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Abstract

In this study, the SCAPS-1D tool has been used to numerically examine the performance of Transition Metal
Dichalcogenides (TMDC) based Molybdenum ditelluride (MoTe,) solar cells containing CdS electron transport layer
(ETL) and Cu,0 hole transport layer (HTL). Based on the photovoltaic cell parameters, including absorber layer thickness,
temperature, defect density, the effects of series and shunt resistance, and electron affinity, the structure of both MoTe,
based solar cells with and without the usage of the HTL has been analyzed. With 1.1 um thickness of MoTe, and doping
density of 5x 10" cm™3, AlI/FTO/CdS/MoTe,/Cu,0/Ni heterojunction’s solar cell proposed structure has been optimized.
The final power conversion efficiency (PCE) =32.38%, open-circuit voltage (V,) =1.07 V, short-circuit current (J, ) =35.12
mA/cm?, and fill factor (FF) =86.32% has been determined from the optimized structure. The determined results indicate
a suitable path for the realization of low cost and high efficiency MoTe,-based solar cell.
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1 Introduction

Solar cells are the devices for harvesting electricity from photon energy. The vast range of usages of solar cells
demonstrates its potential as an ultimate source of clean energy for mankind. The first-generation crystalline silicon (c-Si)
solar cells have dominated the PV market, accounting for 95% of global market share, while thin-film PV technologies,
such as CdTe, Cu(In,Ga)Se, (CIGS), and thin-film Si, make up the remaining 5% [1]. The highest conversion efficiency
achieved to date for c-Si-based solar cells is 26.7% [2]. But their cost and the challenges of thick and expensive Si wafers,
high processing temperatures, high-vacuum fabrication processes, and other complex and costly processing technologies
limit their scalability.
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To address these challenges, researchers are exploring new materials and production mechanisms to increase the
efficiency and reduce the cost of solar cells. Among the many thin-film solar cell (TFSC) technologies that have emerged,
only a few, such as CdTe, CIGS, and perovskite solar cells, have achieved commercial success due to their high efficiency.
Copper zinc tin sulfide (CZTS), an earth-abundant solar cell material, has emerged as a promising replacement for CIGS,
with a theoretical efficiency of 30.79% [3, 4]. However, the use of toxic and rare earth materials in CdTe solar cells, material
or resource constraints, and the complicated fabrication process of CIGS technology are limiting factors for their industrial
scalability [5, 6]. To overcome these challenges, researchers have turned to TMDCs, which are non-toxic, low-cost, earth-
abundant materials. TMDCs offer several advantages as PV absorbers, including suitable bandgap, high absorption
coefficients, high carrier transportation, and mechanical flexibility [7-9]. In particular, monolayer TMDC compounds,
such as MX, (where M is a transition metal atom, such as Mo, W, Nb, Ti, and X is a chalcogen atom, such as S, Se, Te), have
gained popularity for their use in PV cells [10, 11].

The MoTe, is an emerging absorber material known for its stability, non-toxicity, and cost effectiveness [12]. Mechanical
exfoliation combined with 2 H-MoSe, can produce few-layered 2 H-MoTe, crystals which have the characteristic of Van der
Waals planes with low surface defect densities [13, 14]. MoTe, has attracted great attention as a light absorbing material
having good properties such as excellent optical absorption coefficient around 10° cm™, tunable band gap of around
1.2 eV, high carrier mobility, non-toxicity, and earth abundant for low cost TFSCs structures [15-17]. Due to these promising
properties, several PV cell structures of MoTe,-based solar cells have been constructed and analyzed experimentally and
analytically in earlier research to attain better performance [12, 18, 19]. Dye-sensitized solar cell constructed using a
photocathode made from MoTe, atomic layers shows a high PCE of 8.44% [19]. The optimized MoTe, conversion efficiency
(CE) revealed a power conversion efficiency (PCE) of 7.25% under a simulated solar illumination of 100 mW cm™2 (AM 1.5)
[20]. The use of MoTe, as an absorber layer in thin-film solar cells has not yet been experimentally explored. However, several
research groups have investigated the photovoltaic properties of MoTe,-based solar cells numerically. In one study, SnO,/
Zn,5Sn0,/CdS/MoTe,/ZnTe heterojunction solar cells with a MoTe, thickness of 1 pm were found to have a PCE of 25.16% [21].
A similar structure has been studied but substituted As,Te; for ZnTe and achieved a PCE of 25.06% [22]. In another research,
the use of CZT instead of ZnTe obtained a PCE of 25.11% with a slightly thinner MoTe, layer (0.8 um) [12]. The theoretical
maximum efficiency of optimized FTO/CdS/MoTe,/Cu,Te photovoltaic cell has been observed as 29.13% [15]. These results
suggest that MoTe,-based solar cells have significant potential for high-performance photovoltaic applications.

The performance parameters of MoTe, solar cell (SC), including Vo, J<, FF, and PCE, have not been achieved at an expected
level compared to other heterojunction TFSCs [2]. The carrier recombination at the junction reduces V5 and J¢, and the
absence of a back surface field (BSF) or hole transport layer (HTL) and buffer layer causes inadequate carrier transportation,
accumulation at the electrodes, and carrier recombination at the junction, leading to a reduction in V- and Js- and degradation
of conversion efficiency [23, 24]. Interface recombination loss results in a poor value of V- and Js, and reported HTLs are not
efficient for transportation and collection of carriers, resulting in deficits in the performance parameters. To address these issues,
redesigning MoTe, solar cells with an efficient and cost-effective HTL layer is crucial. The incorporation of p-type HTL enables
hole transportation easier from absorber layer to the back metallic contact due to low valence band offset [25, 26]. It boosts
the carrier collecting efficiency and reduce the rate of recombination at the back-contact surface [27].

HTLs come in variety of forms, e.g., organic, small molecule-based, and inorganic ones. Conjugated polymers, which
have good film-forming capabilities and high hole mobility, are the building blocks of organic HTLs. poly(3,4-ethylened
ioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and poly(3-hexylthiophene) (P3HT) are two examples of frequently
used polymer-based HTLs. These HTLs are popular for their ease of processing and incorporation into organic PV devices
[28, 29]. Small molecule-based HTLs are made of small organic molecules. Some commonly used small molecule-based
HTLs include copper phthalocyanine (CuPc) and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP). Because they are
simple to deposit on a variety of substrates and have good thermal stability, these HTLs are popular [30, 31]. Inorganic
HTLs are made of inorganic materials such as metal oxides and chalcogenides. Some commonly used inorganic HTLs
include Sn0,, TiOy, NiO,, MoOy, V,05, ZnO, Cu,0, CuSCN, and WO,. Due to their great hole mobility and exceptional
stability under ambient circumstances, these HTLs are appreciated. Among them, Cu,O is considered a promising material
for use as an HTL layer due to its high hole mobility and excellent electrical properties. With a cubic structure and a lattice
constant of 4.2696 A, Cu,0 is composed of copper atoms in the fcc sublattice and oxygen atoms in the bcc sublattice [32].
As a p-type semiconductor, it has unique physical characteristics e.g., high carrier mobility greater than 100 cm?/(V-s)
and long carrier diffusion length [33]. Nitrogen-doped Cu,O was first reported to be used as an HTL in 2013, showing
sizeable enhancements in fill-factor and PCE [34]. It was observed that the utilization of Cu,0 as a HTL provides protection
against moisture, thereby enhancing the cell’s resistance to degradation [35]. The unique characteristics of Cu,0 make
it a promising candidate for HTL material.
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This research investigates the PV performance parameters of the proposed (Al/FTO/CdS/MoTe,/Cu,0/Ni) MoTe,-based
thin-film heterojunction SC with and without HTL. The investigation of the influence of the thickness, carrier
concentration, defect density, working temperature, band alignment, electron affinity, back surface recombination
velocity, series and shunt resistance on SC output parameters has been analyzed for the baseline (without HTL) and the
proposed (with HTL) structure. The SCAPS-1D simulator has been used to optimize the device structure and achieve
better photoconversion efficiency in a cost-effective manner.

2 Design and characteristics of the device

Figure 1a illustrates the proposed FTO/CdS/MoTe,/Cu,0 SC structure. Transparent conducting fluorine doped tin oxide
(FTO) has been used as the window layer due to its excellent thermal stability and transparency. Large optical through-
put is provided by the broad band gaps of FTO and CdS in hetero-junction structures. The CdS ETL can create a suitable
junction with MoTe, due to its favorable electron affinity. In the SC structure shown in Fig. 1a, the Cu,0 HTL with an
appropriate band gap and electron affinity aids in forming a correct hetero-junction between the p-MoTe, absorber and
p*-Cu,0.The Al and Ni are employed for the front and rear contact, respectively. Figure 1b illustrates the energy band
diagram of the FTO/CdS/MoTe,/Cu,0 structure.

Since the Cu,0 layer’s valence band is located at a lower energy level than the MoTe, layer, a bigger conduction band
offset (CBO) is produced. The bigger CBO blocks the movement of electrons from the MoTe, absorption layer to the
Ni-containing back metal. As a result, the loss due to interface recombination is reduced. Because of the extremely low
valance band offset (VBO) between MoTe, and Cu,0 (0.02 eV), holes can be moved from the p-MoTe, to the rear metal
contact using p*-Cu,0. Since that the CBO between CdS and MoTe, is just 0.1 eV, the produced photoelectrons inside
the p-MoTe, absorber can travel effortlessly via the n-CdS ETL to FTO. Yet, with large VBO of 1.3 eV, it prevents the move-
ment of holes. Since CdS has a wider band gap than the p-MoTe, absorber layer (2.45 eV), more electron-hole pairs can
be generated through photon absorption [36, 37].

The One-dimensional Solar Cell Capacitance Simulator (SCAPS-1D) application has been utilized for the simulation of
the device. Marc Burgleman et al., of the University of Ghent in Belgium created the promising software SCAPS-1D. By
resolving basic equations like the continuity equation in steady-state situations, it may be utilized to anticipate as well
as analyze the optoelectronic properties of solar cell structures [38]. Quantum efficiency (QE) and J-V characteristics are
assessed at a specific working environment using this numerical method for evaluating energy bands, carrier generation
and recombination rate, and quantum efficiency. Furthermore, the impact of variation of thickness, doping concentration,
each layer’s defect concentration, the junction’s defect density, working temperature, and surface recombination velocity
(SRV) on performance has been examined. The simulations were run using a radiation setting 1000 W/m?, air mass
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Fig. 1 Design of Al/FTO/CdS/MoTe,/Cu,O/Ni solar cell a schematic structure and b energy band diagram
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Tablel1 Devi.ce par.ameters Parameters (unit) FTO Cds MoTe, Cu,0
used in the simulation [39-42]

Thickness (um) 0.05 0.05 0.001-6.0 0.02"

Eg (eV) 3.5 24 1.29 2.2

X (eV) 4.0 4.2 4.2 3.0-3.8

€ (eV) 9.0 10.0 13.0 7.5

Nc (cm-3) 1x10" 22x10'® 3x10'8 2x10"

Nv (cm-3) 1x10" 1.8x10" 4x10'6 1x10"

e (cm?/V.s) 100 100 110 200

ph (cm?/V.s) 25 25 426 8600

ND (cm™) 2x10'" 1x10'® 0 0

NA (cm™) 0 0 1x10™?-1x10% 1x10'8

Defect type Single-Acceptor Single-Acceptor Single-Donor Single-Donor

Energy distribution - Gaussian Gaussian Gaussian

Defect density N, (cm™)  1x10™ 1x10™ 1x10?-1x10%  1x10"
Table 2 Interface defect Parameters (unit) CdS/MoTe, interface MoTe,/Cu,0 interface
parameters

Defect type (um) Neutral Neutral

oe (cm™) 1x107"° 1x107"°

oh (cm™) 1x107" 1x107"

Et (eV) above the highest E, above the highest E,

Er (eV) 0.60 0.60

Total defect density (cm™) 1%x10'°-1x10? 1%x10"°-1x10%

spectrum of 1.5G and operating temperature of 300 K. Table 1 provides a summary of the material and Table 2 lists the
interface defect parameters for CdS/MoTe, and MoTe,/Cu,0 interface.

3 Results and discussion
3.1 Impact of the absorber layer thickness

The efficiency of thin-film photovoltaic cells greatly depends on the thickness and carrier concentration of the absorber
layer. These two factors play a crucial role in determining the rates of photocarrier generation and extraction. An increase
in the thickness of the absorber layer leads to an increase in carrier generation and recombination rates. It is worth noting
that controlling the thickness and carrier concentration of the absorber layer can significantly enhance the efficiency of
the thin-film PV cells. Therefore, optimizing these factors is essential in achieving high-performance photovoltaic devices.
In order to analyze the effects of these parameters on the photovoltaic performance parameters of the cells designed in
this study, the parameters of the other layers were held constant. Figure 2a shows how the variation of MoTe, thickness
affects the PV parameters of V., J,, FF and PCE for proposed and baseline SC. To test the impact on the PV parameters,
the MoTe, layer thickness was varied from 0.001 to 6 um. The J. increases rapidly from 1.51 to 34.63 mA/cm? for thickness
values of 0.001-1 um, suggesting that the increase in thickness has boosted absorption. However, if the absorber layer is
too thick, the distance that minority charge carriers can travel without recombining is shorter than the thickness of the
layer. This leads to a higher rate of recombination, causing J,. to become roughly constant above this thickness. This has
caused the J,. to be roughly constant at 35 mA/cm? for the thickness after 1 um. In the case of FF, a marginal reduction
from 85.09 to 84.87% for 0.1-0.3 um thickness was observed, followed by a steady increase for the proposed SC. For the
baseline SC, FF increased from 85.88 to 86.62% for a brief thickness range of 0.001-0.2 um. After that, it reduced quickly
at 0.3-0.7 um, giving a minimum of 84.51%, indicating that recombination loss is dominant in this thickness region. From
0.7 um, FF increased at a similar rate to that of with the baseline structure. Without the HTL layer, poor charge extraction
and high recombination losses, led to a low FF for absorber layers thinner than 0.2 pm. The Cu,O HTL layer improves
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Fig. 2 Variation of PV parameters due to change of a thickness and b doping concentration

charge transport and reduce recombination losses at the interface between the absorber layer and the electrode. Con-
sequently, the FF initially dropped slightly (85.09-84.87%) as the absorber layer thickness increased from 0.1 to 0.3 pm.
This drop occurs because the improved charge transport leads to more effective charge extraction. However, as the
absorber layer thickness continued to increase, the losses due to charge carrier recombination became more significant,
and FF started to increase steadily. Beyond 0.2 um, for the proposed SC, the charge transport properties were improved,
leading to an increase in FF. This phenomenon is influenced by several factors. According to a study by Meng et al. [43],
increasing the thickness of the absorber layer can improve the FF of the solar cell, even though it also increases the series
resistance. The reason is that thicker MoTe, layers have better light absorption and carrier collection efficiency, which can
compensate for the loss of voltage due to series resistance. Other studies suggest that the increase in series resistance
is offset by increase in shunt resistance, which enhance carrier transport and reduce the recombination losses [44, 45].

In the absence of HTL, V,_ increased gradually from 0.79 to 0.90 V for thickness range of 0.001-1 pum, while in the
presence of HTL, V. decreased gradually from 1.21 to 1.07 V. Cu,0/MoTe, interface creates a strong electric field which is
the cause for the initial high V.. Beyond this thickness, V . remained around 0.94 V for baseline structure and 1.1V for the
proposed structure. All of the aforementioned study demonstrates that utilizing HTL has a positive impact on the solar
cell's performance and efficiency because it increases carrier collection efficiency by improving the absorption of lower
photon energies by reducing the rate of back surface recombination. The device’s J,. and PCE values were not changed
after 1.1 um. As a result, it is regarded as having a 1.1 pm optimum thickness to achieve best performance. 1.07 V and
35.12 mA/cm? are the optimal value of V. and J,. respectively at 1.1 pm MoTe, thickness. Based on the obtained results,
it can be inferred that for the proposed structure, the values of J.. and PCE increase with rising MoTe, thickness, while
the value of V,_increases with decreasing absorber thickness which inclines with previous results [42, 46].

3.2 Effect of absorber doping concentration

Proper doping can improve the collection efficiency of the generated carriers and enhance the V., J,. and FF of the solar
cell. However, excessive doping can also introduce defects and trap states, which can increase the recombination losses
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and degrade the performance. Therefore, optimizing the doping concentration is necessary for achieving the maximum
efficiency of a solar cell. Keeping all other variables unchanged, the MoTe, absorber layer’s doping concentration range
was expanded from 1x 10" to 1x 10*' cm™3. The impact of the doping density in the MoTe, absorber layeronV,, J., FF,
and PCE is shown in Fig. 2b.V, is observed to be nearly constant (1.06 V) in the case of the proposed SC from 1x 102 to
1x10'¢ cm™3, after which it steadily increased, giving a maximum V, . of 1.36 V for 1 x 102! cm™~ doping density. For the
baseline structure, a steep increase was observed in V. (0.14-0.85 V) for the range 1x10'2to 1x 10" cm™ and then a
gradual scaling, thereafter, peaking at 1.22 V. The formation of a well-defined Cu,0/MoTe, interface results in a lower
density of surface states and reduced recombination of charge carriers. In the absence of the HTL, J.. was roughly constant
(35.11 mA/cm?) up to 1x 10"> cm™ before decreasing to the lowest value (30.91 mA/cm?) for the highest concentration
of 1x10%" cm™3.The change in J,_ in the proposed structure was minimal. It is a straight horizontal line of 35.15 mA/cm?,
In this structure, FF and PCE maintained a constant value of 83.67% and 31.24% respectively, up to 5x 1 0> cm3. For the
baseline device the increase is rather abrupt. Both gradually grow afterwards. The highest FF and PCE for the proposed
structure for doping density of 1x 102" cm™ is 89.82% and 43.48% respectively. The interface and bulk recombination
rates may enhance due to the increasing free carrier density. The doping concentration of 5x 10" cm™ is regarded as
the ideal value in this study to attain optimal device efficiency of developed structure which is lower than previous
studies [15, 22].

3.3 Effect of variation of defect density of the absorber

In terms of a single donor, we have studied bulk defect density in the range of 1x10'? to 1x 10%° cm™, The variations
in cell output for the defect density in the absorber layer with and without the HTL layer are shown in Fig. 3. The curves
for all PV parameters show downwards trend for the proposed device. For increasing the defect density from 1x10'% to
1x10% cm™3,V,_, FF and PCE dropped from 1.29 to 0.34V, 84.47 to 39.44%, 38.15 to 0.0056% respectively. In the case of

1 Vocr

J.., it remained constant (35.12 mA/cm?) up to 1x 10'® cm™3, then decreased quickly to zero. In the baseline structure, the
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FF and PCE increased from 0.14 to 1.16V, 54.98 to 89.38%, 2.68 to 32.20%
-3

reverse order of change was observed whereV,,
respectively. The values of these parameters became identical to each structure at defect density around 1x10'> cm
(V,. = 0.87 V, FF=85.28%, and PCE=27.57%). J,. maintained a constant value of 35.12 mA/cm? up to 1x10'® cm~3 for
both structures and thereafter did not decrease much in the baseline structure.

In the absence of Cu,0 HTL, the PV parameters benefit from the defect density of MoTe, absorber due to improved
charge collections and improved absorption of photons. However, the decreasing J,. indicates that, recombination loss
becomes dominant and cancels out these improvements. The proposed HTL model does not require densely defected
MoTe, absorber to yield better performance. The performance of a solar cell is significantly impacted by defects in bulk
material [47]. More defects in the absorption layer led to higher non-radiative recombination of free carriers of SC, which
lowers the solar cell’s overall efficiency characteristics [48]. From an experimental standpoint, the absorber material
contains several defects, including surface defects, secondary phases, and structural defects [49]. To produce improved
PCE, it is crucial to maintain a low defect concentration in the MoTe, layer. For the purposes of this study, we maintained

the defect concentration at 1x 10" cm™ in order to optimize the PCE of the designed structure.

3.4 Effect of electron affinity of the HTL

The electron affinity of the HTL in a solar cell is a critical parameter that affects the energy level alignment between the
HTL and the adjacent layers, such as the active layer and the ETL. The electron affinity determines the potential barrier
that the electrons must overcome when moving from the active layer to the HTL. Additionally, it controls the quality of
the junction contact [50]. In an ideal solar cell, the electron affinity of the HTL should be higher than that of the active
layer. This condition ensures that the electrons will flow smoothly from the active layer to the HTL, thereby minimizing
the recombination losses at the interface. Additionally, the electron affinity of the HTL should be lower than that of the
ETL, so that the holes can easily move from the HTL to the ETL and then to the electrode. The effect of the electron affin-
ity of the HTL with values ranging from 3.0 to 3.8 eV has been examined on the electric field and current densities in
the context of the performance of solar cells, as demonstrated in Fig. 4a—d and in Fig. 5a, b. The results indicate that the
electron affinity of the Cu,0 HTL significantly impacts the SCs’ performance.

In Fig. 4a, the J-V curve for different electron affinities is depicted. The J-V curve starts at J=35.08 mA/cm?and V=0V.
The maximum voltage found before null current density is 1.06 V, which holds true for the values 3.2-3.8 eV. While
studying the effect of HTL thickness on the electric field for different values of electron affinity, we observed that at
the thickness value of 0.02 um, the electric field has distinct peaks on both positive and negative sides, 3.7 x 10° and
—2.8x 10 V/cm respectively. The formation of p*-p junctions in the MoTe,/Cu,0 interface generates high electric filed.
The impact of electron affinity on the interface recombination current density is presented in Fig. 4c. The interface
recombination as well as SRH recombination decrease for higher values of electron affinity. At the lowest value of electron
affinity (3 eV), the maximum value of interface recombination current was 40.47 mA/cm?, while it was only 2.36 x 1074 mA/
cm? at the electron affinity of 3.8 eV for 1 V. As seen in Fig. 4d, the SRH recombination current did not vary significantly
with the change of electron affinity, remaining around 45 mA/cm? at a voltage of 1.08 V. A higher electron affinity value
reduces the interface barrier potential and enables an increase in carrier flow at the MoTe,/Cu,0 interface, contributing
to a decrease in the interface and SRH recombination current, as previously reported [51, 52]1. From Fig. 53, it is evident
that, V. increased from 0.99 to 1.06 V for 3.0 to 3.2 eV electron affinity and kept this value till 3.8 eV. The variation in energy
band alignment due to fluctuations in electron affinity is presented in Fig. 5(a). According to the simulation results, the
device performance deteriorates when electron affinity is too high or too low, owing to.

the disparity in E, levels between the HTL and MoTe,. An increase in electron affinity value reduces the barrier height
at the MoTe,/Cu,0 interface, which improves the hole transportation through the junction. The PV performance with
respect to electron affinity presented in Fig. 5b demonstrates the overall effectivity of electron affinity value.V,, J,., FF
and PCE for 3 eV electron affinity were 0.99 V, 35.08 mA/cm?, 83.57%, and 28.93%, respectively. V,. and J,. improved
thereafter and maintained a constant value of 1.07 V and 35.13 mA/cm?, respectively. Additionally, FF and PCE improved
and maintained constant values (FF =86.32%, PCE=32.38%) but declined after 3.6 eV.The region of flat band energy can
be identified by the efficiency stepping down in the suggested SC below the electron affinity value of 3.2 eV and above
3.6 eV. If the VBO between HTL and the absorber layer is low, the performance of the SC is superior in comparison to
higher VBO values. A low electron affinity leads to a high VBO between MoTe, and Cu,0, resulting in an increased pos-
sibility of charge carrier recombination that reduces the PV parameters of the proposed heterojunction solar cell struc-
ture, as illustrated in Fig. 5b [53]. To achieve the highest PCE, we suggest an optimal electron affinity of 3.4 eV for Cu,0.
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Fig.4 The effect of electron affinity of HTL layer on PV parameters a J-V curve, b electric field, ¢ Interface recombination and d SRH
recombination

3.5 Effect of contact work function on PV performance

Establishing an ohmic contact will ensure proper electron collection from the PV devices. The ideal metal work function
for the front contact metal was determined through simulation, leading to the choice of Al for this investigation. The front
contact’s work function was incrementally varied from 3.9 eV to 4.7 eV. Based on V., J,, FF and PCE, the performance of
the cells was evaluated as shown in Fig. 6a. It is noteworthy that V. (1.07 V) and J,. (35.11 mA/cm?) remained constant
up to 4.6 eV. Similarly, PCE (32.37%) was stable up to 4.5 eV, whereas the FF (86.32%) remained steady up to 4.4 eV and
then rapidly degraded. The decline in performance can be attributed to the emergence of a barrier arising from the work
function of the front contact/ETL interface, which is influenced by a high-value work function [54]. These results led to the
conclusion that front contact metal with a work function lower than 4.4 eV is suitable for optimal device performance.
To extend our analysis, we investigated the effect of back contact work function variations, ranging from 4.5 eV to
6.0 eV. From Fig. 6b, it was observed that work function of around 5.0 eV is sufficient to achieve maximum performance
parameters (V,.=1.07V,J, =35.12 mA/cm?, FF =79%, PCE = 29.6%) for the proposed structure. However, for the baseline
structure, additional 0.5 eV of work function is required to achieve the same output. The reason for this difference is that
Cu,0 HTL affects the energy band alignment between MoTe, and the back contact. This band alignment facilitates the
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separation and transport of charge carriers across the interface. Consequently, a lower work function of back contact is
required to achieve maximum performance. A work function of 5.42 eV for Ni was considered as a suitable back contact
for this device [55].

3.6 Effect of interface defect density

Photogenerated carriers, i.e. electrons and holes, are created at the interface of the absorber layer and the transport
layer. These carriers then move towards the electrodes and contribute to the current. However, defects at the interface
can trap these carriers, preventing them from contributing to the current. These defects can also cause recombination,
where electrons and holes combine and release their energy as heat, without contributing to the current. Non-radiative
recombination channels caused by interface defects can therefore reduce the efficiency of the solar cell by reducing the
number of photogenerated carriers that contribute to the current. Impact of variation in defect density at the interfaces
of CdS/MoTe, and MoTe,/Cu,0 are depicted in Fig. 7a and b, respectively. To run the simulations, the defect densities of
both interfaces were adjusted between 1x10'% and 1 x 10*' cm™2. According to the study, as defect density increases
from 1x 10" cm™ to 1x 10%" cm™2 at the CdS/MoTe, interface, PCE decreases from 32.38 to 23.46%, and at the MoTe,/
Cu,0 contact, PCE decreases from 32.38 to 26.91%. Moreover, J,. and V, dropped as defect density increased. It is evident
that increased defect density worsens cell output by increasing charge trapping [56]. To achieve a higher PV conversion
efficiency, defects at the CdS/MoTe, and MoTe,/ Cu,0 interfaces were chosen at 1x 10" cm™.

3.7 Theinfluence of back surface recombination velocity and temperature on PV parameters

The surface recombination velocity (SRV) is equivalent to the lifetime of minority carriers within a bulk semiconductor.
Figure 8a displays the impact of SRV variation from 10 to 1x 10° cm/s at the back contact on PV output parameters.
Without Cu,0 HTL, V, decreased from 1.06 to 0.9 V. After keeping a steady value till 1x 10?, J,. decreased from 35.12
to 34.51 mA/cm?. FF gained an initial increase, peaking at 87.82% for 1 x 10° cm/s, then declined to the lowest 84.49%
afterwards. PCE decreased with increasing SRV, ranging from 32.21 to 26.12%. The structure with HTL did not exhibit any
change in PV parameters, keeping V,. = 1.07 V, J,. = 35.13 mA/cm?, FF=86.32%, and PCE=32.38%. The decrease of PV
parameters in SC without HTL is attributed to the recombination loss at the back contact while the incorporation of Cu,0
reduces back surface recombination. Comparable findings have been reported in earlier research [57, 58]. According to
arecent report, a lower back SRV in a bulk semiconductor results in an optimal open circuit voltage as it is equivalent to
the lifetime of minority carriers [59].
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Fig.7 The change of output parameters due to the variation of defect density at a CdS/MoTe, and b Cu,0/MoTe, interface
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Fig. 8 The variation of PV output parameters due to the change of a surface recombination velocity and b temperature

Investigations have been made on temperature effect of the SC structures. The operating temperature was varied
from 275 to 475 K at intervals of 25 K under the fixed illumination condition of 1000 W/m?, Figure 8b displays the PV
parameters that were measured. Most of the semiconductor’s parameters changed due to a decrease in bandgap caused
by an increase in temperature. While the J,. remained constant, it was observed that the other PV parameters declined
linearly with increasing temperature. The production of most of the electron-hole pairs that contribute to this constant
J,. is facilitated by the increased energy of the dispositive electrons acquired at high temperatures. At 275 and 475 K, the
proposed structure’s PCE is numerically predicted to be 33.58 and 23.63%, respectively, while for the baseline structure, it
is 28.25 and 15.72%. Previous studies have widely recognized the impact of operating temperatures on the degradation
of PCE [60, 611. According to the observation, the structure’s optimum efficiency was attained at 275 K with PCE=33.58%,
FF=87.36%, J,.= 35.12 mA/cm?, and V,. = 1.09 V.

3.8 Performance parameters variation due to series and shunt resistance

Two essential factors that have a substantial impact on the performance of solar cells are series and shunt resistance. The
resistance that current encounters as it passes through the conductive contacts, intrinsic layer, and other layers of a solar
cellis known as series resistance (R,). The voltage drop over high R, might result in a large loss of power. The term shunt
resistance (R,;,) describes the parasitic resistance pathways present in solar cells that enables the current to pass through
the active photoactive layer. High Ry, is preferred because it can improve solar cell open-circuit voltage and decrease
leakage current. R; is calculated as the total sum of the ohmic resistance of the cell and the contact resistance of the
front, back, and contact between two layers. The Ry, results from a variety of different charge recombination processes,
including leakage current across cell boundaries and surface deformation.

In this section, the electrical properties of the MoTe,-based solar cell with a Cu,0 HTL are investigated in relation to
the effects of R, and R;,. As shown in Fig. 9, the R, and R, have been modified from 0 to 4 Q-cm? and 1x 10" to 1x 10’
Q-cm?, respectively. Figure 9a shows the variation of V, with the change in R, and R, values. As the R increased from 0
to 4 Q-cm?,V,_ also increased gradually from 0.36 to 1.07 V for 1x 10" to 1x 102 Q-cm? of the Ry,. For the Ry, from 1 x 102
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Fig. 9 The variation of performance parameter due to series resistance and shunt resistance: a Voc, b Jsc, ¢ FF and d PCE

to 1x 10”7 Q-cm? V. (1.07 V) remained constant. The value of J. decreased from 35.11 to 25.05 mA/cm? as the R, elevated
from 0 to 4 Q-cm? with increasing Ry, 1x 10" to 1x 10 Q-cm? as illustrated in Fig. 9b. The reason behind this decrease
in J,. with an increase in series resistance is that the series resistance affects the voltage drop across the cell, which in
turn affects the current. As the series resistance increased, more voltage drop occurred across the resistance, leading
to a decrease in the voltage across the cell and hence a decrease in J... Looking at the plot, it is clear that increasing Ry,
(>1%x10®Q-cm?) has a negligible effect on J,, as the values remained almost constant (35.12 mA/cm?) across all shunt
resistance values. The FF increased from 25 to 75% with the increment of R, up to 1 x 103 Q-cm? with lower R, (<1 Q-cm?)
as represented in Fig. 9c. For higher values of Ry, (> 1 x 103 Q-cm?) in the lower R, (<1 Q-cm?) region, FF kept a maximum
value of around 86%. From Fig. 9d, we can see that the PCE increased from 2.20 to 29% as the R, elevated up to 1 x 1 03
0-cm? with the decrease in R (< 1 Q-cm?). From Ry, value of 1x 10° Q-cm? and onward, PCE attained a constant maximum
of around 32%. As the R}, increased, the J,.improved, leading to a higher PCE. On the other hand, as the R, decreased,
the FF increased, contributing to a higher PCE. Similar PV performances dependent on R, and R}, are also reported in
previous studies [62, 63]. It is obvious that for the solar cell to function more effectively, the R, should be low and the
R, should be high.
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3.9 Improvement of performance parameters and quantum efficiency

The illuminated J-V characteristics of the solar cell design with and without a Cu,O hole transport layer are shown in
Fig. 10a. The baseline structure Al/FTO/CdS/MoTe,/Ni attained V. of 0.90V, J._ of 34.73 mA/cm?, FF of 85.20%, and PCE
of 26.74%, whereas the proposed structure Al/FTO/CdS/MoTe,/Cu,O/Ni attained PCE of 32.38%, with a V. of 1.07 V, J
of 35.12 mA/cm?, and FF of 86.32%. Between the MoTe, and back contact, the addition of the Cu,0 HTL layer signifi-
cantly improved the PCE by about 5.6%. The improvement in performance parameters is attributable to a decrease in
the dark current for surface recombination [48]. By lowering minority carrier recombination loss and producing a potent
electric field that reflects photo-generated carriers in the direction of the front contact, the addition of a P*-type Cu,O
HTL between the absorber and rear contact layer improves efficiency. As a result, the performance parameters improve.

In Fig. 10b, it is shown how the proposed structure’s external quantum efficiency (EQE) spectra with and without
HTL change with wavelength. To study EQE, the wavelength was changed from 300 to 1100 nm under the 1.5AM solar
illumination. After the addition of Cu,0 layer, the proposed MoTe,-based heterojunction solar cells’quantum efficiency
increased at wavelengths A>750 nm. The proposed solar cell with Cu,O has been shown to have high EQE when com-
pared to the baseline structure. By generating strong back surface electric fields at the Cu,0/MoTe, interface and enhanc-
ing the absorption edge at the higher wavelength range, the Cu,0 HTL layer’s insertion into the proposed SC structure
reduces photogenerated carrier recombination and helps to maximize the overall performance parameters of the SC[51].

The development of MoTe,-based SC configurations examined by various research groups is listed in Table 3. According
to the earlier stated works, the PCE of MoTe,-based SCs improved from 25.06 to 29.13%. One of the noteworthy causes
of this improvement is the decrease in carrier recombination and enhanced band alignment at the HTL/absorber and
absorber/ETL. The highly doped p*-Cu,O HTL for MoTe, absorber can generate the ideal band alignment and electric field
at the HTL/absorber interface to restrict minority carrier flow toward the back metallic electrode, reducing recombination
loss and improving V,.. By using earth-abundant and inexpensive materials like MoTe, and Cu,0O, our numerical simulation
was able to improveV_, J ., and PCE in comparison to previously reported values as represented in table-3, potentially

oc’ “oc!

lowering the cost of fabricating SCs.
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Fig. 10 a J-V curve and b EQE of proposed and reference MoTe, solar cell
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Table 3 Performance comparison with previously published reports on TMDC-based SCs.

Structure Study type Absorber J(MA/cm?) v (V) FF (%) PCE (%) References

layer thick-

ness
ITO/MoS,/Au Experiment 0.22 5.37 0.597 55 1.8 [64]
n-MoS,/p-Si Experiment 5.0 22.36 0.41 57.0 5.23 [65]
ITO/TiO,/MoS,/P3HT/Au Experiment 2.0 4.7 0.56 - 1.3 [66]
Zn0/ZnS/MoSe, Theory 0.4 22.19 0.795 - 17.51 [11]
Sn0,/Zn,5n0,/CdS/MoTe,/ZnTe Theory 1.0 27.91 1.07 84.2 25.16 [21]
Sn0,/Zn,5n0,/CdS/MoTe,/As,Te;  Theory 1.0 27.79 1.07 84.2 25.06 [22]
Sn0,/Zn,5n0,/CdS/MoTe,/CZT Theory 0.8 27.85 1.07 84.1 25.11 [12]
Sn0,/Zn,5n0,/CdS/MoTe,/In,Te; Theory 1.0 27.90 1.07 84.2 25.17 [67]
FTO/CdS/MoTe,/Cu,Te Theory 0.5 38.71 0.88 85.26 29.13 [15]
FTO/CdS/MoTe, Theory 1.1 34.73 0.90 85.20 26.74 Baseline structure
FTO/CdS/MoTe,/Cu,0 Theory 1.1 35.12 1.07 86.32 32.38 Proposed structure

4 Conclusion

In this study, the Al/FTO/CdS/MoTe,/Cu,O/Ni structured TFSC was methodically modeled and simulated via SCAPS-
1D. For the baseline structure, a similar configuration without a Cu,O hole transport layer was selected. To achieve the
best possible PCE for the suggested structure, a MoTe, absorption layer with a thickness of 1.1 um, doping density of
5% 10" cm, Cu,0 HTL with a thickness of 0.02 um, doping density of 1 x 10'® cm™ and a CdS ETL of 0.05 um thickness
have been selected. Our simulation investigations demonstrate the effects of several parameters, including thickness,
doping concentration, interface defects, HTL electron affinity, contact metal work function, surface recombination, para-
sitic resistances (R and R,), and operating temperature. With a V. of 1.07 V, a J,. of 35.12 mA/cm?, and an FF of 86.32%,
the proposed structure achieved PCE of 32.38%. According to these findings, the Al/FTO/CdS/MoTe,/Cu,O/Ni structure
is a good contender for high-efficiency solar cells. This research work offers instructions for producing a highly effective
MoTe,-based PV cell. The results provide valuable insights for future developments in the field of heterojunction TMDC
devices and their potential for efficient solar energy conversion.
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