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SCAPS numerical design of MoSe2 solar cell for different buffer layers 
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The solar cell capacitance simulator (SCAPS-1D) has been used to simulate, design and 
analyze of MoSe2, an attractive transition metal dichalcogenide (TMDC) material, based 
heterojunction solar cells to use it as a potential alternative to conventional absorber layers 
used in solar cells. The work also focuses on finding optimal absorber, buffer layer 
thickness and impact of operating temperature on solar cell performance with a possible 
replacement to toxic CdS buffer layer. It has been obtained that the optimum thickness of 
MoSe2 absorber layer is 1 µm and buffer layer is about 0.04 µm. The efficiency obtained 
with CdS based buffer layer solar cell is 20.21%. Among different buffer layers such as 
In2S3, ZnO, ZnOS and ZnSe, the highest efficiency obtained of MoSe2 based solar cell is 
20.58% with ZnO buffer layer. ZnO buffer based solar cell shows a temperature gradient 
of -0.355%/K compared to -0.347%/K for CdS buffer based solar cell. The findings of this 
work provide important guidance to fabricate high-efficiency MoSe2 thin film solar cell 
with non-toxic ZnO as a potential buffer layer. 
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1. Introduction 
 
To meet the increasing energy crisis, promising alternative to fossil fuels can be 

photovoltaics (PV)[1-3]. A PV cell uses photovoltaic effect to convert the solar energy into electric 
current. Sustainability, renewability and cleanness are the features that cause solar energy 
conversion achieve a large attention globally in recent years [4]. Low-cost, high-efficient and 
developed deposition techniques are the various advantages that makes semiconducting absorber 
materials based thin-film solar cells potential candidates for photovoltaic device applications [5-
10]. Intensive research is going on materials which can be applicable for thin film solar cells to 
obtain the maximum ratio efficiency/cost [11]. Cu2(In,Ga)Se2  (CIGS) and CdTe based solar cells 
have attained conversion efficiencies  greater than 22% [12-13]. The drawback of thin-film solar 
cells based on these materials are expensive, toxic and rare elements [14-19]. To overcome the 
problem, new substitute materials Cu2ZnSn(S,Se)4 [20], CuSbS2 [21], Sb2S3 [22-24] and Sb2Se3 
[25-27] have been explored by researchers due to eco-friendly and low-cost features.  

Recently, transition metal dichalcogenides (TMDCs) have obtained high attention due to 
their low-cost and superior thermal [28], mechanical [29], optical [30] and electrochemical 
properties [31,32].  TMDCs are used for various applications especially biomedical [33], batteries 
[34] and solar cells [35,36]. Low surface defect density of such materials makes them useful for 
optoelectronic applications [37-39]. TMDs such as MoS2, MoSe2, WS2, WSe2 etc. based solar cell 
are fabricated by chemical vapor deposition (CVD) and mechanical exfoliation methods [40, 41]. 
The advantage of TMDCs is that they are chemically and thermally stable with high carrier 
mobility, non-toxic, abundant, and cheap [42]. 

The MoSe2 belongs to the group VI of the layered TMDCs. In the MoSe2, the electronic 
structure of chalcogen Se is s2p4 and the transition metal Mo is 4d25s2 i.e. two electrons are 
missing for a filled shell for both elements [43]. Their structure is composed of X-M-X planes 
where for the in-plane sheets two chalcogen layers sandwiches a layer of metal atoms with a 
strong covalent bonding and the sheets are held by a weak Van der Waals coupling [42,44-46]. 
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Bulk MoSe2 has indirect band gap. Thin MoSe2 monolayer has a direct band gap of 1.6 eV and 
high electron mobility of 100 cm2V-1s-1 that makes them a potential candidate for thin film solar 
cells [47-49]. There is lack of simulation reports that have proven application of MoSe2 thin films 
as absorber layer in solar cells. 

In this work, novel inorganic hetero-junction MoSe2 based thin film solar cells are 
simulated using the solar cell capacitance simulator (SCAPS-1D) software with different buffer 
layers.  The impact of absorber and buffer layer thickness and operating temperatures on solar cell 
fundamental parameters such as open circuit voltage (VOC), short-circuit current density (JSC), fill 
factor (FF) and efficiency (ƞ) are studied and optimized to obtain the maximum efficiency of 
proposed solar cell. 

 
 
2. Simulation methodology and device structure 
 
Numerical simulation is a valuable approach to investigate the performance parameters of 

a solar cell by varying input parameters and thus to predict the performance of the cell with quick 
time and low-cost. In this present work, design and simulation of thin film solar cell based on 
MoSe2 absorber layer is carried out by SCAPS-1D software developed by University of Gent, 
Belgium [50]. SCAPS uses Poisson’s and continuity equations for electrons and holes to provide 
results [51-54]. The current–voltage (I–V) characteristics in the dark and under illumination, 
capacitance–voltage (C–V) characteristics, external quantum efficiency (EQE), electric field 
distributions, energy bands of materials used in the solar cell and recombination profile of the solar 
cells can be explored using the SCAPS-1D simulator. These may be studied as a function of 
temperature. In the present work, impact of absorber, buffer layer thickness and  operating 
temperature on MoSe2 based solar cell with different buffer layer are investigated and optimized 
with a view to find replacement of conventional toxic CdS. 

Fig. 1 shows the schematic structure of the Mo / MoSe2 / Buffer layer / FTO solar cell 
where MoSe2 is used as p-type absorbent layer, the CdS, InS, ZnO, ZnOS and ZnSe as the 
different n-type buffer layers in our simulation. Mo plays the role of back contact and fluorine-
doped tin oxide (FTO) as the window layer. The parameters used in our simulations are 
summarized in Table I. The device is irradiated with AM 1.5G spectrum with the incident power 
density of 1000 W/m2 at a room temperature of 300 K. 

 

 
 

Fig. 1. Schematic diagram of MoSe2 solar cell. 
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Table 1. Physical parameters of different layers used for the simulation. 

 
Parameter   MoSe2 CdS  In2S3 ZnO ZnOS  ZnSe FTO 
Thickness(µm) 0.5-5 0.01-0.1 0.01-

0.1 
0.01-0.1 0.01-

0.1 
0.01-0.1 0.1 

Band gap (eV)  1.45 2.4  2.8 3.3 2.83  2.9 3.6 
Electron affinity 
(eV) 

4.05 4.4 4.5 4 3.6 4.1 4.0 

Dielectric 
permittivity 

11.9 10 13.5 9 9 10 9 

CB effective 
density of states 
(cm−3) 

2.8 × 1019 2.2 × 
1018 

2.2 × 
1017 

3.7 × 
1018 

2.2 × 
1018 

1.5 × 
1018 

2.2 × 1018 

VB effective 
density of states 
(cm−3) 

2.65 × 1019 1.8 × 
1019 

1.8 × 
1019 

1.8 × 
1019 

1.8 × 
1018 

1.8 × 
1018 

1.8 × 1019 

Electron thermal 
velocity (cms−1) 

1 × 107 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107 

Hole thermal 
velocity (cm−1) 

1 × 107 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107 

Electron mobility 
(cm2/Vs) 

1450 100 100 100 100 50 100 

Hole 
mobility(cm2/Vs) 

50 25 25 25 25 20 25 

Shallow uniform 
donor density, ND 
(cm-3) 

0 1 × 1017 1 × 1017 1 × 1017 1 × 1018 1 × 1017 1 × 1019 

Shallow uniform 
acceptor density, 
NA (cm−3) 

1 × 1016 0 0 0 0 0 0 

 
 
3. Results and discussion 
 
3.1. Effect of MoSe2 absorber layer’s thickness 
To study the impact of absorber layer thickness on cell performance, the thickness of 

MoSe2 layer is varied from 0.5 to 5 µm for CdS/MoSe2 solar cell using SCAPS while all other 
input parameters is kept constant. The thickness of CdS buffer layer is considered 0.05 µm for the 
simulation. Fig. 2 shows the device performance parameters with variable thickness of MoSe2 

absorber layer. If absorber layer thickness is too thin, efficiency is low due to an inadequate 
absorption of the incident photons with higher recombination rate at the back contact of photo-
generated carriers as depletion region is closer [51,55]. As thickness is increased, most of the 
photons of long wavelengths will be collected and the absorber layer will generate more electron-
hole pairs which increases efficiency [56]. However, when the absorber layer is too thick, the 
generated electron–hole pairs may recombine before arriving at the charge accumulating metal 
contact and being collected [57,58]. As a result, the solar cell efficiency cannot be enhanced 
significantly. 

It is observed that when the thickness of the absorber layer increases from 0.5 to 1 μm, Voc 
increases from 0.818 V to 0.822 V (an increment about 0.49%), JSC increases from 27.1 mA/cm2 to 
29.2 mA/cm2(an increment about 7.75%), and ƞ increases from 18.66% to 20.19% (an increment 
about 8.2%). For the increment of absorber layer thickness from 1 to 1.5 μm, Voc increases to from 
0.822 V to 0.825 V (an increment about 0.36%), JSC increases from 29.2 mA/cm2 to 29.59 mA/cm2 
(an increment about 1.33%), and ƞ increases from 20.19% to 20.6% (an increment about 2.03%). 
So the increase of these parameters occur at a slow rate for increase of absorber layer thickness of 
0.5 μm from 1 to 1.5 μm. If absorber layer thickness is further increased, all the parameters 
increase at a much slower rate. The highest efficiency achieved is 21.4% for absorber layer 
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thickness of 5 μm. To decrease the usage of MoSe2 thickness and deposition time, the optimal 
MoSe2 absorber layer thickness selected is 1 µm for the simulation. 

The spectral response of MoSe2 based solar cell for different absorber layer thickness is 
shown in Fig. 3. The maximum quantum efficiency (QE) of 1 is obtained if each photon produces 
a pair electron-hole for a given wavelength. With increase in absorber layer thickness, more 
photons of long wavelengths are absorbed which results in increase in electron–hole pairs 
production. As a result, with increase in absorber layer thickness, QE is improved. For absorber 
layer thickness less than 1 μm, due to the light transmission lowest quantum efficiency is obtained 
in the 550–860 nm wavelength range [59]. Quantum efficiency (QE) above 90% is gained with 
absorber layer thickness greater or equal to 1 µm for the 550–860 nm wavelength range. The 
quantum efficiency is negligible for wavelengths greater than 860 nm due to light not being 
absorbed below band gaps at long wavelengths of low-energy photons [60]. The results indicate 
that when the absorber layer thickness is increased more photons are absorbed. 

 

 

 
 

Fig. 2. a Voc vs. absorber layer thickness. b Jsc vs. absorber layer thickness. c Fill factor vs. absorber  
layer thickness. d Efficiency vs. absorber layer thickness 
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Fig. 3. Spectral response for different MoSe2 absorber layer thicknesses.  
 
 

3.2. Effect of CdS buffer layer thickness 
The CdS layer thickness was varied from 0.01 to 0.1 µm with a fixed MoSe2 absorber 

layer thickness of 1 µm in this simulation. The impact of change in CdS buffer layer thickness is 
shown in Fig. 4. Voc and Jsc is almost unaffected by the variation of buffer layer thickness. FF 
decreases nonlinearly from 85% to 84.26% as buffer layer thickness is increased from 0.01 to 0.04 
µm as series resistance increases [55]. Beyond 0.05 µm of buffer layer thickness, FF is almost 
constant around 84.16%. The combined effect of Voc, Jsc and FF causes ƞ to decrease from 20.4% 
to 20.21% as buffer layer thickness is increased from 0.01 to 0.04 µm. If buffer layer thickness is 
increased in the range 0.05-0.1 µm, ƞ value saturates around 20.19%.  The decrease in FF mainly 
causes the efficiency to decrease. The results indicate that efficiency decrease with increase in 
buffer layer thickness. Leakage current may flow if buffer layer is too thin. The increase in 
thickness of the buffer layer enhances recombination rate as the photo-generated carriers need to 
travel longer distances than their diffusion lengths to reach front contact. As a result, efficiency of 
solar cell decreases [15]. Due to the difficulty to fabricate high-quality CdS films too thin (< 0.03 
µm) practically, and the reason that the thick buffer layers reduce the solar cell efficiency, the 
optimum buffer thickness would be from 0.03 µm to 0.05 µm. For this simulation, the optimal 
CdS buffer layer thickness selected is 0.04 µm which results in efficiency of 20.21%. 

Fig. 5 shows spectral response of MoSe2 based solar cells with variable thickness of CdS 
buffer layer.With increase in buffer layer thickness, more incident photons is captured into the 
buffer layer, and the absorber layer will capture fewer photons [61]. As a result, there is reduction 
in quantum efficiency as less amount of electron-hole pairs are generated by absorber layer. For 
small thickness of CdS buffer layer, electron-hole pairs generated by short wavelength photons can 
be collected by contacts before they can recombine as their diffusion lengths are adequate [15]. 
For different buffer layer thickness, QE has the same behavior as buffer layer bandgap is higher 
than incident photons energy in 350-860 nm wavelength range. QE above 90% is obtained in this 
wavelength range. QE is lower in 300-350 nm wavelength range due to absorption in the buffer 
layer. Buffer layer bandgap is lower than incident photons in this wavelength range which causes 
absorption. Less photons are able to transmit to the absorber layer due to increase in parasitic 
absorption in buffer layer with increase in buffer layer thickness [59,62]. There is no significant 
impact on QE behavior for variation of CdS buffer layer thickness in considered range 0.01-0.1 
µm in this simulation. 
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Fig. 4. a Voc vs. buffer layer thickness. b Jsc vs. buffer layer thickness. c Fill factor vs. buffer  
layer thickness. d Efficiency vs. buffer layer thickness. 

 
 

 
 

Fig. 5. Spectral response of SnS based solar cell with variable thickness of CdS buffer layer. 
 

 
3.3. Effect of different buffer layers on cell performance 
P-N junction is created with the p-type absorber layer with the help of n-type buffer layer. 

The large bandgap of buffer layer compared to the absorber layer allows most light to travel to the 
junction region. This causes increased electron-hole pair generation via photon absorption 
[61,63,64]. Band alignment between the absorber and window layer is provided by buffer layer 
and it also decreases interfacial strain and defects caused by the window layer [65,66]. CdS has 
optical gap of 2.45 eV and covers 24% of solar spectrum by absorbing photons below 590 nm 
wavelength [67]. This property makes CdS a promising buffer layer. The main drawback is 
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toxicity of Cd. To overcome this issue, other non-toxic and wide bandgap potential buffer layers 
such as In2S3, ZnO, ZnOS and ZnSe have been investigated while keeping thickness of MoSe2 
absorber layer fixed at 1 µm. The buffer layer thickness used is 0.04 µm for all buffer layers in this 
simulation which is the optimal buffer layer thickness obtained for CdS using MoSe2 absorber 
layer in previous section. Figure 6 shows the electrical parameters (Voc, Jsc, FF and η) for different 
buffer layers of MoSe2 based solar cell as obtained from the simulation. The current density–
voltage (J–V) and spectral response for different buffer layers are shown in Fig. 7 and Fig. 8 
respectively. VOC is almost unaffected by different buffer layer with value around 0.822 V.  JSC 
with CdS, In2S3, ZnO, ZnOS and ZnSe as buffer layer is 29.17 mA/cm2, 29.16 mA/cm2, 29.22 
mA/cm2, 29.23 mA/cm2 and 29.22 mA/cm2 respectively. FF with CdS, In2S3, ZnO, ZnOS and 
ZnSe as buffer layer is 84.26%, 77.98%, 85.67%, 81.47% and 85.64% respectively. MoSe2 based 
solar cell with ZnOS buffer layer has low QE compared to other buffer layers. MoSe2 based solar 
cell with CdS, In2S3, ZnO, ZnOS and ZnSe as buffer layers results in efficiency of 
20.21%,18.73%, 20.58%, 19.58% and 20.57 %, respectively in the simulation. FF is the main 
reason for difference in efficiency for different buffer layer. Hence, ZnO and ZnSe are highly 
prospective alternative to CdS buffer layer in MoSe2 based solar cell as they obtain efficiency 
above 20.21% and have wider bandgap than CdS. The highest efficiency obtained is with ZnO 
buffer layer. 

 
 

 

 
 

Fig. 6. MoSe2 based solar cell performance with different buffer layer. 
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Fig. 7. J–V characteristics of MoSe2 based solar cell with different buffer layer. 
 

 

 
 

Fig. 8. Spectral response of MoSe2 based solar cell with different buffer layers 
 
 
3.4. Effects of operating temperature with various buffer layer  
The sunlight will increase the temperature of solar panels as they are installed outdoor. So 

the impact of temperature is analyzed for MoSe2 based solar cell with various buffer layers in 
temperature range of 300 K to 400 K as temperature plays a major role in solar cell performance. 
The optimal MoSe2 absorber layer’s thickness of 1 µm, while the buffer layer’s thickness of 0.04 
µm as obtained in previous section is used for simulation of proposed solar cell with different 
buffer layer. Figure 9 presents the impact of temperature on MoSe2 solar cell performance 
parameters with different buffer layers. VOC decreases and JSC increases slightly with increase in 
temperature for all buffer layers used in simulation. FF for CdS, ZnO and ZnSe buffer layer 
decreases with increase in temperature. For In2S3 and ZnOS buffer layer FF increases with 
temperature upto 340 K and 320 K respectively due to decrease in series resistance. Then FF 
decreases for both buffer layers with increase in temperature upto 400 K. The combined effect of 
VOC, JSC and FF causes efficiency to degrade with increase in temperature. The efficiency with 
CdS, In2S3, ZnO, ZnOS and ZnSe as buffer layer for MoSe2 based solar cell decrease from 20.21% 
to 13.2%, 18.73% to 13.12%, 20.58% to 13.27%,19.58% to 13.26% and 20.57% to 13.26% 
respectively as temperature is increased from 300 K to 400 K. 

With increase in temperature, the mobility of carriers decreases as their number increase. 
This causes reverse saturation current to increase which results in decrease in VOC [59]. Adequate 
energy is gained by more photons to generate electron-hole pairs as bandgap energy of material is 
decreased with increase in temperature. This causes JSC to increase with rise in temperature [68-
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70]. Phonons activated with increase in temperature enhance the scattering rate of charge carriers 
which impacts material conductivity. As a result, solar cell conversion efficiency decreases with 
increase of temperature [71]. 

To understand their stability, the temperature degradation gradients have been analyzed 
for MoSe2 based solar cell structures with different buffer layers. Figure 10 presents the impact of 
temperature on normalized efficiency of MoSe2 solar cells with different buffer layers. The 
declination of efficiency with CdS buffer layer solar cell with temperature is -0.347%/K. For non-
toxic Cd-free buffer layers used in the simulation such as In2S3, ZnO, ZnOS and ZnSe the 
efficiency decreases with temperature gradient of -0.299%/K, -0.355%/K, -0.323%/K and -
0.355%/K respectively with increase in temperature. So, it is observed that all solar cell structures 
with different buffer layers perform better at low room temperature. 

 

 

 
Fig. 9. Effect of temperature on performance of MoSe2 based solar cell with different buffer layers. 

 
 

 
Fig. 10. Effect of temperature on normalized efficiency of MoSe2 based solar cell  

with different buffer layers. 
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4. Conclusions 
 
In this study, photovoltaic performance of heterojunction solar cells based on MoSe2, a 

transition-metal dichalcogenide, have been numerically analysed with five different buffer layers 
such as CdS, In2S3, ZnO, ZnOS and ZnSe using the SCAPS 1-D software. The impact of CZTS 
absorber, buffer layer thickness and operating temperature on the solar cell performance is 
investigated. The main focus is to obtain a non-toxic Cd-free potential buffer layer with optimal 
absorber and buffer layer thickness. The optimal thickness of MoSe2 absorber layer and buffer 
layer found is 1 µm and 0.04 µm respectively. The highest efficiency obtained of MoSe2 based 
solar cell with ZnO buffer layer is 20.58% (Jsc = 29.22 mA/cm2, Voc = 0.822 V and FF = 
85.67%). The temperature gradient with CdS, In2S3, ZnO, ZnOS and ZnSe buffer layer found is -
0.347%/K, -0.299%/K,-0.355%/K, -0.323%/K and -0.355%/K respectively with increase in 
temperature. So solar cell performance with different buffer layers degrades with increase in 
temperature. ZnO is a promising alternative to toxic CdS buffer layer in MoSe2 based solar cell 
based on simulation results obtained. So the design configuration will be helpful to fabricate low-
cost, non-toxic and high-efficient MoSe2 absorber layer based solar cell as simulation results 
obtained are comparable with other existing thin film solar cells. 
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