0.2 eV) is preferable for the ETL/Absorber interface. This keeps
electrons from diffusing back into the absorber without impeding electron transport too much. There is a tiny spike (~0.2 eV) from
SnS; CBM (4.1 eV) to MoSe; CBM (4.3 eV). The slight cliff shown by the VBM alignment helps with hole blocking. To guarantee that
electrons may transfer from MoSe, to InyS3 and ZnSe with the least amount of resistance, the CBM of InyS3 and ZnSe should be
somewhat greater than that of MoSes. However, in order to avoid electron blockage, a big surge should be avoided. A small cliff (0-0.2
eV) is typically preferred for absorber/HTL. This reduces recombination at the interface and promotes hole transport to the HTL. A cliff
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(~0.7 eV) arises between MoSe; VBM (5.1 eV) and V205 VBM (4.4 eV), which enhances hole transport but requires careful optimi-
zation. Similar to this, when the valence band maximum (VBM) of the HTL is higher than that of the absorber material, Jsc may
increase and a positive VBO, also known as spike-like alignment, is seen. Conversely, when the HTL’s VBM is less than the absorber
material’s, a negative VBO, also known as a cliff-like alignment, results, which can lower the Voc. The different cliff and spike
alignments shown in Fig. 4 have an immediate impact on this solar cell’s performance.

3.4. Influence of thickness of the absorber and ETL layer

As an absorber layer, MoSe; significantly influences solar cell performance. The thickness of the absorber is a crucial parameter that
remarkably impacts the device [52,53]. In our simulations, we focus on performance metrics such as FF, Jsc, Voc, and PCE as functions
of absorber thickness, changing from 0.3 pm to 3.0 pm, as shown in Fig. 5(a). To maximize photon absorption and electron-hole pair
generation, the absorber layer should have an optimal thickness. Therefore, the performance of solar cells primarily depends on the
absorber layer’s thickness. The illumination spectrum utilized is AM 1.5, while the operational temperature is fixed at 300 K. We
maintain the doping concentration at Ny = 10'® cm ™ for the absorber layer and 0.1 pm thickness for HTL, with Ny = 10*® em 3. For
both SnS; and ZnSe ETLs, increasing absorber thickness during the optimization process increased the reverse saturation current, but
even a small increase in thickness resulted in a drop in Voc. However, despite variations in thickness, the V¢ for the InySs ETL stayed
largely consistent. For all three ETLs, the Jsc improved up to 1.5 pm in thickness, which was attributable to increased generation of
charge carriers within the absorber layer. These changes in Jgc and Vo demonstrate a pattern consistent with research findings from
publications [31,54]. The FF remained almost unchanged and PCE increases gradually with the increase of absorber thickness for SnSy
and IngS3 ETLs, but decrease for ZnSe ETL. The penetration depth of light into the absorber layer guides the choice of layer thicknesses
in solar cells to ensure efficient light absorption. The absorber must be thick enough to capture photons but not so thick that it increases
recombination losses. Balancing light absorption and charge collection is crucial, considering the solar spectrum’s range. Adjacent
layers should be thin to let light pass while providing necessary functions. Simulations help optimize thicknesses for maximum effi-
ciency. We have chosen 800 nm as the thickness of absorber layer for balancing the whole structure. With that thickness, we have got
the maximum performances. A larger recombination rate resulted from the absorption of more photons as the absorber layer’s
thickness grew. But a small absorber layer could only hold so much light, which meant that the electrodes had to extract a large amount
of carrier and the PCE was reduced. In order to achieve maximum efficiency, light absorption and carrier mobility must be balanced,
since an excessively thick absorber layer reduces PCE. As a result, 800 nm was found to be the ideal thickness for the MoSey absorber in
this investigation for improved performance with SnS», InySs3, and ZnSe ETLs. For the In,S3 ETL, the optimal PCE was found to be
29.3574 %, with an FF of 79.3968 %, a Jsc of 42.5516 mAcm’z, and a Voc of 0.868957 V. The SnS, ETL achieved a PCE of 34.0734 %,
an FF of 87.1994 %, a Jgc of 42.5654 mAcm 2, and a V¢ of 0.918005 V. Meanwhile, the ZnSe ETL resulted in a PCE of 30.6699 %, an
FF of 78.6293 %, a Js of 42.4789 mAcm 2, and a Voc of 0.918235 V.

The impact of the thickness of the SnSs, InyS3, and ZnSe ETLs on solar cell performance is examined in Fig. 5(b). The thicknesses of
the ETL layer were varied simultaneously within the ranges of 0.02 pm-0.49 pm, respectively, using previously optimized parameters.
Also, the thickness of the ETL layer has a significant effect on the other electrical characteristics of the PV cell. Even though the
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thickness of the ETL layer increased, devices using SnS,, In,Ss, and ZnSe ETLs showed almost consistent Vo 0of 0.9158 V, 0.8689 V, and
0.9178 V, respectively. SnS; saw a small decrease in Jsc from 42.5704 to 42.4982 mA/cm?, InyS3 from 42.5702 to 42.5370 mA/cm?,
and ZnSe from 42.5699 to 42.4314 mA/cm?. For SnSs and In,S3 ETLs, the FF and PCE stayed relatively constant at 87.20 % and 79.40
%, and 34.05 % and 29.34 %, respectively, with increasing thickness. On the other hand, when the ETL thickness increased using ZnSe
ETL, the FF and PCE increased from 79.33 to 85.33 % and from 31.011 to 33.242 %, respectively.

3.5. Influence of doping density of the absorber and ETL

To assess the impact of the MoSe; absorber acceptor concentration (Na) on solar cell performance (Jsc, Voc, FF, and PCE) with all
three ETLs, we varied the Ny from 103 to 10%° em 3, as illustrated in Fig. 6(a). The absorber’s N grew during optimized performance,
while the SC’s Voc and PCE didn’t alter until N of 10*® em ™3, at which point they started to rise. According to a previous publication
[31,55], the hole’s Fermi energy level decreases as the absorber layer’s N increases, increasing the Voc. Along with the N of the
absorber layer, the built-in potential increases. The Js¢ for SnS; and In,S3 ETLs did not significantly alter when absorber Ny increased.
However, for ZnSe ETL, the Jsc dropped when the Ny went over 10'® cm 3. However, the FF rose as the absorber layer’s N value
exceeded 10™® cm 2. For SnS; ETL, the maximum values obtained by the Vo, Jsc, FF, and PCE were 1.035 V, 42.562 mAcm’z, 88.49
%, and 38.99 %; for In,S3 ETL, the maximum values were 0.897 V, 42.557 mAcm 2, 85.19 %, and 32.54 %; and for ZnSe ETL, the
maximum values were 1.033 V, 42.561 mAcm 2, 81.95 %, and 32.63 % with the variation of absorber N from 102 to 10%° cm™3. This
could be the outcome of the report’s observation that there are more defect states when the absorber layer’s Ny rises.

The PV characteristics for all three ETLs are shown in Fig. 6(b) as a function of the donar concentration (Np). For SnS; ETL, FF, Jgc,
Voc, and PCE remained constant at 87.19 %, 42.56 mAcm’z, 0.918 V, and 34.07 % with increasing Np from 10"® em 3 t0 10%° cm 2.
After that, there was a noticeable increase in FF, Jgc, and PCE, remaining constant up to 10'® em ™3 for ZnSe ETL (64.61-86.98 %, 42.24
to 42.54 mAcm’z, and 25.08-33.96 %), but Vo remaining steady at 0.918 V. After that, there was a noticeable increase in the FF, Vo,
and PCE, which remained constant for In,S3 ETL up to 10'8 em™3 (79.47-85.56 %, 0.868-0.884 V, and 29.38-32.20 %), whereas Jsc
was constant at 42.55 mAcm 2. At an Np of 107 em ™2, SnS, ETL was found to be the optimal structure. The substantial drop in series
resistance (R;) and the rise in the internal electric field are probably to blame for this improvement in FF. This study’s conclusions are
consistent with those of earlier research [56,57].

3.6. Changes on PV parameters with the variation of thickness and defect density in absorber layer for various ETL

The effect of defect density (Ny) and absorber thickness on PV characteristics with SnS, ETL is shown in Fig. 7. The effects of N¢
between 10'° and 10'7 em 2 and thickness ranges between 0.4 and 2.8 pm are investigated in order to assess the device’s performance.
Fig. 7(a) demonstrates that the Vo of the SC with SnS; ETL remains consistent regardless of the thickness of the MoSe; layer. Fig. 7(a)
illustrates how the N; swings between 10'° and 10'” em~3, which negatively impacts the Vo and reduces it from 1.1589 to 0.6841 V.
Conversely, Jsc has a maximum value of 43.80 mAcm 2 when thicknesses reach 1.6 pm and N falls below 10%° cm’g, respectively
(Fig. 7(b)). There is a 4.548 mAcm 2 decrease in Jsc when the thickness is reduced from 2.8 to 0.4 pm with N; less than 10™ em 3.
Since increasing N; causes the diffusion length of the charge carriers to decrease and the number of recombination carriers in the
absorber layer to rise, we may conclude that N directly affects efficiency. Fig. 7(c) demonstrates that the FF reaches its highest value of
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87.24 % when the N is equal to 10'2 cm 3. However, there is a significant drop in FF to 55.53 % when the N is raised above 10'® cm 3.
Because of the acceleration of the recombination process that destroys the charge carriers, performance falls as N; grows. Reduced N¢
leads to improved PV performance because of the long carrier diffusion length and minimal recombination process. The absorbers must
have a low N¢ and a high carrier concentration for better PCE. Thus, with a layer thickness of 0.8 pm and a N; of 1013 cm ™3, the greatest
and best PCE of 34.07 % was attained, accounting for trade-offs among PV characteristics. This SC achieved a V¢ of 0.918 V, a Js¢ of
42.565 mAcm 2, and an FF of 87.19 % at these given conditions.

The absorber’s N; has a major effect on SC efficiency with InpS3 ETL. Photovoltaic energy is produced when light interacts with the
absorber layer. Fig. 8(a—d) illustrate the impact of absorber N; between 10'° and 10'7 cm ™3, whose thickness varies between 0.4 and
2.8 pm with InyS3 ETL. Changes in absorber layer thickness from 0.4 to 2.8 pm and N, from 10'° and 10'7 ecm 2 resulted in a variation
in PCE, FF, Jgc, and V¢ with InySs ETL from 30.30 to 19.32 %, 84.22 to 78.61 %, 43.792 to 34.370 mAcm ™2, and 0.879 to 0.682V,
respectively. Fig. 8(a~d) show that when the absorber layer thickness is greater than 0.8 pm and the N is less than 10'* cm ™3, the Vo,
Jsc, FF, and PCE reach their highest levels. Thus, taking into consideration trade-offs among PV properties, the maximum and optimum
PCE of 29.3574 % was achieved with a layer thickness of 0.8 pm and a N; of 10> cm 3. Under these circumstances, this SC produced a
Voc of 0.868957 V, a Jsc of 42.5516 mAcm’z, and an FF of 79.3968 %.

The N of the absorber has a significant impact on SC efficiency with ZnSe ETL. Photovoltaic energy is produced when light interacts
with the absorber layer. The effect of absorber N; with thickness ranges between 10'° and 107 cm™ and 0.4 and 2.8 pm is shown in
Fig. 9(a—d). Decreases in the device’s PCE, FF, Jgc, and Vo with ZnSe ETL were caused by changes in the absorber layer thickness from
0.4 to 2.8 um and N; from 10'° and 10'” em 3 and these changes occurred from 41.02 to 0.432 %, 82.38 to 13.42 %, 43.810 to 2.799
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mAcm 2, and 1.158 to 0.734V, respectively. Fig. 9(a-d) demonstrate that the Vgc, Jsc, FF, and PCE reach their maximum levels when
the absorber layer thickness is greater than 1.2 pm and the N is less than 10'? cm 3. Thus, with an absorber layer thickness of 0.8 pm
and a N; of 1013 em 3, the greatest and optimal conversion efficiency of 30.6699 % was obtained while accounting for trade-offs among
PV attributes. In these conditions, the solar cell generated an FF of 78.6293 %, a Jsc of 42.4789 mAcm’z, and a Voc of 0.918235 V.

3.7. Impact of the interface defect density

We studied the interface defect density (N¢f) across different interfaces to improve the photoelectric characteristics of SCs. How-
ever, it is imperative to evaluate the impact of N on SC performance, as these defects play a crucial role in influencing SC outputs by
promoting carrier recombination, thereby diminishing the PCE of the SC. Understanding the correlation between Ny and performance
has prompted researchers to devise strategies for minimizing defect formation and enhancing the PCE of SC. Additionally, investi-
gating the effects of Nif on SCs contributes to a deeper comprehension of SC physics, paving the way for the development of novel
materials and fabrication techniques. The PV properties of newly designed MoSes-absorber-based SCs are influenced by Ny at Vo0s/
MoSes, MoSes/InyS3, MoSeo/SnS,, and MoSey/ZnSe, as illustrated in Fig. 10.

The Ny was varied from 10° em 2 to 10" cm’z, and the corresponding PV outputs were analyzed. For the V,05/MoSe; interface,
increasing Ny, significantly reduced PCE, FF, and Vo from 34.074 to 18.077 %, 87.199 to 67.717 %, and 0.9180 to 0.7104 V. N can
create recombination centres, which diminish carrier transport efficiency in the device, leading to reductions in Voc and FF. At the
MoSe,/In,Ss interface, higher N had the greatest impact on PCE, which decreased from 32.988 to 8.042 %. Vo and FF also dropped
from 0.9121 to 0.2820 V, and 84.991 to 67.617 %. Jsc remained almost stable for both V,05/MoSe,, and MoSe,/SnSs interfaces with
the increasing of Nir at 42.56 mA/cm?, and 42.55 mA/cm?. For the MoSe,/SnS,, and MoSe,/ZnSe interface, increasing Ny, signifi-
cantly reduced PCE, FF, Jgc, and Vo¢ from 34.075 to 4.499 %, and 30.677 to 0.357 %, 87.201 to 63.125 %, and 78.638 to 54.220 %,

11



A. Ghosh et al. Heliyon 10 (2024) e35061

(a) (b)

Voc (V) Jsc (mA/em?)
44.00

35.60

ZnSe ETLI
0.967 0.900 .

27.20

18.80
0977 0908

10.40

Thickness of Absorber MoSe, (um)
Thickness of Absorber MoSe, (pm)

2.00

1E10 1E11 1E12 1E13 1E14 1E15 1E16 1E17 1E10 1E11 1E12 1E13 1E14 1E15 1E16 1E17
Defect Density of Absorber MoSe, (em®) Defect Density of Absorber MoSe, (em™)
© (d)
FF (%) PCE (%)

412

33.0

249

16.7

8.6

Thickness of Absorber MoSe, (pm)
Thickness of Absorber MoSe, (pm)

0.4

1E10 1E11 1E12 1E13 1E14 1E15 1E16 1E17 1E10 1E11 1E12 1E13 1E14 1EI5 1E16 1E17
Defect Density of Absorber MoSe, (em™) Defect Density of Absorber MoSe, (em™)

Fig. 9. Impact of the thickness of MoSe, absorber vs bulk defect density modifications on PV parameters; (a) Voc (b) Jsc (¢) FF and (d) PCE using
ZnSe ETL.

42.565 to 1.081 mA/cm?, and 42.482 to 0.620 mA/cm?, 0.9180 to 0.6432 V, and 0.9182 to 0.7314 V. When there are interface
challenges, series resistance might increase significantly [58]. The decline in performance is caused by the greater rate of interface
carrier recombination that occurs when Ny rises [59,60]. Thus, it is suggested that Ny at the V2,05/MoSey, MoSe/InsSs, MoSez/SnS,,
and MoSey/ZnSe layers have a major role in determining the performance characteristics of PV devices [61,62].

3.8. Impact of the rate of generation-recombination and carrier concentration

The carrier production and recombination rates for the Ag/FTO/ETL(InyS3,SnS2,ZnSe)/MoSe,/V20s/Ni structures across many
sites are shown in Fig. 11(a) and (b). During carrier creation, an electron moves from the valence band (VB) to the conduction band
(CB), forming pairs of electrons and holes, with the hole staying in the VB. MoSe;, generates more carriers as a result of this transition,
which releases electrons and holes. Notably, for Ag/FTO/ETL(In,S3,SnS2,ZnSe)/MoSe,/V20s/Ni structured SCs, the generation rate is
lowest around 0.01 pm and highest at approximately 0.9 pm when InyS3/SnS2/ZnSe ETL is present. The differing photon absorption
rates at various sites are the cause of this discrepancy. G(x) can be found more easily with the help of equation (7), and the Nphot (A, X)
of the SCAPS-1D model uses the incoming photon flux to measure the creation of pairs of electrons and holes.

G(4,x) =0 (4,%).Nphot(4,X) @

Electrons and holes are recombinant in the conduction band of solar systems. The density and longevity of these charge carriers
play a major role in determining the recombination rates in carefully engineered and optimized SCs. SC recombination is also
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significantly influenced by the defect states in each layer. The number of electrons from the conduction band that pair with holes in the
valence band is greater when they pass the energy barrier.

Furthermore, the kinetics of electron-hole recombination are influenced by the energy levels linked to this transition. The dif-
ferences in the MoSey absorber layer thickness, InpS3/SnSy/ZnSe ETLs, and their consequences on the concentrations of electron and
hole carriers are depicted in Fig. 11(c) and (d). The hole concentration in the MoSe; absorber is affected by these variations in absorber
thickness because they result in different densities of states (DOS) within the valence bands. In particular, when comparing electron
and hole densities, the existence of larger carrier concentrations is more significant [63,64]. According to this study, using SnS as the
ETL in conjunction with MoSe, decreases electron-hole recombination and increases carrier production, increasing the absorber
material’s efficiency. These advancements may open the door to the creation of highly effective SCs.

3.9. Absorption coefficient of all layers

The power conversion efficiency (PCE) of a solar cell is greatly influenced by the optical absorption coefficient, a crucial parameter
for assessing a material’s capacity to absorb light energy. The SCAPS-1D simulator computes the absorption coefficient for each layer.
When it comes to solar cells, the initial absorption peak is especially important since it indicates the precise light wavelengths that a
material can absorb [65-67]. FTO/SnS;/MoSe,/V20s SC structure is associated with MoSes, V2Os, SnS,, and FTO materials. The
absorption coefficient changes at various wavelengths for MoSey, V20s, SnSg, and FTO materials are shown in Fig. 12. Remarkably, for
MoSe;, V205, and SnS, materials, the absorption coefficient shows strong peaks at 200 nm wavelength, while for FTO, this peak is at
172 nm wavelength. The greatest absorption points of each substance in the visible and UV light spectrums are shown by their optical
absorption spectra. The absorption peaks with the highest values are 215319.74 em! (Fig. 12(a)), 134838.03 em! (Fig. 12(b)),
132958.85 cm ™! (Fi g. 12(c)), and 100000 cm ! (Fig. 12(d)) for MoSey, V20s, SnSy, and FTO materials, respectively.

3.10. Operating temperature’s effect on a solar cell’s performance

Fig. 13 provides insights into the impact of temperature on the performance of optimum Ag/FTO/SnSy/MoSes/V20s/Ni structured
SC, spanning a temperature range of 275-475 K. The results reveal that as temperature increases, there’s a tendency for Jsc to increase
slightly while the FF, Voc, and PCE decrease. This observation suggests that elevated temperatures enhance the thermal mobility of
carriers within the solar cell, potentially leading to higher Jsc. However, increased temperatures may also cause the absorber layer to
behave as an ohmic conductor, impeding carrier flow and resulting in the conversion of electrical energy into heat, thereby reducing
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Fig. 11. Impacts of the thickness of the absorber layer on (a) total generation, (b) recombination, (c) electron concentration, and (d) hole
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FF, Voc, and PCE [68,69]. The limited thermal dissipation within different components of the SC can exacerbate temperature rise,
posing a risk of device damage. Therefore, it is crucial to carefully consider the operational limits of each absorber layer during the
fabrication of such heterojunction SCs. The temperature dependence is evident in the slight increase of Jsc from 42.5644 mA/cm? at
275K to 42.5695 mA/cm? at 475 K. Conversely, Voc, and FF decreases from 0.940 V to 0.745 V, and 88.19 %-79.78 % with increasing
temperature. The PCE reaches its highest value of 35.30 % at lower temperatures, declining to 25.12 % as temperature rises. Moreover,
there’s a noticeable steeper temperature gradient with an average efficiency decrease of 0.0509 %/K for the optimized Ag/F-
TO/SnSs/MoSes/V20s/Ni structure.

3.11. The impact of the series and shunt resistances on the PV performance

The impact of shunt resistance (Rg,) and series resistance (Rs) on the optimum Ag/FTO/SnSs/MoSey/V20s/Ni SC device is
examined in Fig. 14. The combined effects of bulk resistance, front and rear metallic contact resistance, and terminal resistance in the
circuit result in the R, of a solar cell [70]. Lower R and larger R, are essential for increasing the SC’s efficiency [71]. Furthermore, the
Voc and Jgc are impacted by the values of these resistances. Using SCAPS-1D, the values of Rs and Ry, are varied to observe the impact
on the efficiency of the recommended and traditional SCs, where R, is measured from 1 to 10 Q-cm? and Rsh is measured from 10 to
10'° Q-cm?. Vo is strongly dependent on Rgp, as Fig. 14(a) demonstrates that raising the Rg by itself does not cause a significant rise in
the Voc. Ahigh Jscat 1 Q-cm? Rsand 10'° Q-cm? Rgh is shown in Fig. 14(b). The FF is mostly decreased by this R, keeping it from rising
to 100 % as shown in Fig. 14(c). The maximum PCE of 32.37 % can be achieved with a Ry of 1 Q-cm?and a Rgp, of 10° Q-cmz, as shown
in Fig. 14(d). We may infer from Fig. 14 that when the Rg and Rgp, shift from 1 to 10 Q-cm?and 10 to 10'° Q-cmz, respectively, the PCE,
FF, Jsc, and Vg vary from 32.37 % to 2.25 %, 82.81 to 25 %, 42.5653 to 21.2823 mA em~2, and 0.9188 to 0.4256 V. The research
indicates that in order to achieve higher performance, the Rs must be kept as low as feasible and the Ry, as high as possible.

3.12. J-V and Q-E characteristics
MoSe; is a promising material for use as an absorber layer in photovoltaic cells. The solar cell’s quantum efficiency (Q-E) and
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current-voltage (J-V) properties are greatly influenced by the thickness of the MoSe; layer [72,73]. Generally speaking, a thicker layer
of MoSe, absorber increases light absorption and produces more photocurrent, which raises the Jsc. A thicker layer, however, would
also result in increased recombination losses, which would lower the FF and Vg, thus lowering the solar cell’s overall efficiency [74].
The latest researches have shown that manufacturing methods, doping levels, and device design all affect the ideal thickness of MoSe;
absorber layers in high-efficiency SCs [44,69]. Sometimes efficiency can be increased by using thinner MoSe; absorber layers since
they improve charge carrier collection and decrease recombination losses. The thickness of the absorber layer has an important effect
on photocurrent generation and photon absorption, which in turn affects Q-E. Since thicker MoSe; layers absorb more photons, they
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Fig. 14. Impact of the series vs shunt resistance modifications on PV parameters; (a) Voc (b) Jsc (c) FF and (d) PCE for the optimum Ag/FTO/SnS,/
MoSe»/V50s/Ni structure.

can attain greater Q-E at longer wavelengths. On the other hand, overly thick layers can absorb light too deeply, which would reduce
the efficiency of charge carrier collection and, in turn, Q-E.

For the Ag/FTO/SnS2/MoSey/V20s/Ni structure, the J-V and Q-E characteristics with changes in the thickness of the absorber layer
are shown in Fig. 15. The optimized setup’s PCE with V05 HTL and SnS; ETL attained a maximum of 34.07 %, with a Voc 0of 0.918 V, a
Jsc of 42.565 mAcm 2, and an FF of 87.19 %. Interestingly, the optimized structure’s current density zeroes out at 0.91 V. It is
important to keep in mind that previous studies, as Fig. 15(a) illustrates, have consistently shown that current density decreases as
voltage increases [75,76]. The QE profiles span a wavelength range of 300-1200 nm, as shown in Fig. 15(b). The QE for the Ag/F-
TO/SnS2/MoSey/V20s/Ni structure starts at about 100 % and progressively drops to 0 % as the wavelength gets closer to 1130 nm. The
J-V characteristics results are consistent with this decline in QE.

3.13. Optimized device in compared to earlier researches

Researchers that have been studying MoSea-based solar cells in recent years have first observed poor performance when using ZnS
as the electron transport layer (ETL). In spite of this, ongoing research has produced an important discovery: earlier this year saw a
peak efficiency of 29.94 %. This trend shows that the performance of MoSe;-based photovoltaics has been steadily improving year over
year. This work regarding Ag/FTO/ETL/MoSey/V20s5/Ni optimum structure (as shown in Fig. 16) remarkably reports an astounding
34.0734 % maximum efficiency for MoSe;-based solar cells, which is made possible by using V205 as the HTL and SnS; as the ETL, with
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a Voc of 0.918 V, a Jg of 42.565 mAcm 2, and an FF of 87.19 %. Table 5 presents a comparison between the output performance
values of this study and those from previous research.

Several factors can affect the performance of Ag/FTO/ETL/MoSey/V20s/Ni solar cells during experimental fabrication, leading to

discrepancies between experimental and simulated efficiencies:

(S = - BN B = N o B o i -]

. Material Quality: Imperfections and defects in the materials can significantly reduce efficiency.

. Interface Quality: Poor interfaces between layers can lead to high recombination rates and reduced charge transport.

. Thickness Control: Inconsistent or incorrect layer thicknesses can impact light absorption and carrier collection.

. Contamination: Presence of impurities can introduce trap states that hinder carrier mobility.

. Fabrication Conditions: Variations in temperature, pressure, and deposition methods can affect layer uniformity and adhesion.
. Device Architecture: Deviations from the ideal structure used in simulations can alter electrical and optical properties.

. Carrier Mobility: Lower than expected carrier mobility can reduce the efficiency of charge transport.

. Recombination Losses: Higher recombination rates in the experimental device can decrease open-circuit voltage and fill factor.
. Contact Resistance: High resistance at the contacts can lead to significant power losses.

. Measurement Inaccuracies: Errors in measuring efficiency and other parameters can lead to apparent discrepancies.

These factors highlight the complexities and challenges in translating simulation results to real-world devices.

Fig. 16. The device structure of the optimized Ag/FTO/SnS,/MoSe,/V20s/Ni cells.
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Table 5
The Ag/FTO/ETL/MoSe,/V,0s/Ni structures’ output performance values are compared with those of earlier studies. (* = Optimum structure, E =
Experimental, and T = Theoretical work).

Structure Type of Work Voc (V) Jsc (mA/cm?) FF (%) PCE (%) Ref.
FTO/In,S3/MoSe,/ V205 T 0.868957 42.5516 79.3968 29.3574 This work
FTO/ZnSe/MoSe3/V30s T 0.918235 42.4789 78.6293 30.6699 This work
FTO/SnS,/MoSe;/ V405 T 0.918005 42.5654 87.1994 34.0734 This work*
MoSe,/Si E 0.19 5.71 30.47 0.33 [771
ZnO/ZnS/MoSe, T 0.8 22.19 - 17.51 [21]
MoSe,/CIGS tandem SC T 0.62 38.69 80.71 19.29 [23]
Mo/MoSe2/ZnO/FTO T 0.822 29.22 85.67 20.58 [78]
Cu/FTO/CdS/MoSe2/Au T 0.605 42.82 81.67 21.19 [44]
AI/FTO/ZnSe/MoSe2/MoSe2/Ni T 23.75 [79]
Cu/FTO/CdS/MoSe2/CdTe/Au T 0.747 43.57 83.09 27.05 [44]
Al/ITO/CdS/MoSey/In,Tes/Ni T 1.10 31.06 87.28 29.94 [24]

4. Conclusions

Overall, this investigation presents a computational analysis (using SCAPS-1D) for 10 device arrangements involving the MoSe;
absorber, SnS; ETL, and 7 different device configurations for HTL layers. The HTL is first optimized, focusing on the PV factors, in order
to lessen the challenges of selecting the ideal device configuration. Three ETL devices based on In,S3, SnSs, and ZnSe were available
once HTL was optimized. Following modifications to the absorber layer thickness, acceptor and defect density, ETL thickness and
donor density, and HTL acceptor along with defect density, a primary device (Ag/FTO/SnSy/MoSey/V20s/Ni) was chosen in light of its
exceptional performance (PCE of 34.07 %, V¢ of 0.918 V, Jgc of 42.565 mAcm’z, and FF of 87.19 %) in comparison to other device
configurations under this study. Following device optimization, the effects of temperature, shunt and series resistance, recombination
rate, charge carrier production, and other relevant factors have also been studied. The device with SnS, ETL performs better, as seen by
the several device parameter adjustments, JV and QE characteristics curves with optimized results. In the near future, nevertheless, a
portfolio based on the results of this numerical analysis may be used to produce eco-friendly SCs based on MoSe, absorber material.
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