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A B S T R A C T   

2D layered Transition Metal Dichalcogenide materials (TMDCs) have shown promising potential for ultra-thin 
photovoltaic and solar cells applications owing to their outstanding photon absorption and electrical and op
toelectronics features. This paper intended to discuss a numerical exploration of the CZTS based solar cells 
employing the solar cell capacitance simulator (SCAPS-1D), using a novel non-toxic n-type WS2 TMDCs as a 
buffer layer. The cell parameters, such as the thickness and defect density of the CZTS absorber, are optimized. 
Then, the impact of the energy bandgap (Eg) and the back contact work function of the WS2 buffer layer on cell 
performance is investigated. An optimized Eg of 2.2 eV is declared. The results refer to the promoting conduction 
band alignments at the interface of the buffer absorber (i.e., WS2/CZTS). Further, we have studied the photo
voltaic cell performance versus the defect level of the WS2 buffer layer. It was resolved that deep defect levels 
exceeding 1 × 1018 cm− 3 degrade cell efficiency. The results show an optimized power conversion efficiency of 
about 26.81% with Voc = 1.17 V, Jsc = 27.7 mA/cm2, and FF = 83.66%. The simulation was further analyzed and 
discussed at various operating temperatures. The novel device architecture using WS2 as a buffer layer might 
encourage the fabrication of non-toxic CZTS solar cells.   

1. Introduction 

Solar cells are excellent renewable energy sources needed for the 
growing energy demand and ensuring green energy. Solar energy or 
photovoltaics (PV) is universal, environmentally benign, and at no cost, 
thereby presenting a viable and reliable alternative for exhausted coal 
and oil resources. Among various PV technologies, thin film-based solar 
cells show encouraging potential. Across the thin-film-based solar cells, 
Cu2ZnSnS4 (CZTS) has become increasingly popular for photovoltaic 
devices. They are Kesterite-based, environmentally friendly materials, 
with all components of the CZTS, such as copper, zinc, and sulfur, being 
non-toxic and not containing harmful elements like Cd. CZTS is an earth 
abundant nature of the components of this compound [1]. This solves 
the problem of the shortage and price issue of Ga, In, and Te elements 
existing in other corresponding solar cells [1–5]. CZTS solar cells are 
part of the family of photovoltaic devices with the lowest $/W. Addi
tionally, they have physical properties, including suited direct bandgap 
energy (Eg) of about 1.50 eV, with p-type conductivity, and an 

absorption coefficient above 104 cm− 1, which is reasonable for an 
absorber material for solar cells [3,6,7]. Indeed, extensive theoretical 
and experimental work has been reported on the performance of CZTS 
solar cells, and the enhancement of their efficiency has been widely 
examined [8–12]. For instance, Shin et al. [13] reported an efficiency of 
about 8.4%. Sun et al. [14] reported an efficiency of about 9% 
employing Zn1–xCdxS as a buffer layer. Further, over 10% efficiency of 
the CZTS solar cell was applied by appending a thin layer of Al2O3 on the 
back of the CZTS absorber to boost and refine the band alignment in the 
Mo contact/CZTS absorber interface [15]. 

Although CZTS is extensively employed as an absorber material for 
thin-film solar cells, optimizing the buffer layer and the characteristics 
of such solar cell structure is still an ongoing research point to enhance 
its overall performance. In general, the buffer layer represents an 
essential layer in solar cell structures and plays a key role in optimizing 
the device performance through band alignment with the absorber 
layer. It builds a p–n junction, which minimizes the spectrum absorption 
losses and plays as a bridge to transport the photogenerated charge 
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carriers from the absorber layer to the electrode. It also reduces the 
interfacial strain and the defects that might be established by fabricating 
the window layer. The buffer layer should possess low electrical re
sistivity, with excellent optical transmittance, accelerating the charge 
carriers generation process in the absorber layer [16–19]. So far, 
introducing the most frequently used CdS thin buffer layers is significant 
in the CZTS thin-film solar cells. However, it contains a toxic Cd. Also, 
discarding and removing of the cadmium-containing product might 
cause harm to the environmental conditions. Aside from toxicity, the 
bandgap value of CdS ranging from 2.40 eV to 2.50 eV might cause a 
severe photon loss in the short wavelength range, revealing an overall 
optical absorption drop and consecutively limiting the output perfor
mance of solar cells. Thus, much effort has been put into considering 
alternative materials as buffer layers to replace the conventional CdS 
[19,20]. 

Tungsten Disulfide (WS2) is a Transition Metal that belongs to group 
IV of the Dichalcogenide materials (TMDC) family. They possess 
tremendous interest because of their excellent chemical and physical 
properties and their unique potential benefits for many optoelectronic 
devices and applications [21–23]. For many reasons, they can be pre
sented as a new buffer layer for the CZTS solar cell. They are identified as 
quasi-two-dimensional (2D) layered-type materials consisting of a sheet 
of metal atoms wedged between two chalcogen layers. The adjacent 
sheets of WS2 are held together via a weak Van-der-Waals force (VdW) 
[21–23]. They are semiconductors that exhibit a low lattice mismatch 
with the absorber materials because of the VdW force. TMDCs are 
among the most appealing 2D layered materials that can be fabricated 
with atomic-scale thickness, a remarkable bandgap, and promising 
electronic and optical properties to replace bulk semiconductors for 
photovoltaic (PV) applications [23]. The WS2 has a bandgap of about 1.5 
eV–2.2 eV, matching very well within the range of photovoltaic mate
rials, and the conductivity type of WS2 is reported to be n-type. The high 
absorption coefficient also distinguishes them. Recently, the ability and 
capability to develop TMDCs, e.g., ZrS2 and MoS2, as a buffer layer for 
CZTS solar cells, have been discussed [24,25]. 

This work explores the performance of CZTS-based solar cells using 
the SCAPS simulation program, using the WS2 as a novel buffer layer. 
Initially, the impact of the thickness, the bandgap values, and the defect 
density of the absorber layer on the device photovoltaic parameters such 
as open-circuit voltage (Voc), short circuit current density (Jsc), fill factor 
(FF), and the power conversion efficiency (PCE) are discussed. Then, the 
WS2 buffer layer optimization is performed regarding bandgap values, 
defect density, and the back contact work function and their impact on 
the cell performance. The temperature changes under different 

atmospheres, so the dependence of solar cell performance on tempera
ture was investigated. Comprehensive knowledge of the CZTS properties 
by incorporating the new novel buffer layer would promote the design of 
potential solar cells for taking forward development. 

2. Device structure and simulation methodology 

In the current study, the simulation was done by the one-dimensional 
solar cell capacitance simulator (SCAPS) software to study the Mo/ 
CZTS/WS2/ZnO solar cell device structure [26,27]. Along with the 
experimental works, it is accepted that numerical modeling and simu
lations are excellent tools for understanding and optimizing the design 
of different types of solar cells. SCAPS has shown its capacity to simulate 
and analyze various photovoltaic cell devices [24,25,28–30]. The solar 
cell structure and its corresponding band diagram are illustrated in 
Fig. 1. The structure is built up of the soda-lime glass substrate (SLG), the 
CZTS as an absorber layer, n-type WS2 as a buffer layer, and ZnO as a 
window layer. The CZTS and WS2 form the p-n junction of the device. We 
assume a Hall mobility of about 150 cm2/Vs at 300 K. The parameters 
used in simulations are listed in Table 1. They were collected from 
previous works [25,30–33]. All simulations were carried out at AM 1.5 
light spectrum and a light intensity of 1000 W/m2. After optimizing the 
CZTS thickness and defect density, the WS2 buffer layer parameters are 
investigated deeply. Here, the energy bandgap value of the WS2 is varied 

Fig. 1. The modeled solar cell using WS2 as a new buffer layer and the corresponding energy band diagram.  

Table 1 
Initial parameters for solar cell structure with WS2 as a buffer layer.  

Parameters ZnO WS2 CZTS Mo 

Thickness (nm) 100 100 500 100 
Bandgap (eV) 3.3 2.15 1.50 1.7 
Electron affinity (eV) 4.60 4.7 4.50 4.20 
Dielectric permittivity 9.0 5.1 13.6 13.6 
CB effective density of states 

(cm− 3) 
2.2 ×
1018 

9.7 ×
1018 

2.2 ×
1019 

2.2 ×
1018 

VB effective density of states 
(cm− 3) 

1.8 ×
1019 

1.34 ×
1019 

1.8 ×
1019 

1.8 ×
1019 

Electron thermal velocity (cm/s) 1 × 107 1 × 107 1 × 107 1 × 107 

Hole thermal velocity (cm/s) 1 × 107 1 × 107 1 × 107 1 × 107 

Electron mobility (cm2/V.s) 100 100 100 100 
Hole mobility (cm2/V.s) 25 25 25 25 
Shallow uniform donor density 

ND (cm− 3) 
1 × 1018 1 × 1018 0 0 

Shallow uniform acceptor density 
NA (cm− 3) 

1 × 1014 1 × 1015 1 × 1015 1 × 1014 

Defect density Nt (cm− 3) 1 × 1014 1 × 1015 1 × 1015 1 × 1015  
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from 1.5 eV to 2.2 eV. The dependence of the solar cell performance on 
the back contact work function and the operating temperature is also 
considered in this study. 

3. Results and discussion 

Fig. 2 depicts the current-voltage (J–V) characteristics of the Mo/ 
CZTS/WS2/ZnO solar cell device are using initial layer thicknesses of 
CZTS, WS2, and ZnO of 500 nm, 100 nm, and 100 nm, respectively. The 
rest of the input parameters are listed in Table 1. The initial simulation 
resulted in the photovoltaic parameters: the Voc of 0.62 V, Jsc of 25.48 
mA/cm2, FF of 69.15%, and PCE of 10.98%. The inset of Fig. 2 repre
sents the variation in quantum efficiency (QE) against wavelength. The 
QE can be used to probe the correlation between the bandgap values and 
the carrier collection. The QE (λ) is given as the percent of the number of 
the collected electrons I (λ)/q to the number of incident photons φp (λ), 
where q is the elementary charge, the I (λ) represents the photo
generated current, and φp (λ) stands for the photon flow. The obtained 
QE increases in the short wavelength between 400 and 750 nm. A flat 
spectral response curve is shown for the wavelength between 400 nm 
and 750 nm. Afterward, it reveals a decrease of QE in the long- 
wavelength allocated from 750 nm to 830 nm, caused by the incom
plete absorption of the long-wavelength photons. The obtained behavior 
matches prior work well, e.g., Refs. [16,17]. 

Next step, we move forward with optimizing the proposed CZTS- 
based solar cell. It has been reported that there is a strong correlation 
between the solar cells efficiency and the thickness of the absorber layer. 
In this layer, the absorption of the photons and the generation of the 
electron-hole pairs take place. Fig. 3(a–d) shows the obtained solar cell 
performance parameters versus the thickness of the CZTS absorber layer. 
Here, the thickness has been changed from 100 nm to 1000 nm. Along 
with the increase of the absorber layer thickness, the Jsc enhances, and 
the efficiency follows almost the same pattern. For instance, the Jsc in
creases from ~13.79 mA/cm2 to ~26.28 mA/cm2 as the thickness goes 
from 100 nm to 600 nm. A rapid increase in the device efficiency is 
noticed with the increase of the CZTS thickness from 100 nm to 600 nm. 
Behind this value, no significant improvement is observed. The Jsc shows 
a low increase reaching 27.70 mA/cm2 at 1000 nm of the absorber 
thickness. Accordingly, a CZTS thickness greater than 600 nm is indis
pensable for operating the device at the ultimate efficiency. We achieved 
optimal performance of an optimal thickness of 1000 nm with a PCE of 
11.32%, Jsc of 27.7 mA/cm2, Voc of 0.61 V, and FF of 67.32%. 
Increasing the PCE with increasing the absorber layer thickness can be 
analyzed in the frame of the back contact recombination current density 

and its dependence on the absorber thickness. The thin absorber layer 
establishes the back contact near the depletion region. A portion of the 
incoming photons is absorbed nearer to the back contact, notably with 
lower energy. Thus, partial recombination of the photogenerated car
riers will occur at the back contact, resulting in low efficiency. This can 
be avoided by enhancing the absorber layer thickness. The back contact 
becomes farther from the depletion region in the thick absorber layer. 
Thus, the back contact recombination current density gets limited. The 
depletion width (Wd) of a p-n heterojunction and the theoretically 
maximum photogenerated current, Iph, can be approximated as in 
equations (1) and (2), respectively [34,35]. 

Iph = qAG (Le +Wd + Lh) (1)  

where A, G, Le, and Lh are the cross-section area of the p-n junction, the 
generation rate of electron-hole pair, the diffusion length of minority 
carriers (electrons) in the p-side, and the diffusion length of minority 
carriers (hole) in the n-side. 

Wd =

[
2ε1 ε2 (Vbi − V)

(
N2

A + N2
D

q (ε1 ND + ε2 NA)ND NA

]1 /

2

(2) 

ε1, ε2, are the dielectric conductivities. ND, NA, Vbi, and V are the 
donor concentration, the acceptor concentration, the built-in voltage, 
and the applied voltage, respectively. From equation (1), we see that the 
photogenerated current is proportional to the Wd. The Wd is primarily 
affected by the absorber thickness. When the Wd is broader, more carrier 
collection and, consequently more photogenerated current can be ach
ieved, enhancing the output cell performance accordingly. On the other 
hand, we can not excessively increase the absorber thickness, and 
optimization is still needed. Because the absorber layer thickness in
creases further, some incoming photons can be absorbed deep into the 
absorber layer, further from the depletion region. Consequently, the 
resulting carriers will not arrive in the space charge region during the 
allocated lifetime, recombining in the absorber bulk. In Fig. 3 (c) the FF 
is decreasing with increasing the absorber layer thickness up to 700 nm. 
Beyond 700 nm, it starts increasing. As the absorber layer thickness 
increases, series resistance value in the solar cell and the internal power 
depletion would increase as well, leading to a continuous drop in FF, 
when the thickness exceeds around 700 nm, FF starts to increase 
slightly. This increase could be due to a sudden change or instability in 
the shunt resistance leading to this fine increase beyond 700 nm. 

Next, the influence of the defect density on the device performance is 
studied as depicted in Fig. 4. We have varied the defect density of one 
layer from 1 × 1013 cm− 3 to 1 × 1019 cm− 3 while keeping it constant for 
the other layers. While the defect density level reflects the layer’s 
quality, it is interesting to recall that defect density is one of the criteria 
used to control the electronic properties of semiconductors. Chen et al. 
[36] has reported on the defect properties of CZTS using first-principle 
calculations. They reported that the formation energy acceptor defects 
were lower than donor ones. Thus, only a single acceptor-like defects 
state in the CZTS is introduced. Also, defects density works as trapping 
centers for the photogenerated charge carriers. Therefore, the process to 
improve crystallinity and reduce such recombination centers need to be 
implemented. Referring to Fig. 4, the solar cell performance is strongly 
influenced by the increase in defects density. The optimal defect density 
is considered at 1 × 1013 cm− 3 with a PCE of 14.45%, Jsc of 27.7 
mA/cm2, Voc of 0.71 V, and FF of 73.62%. Additionally, the activation 
energy of the CZTS absorber is less than its bandgap, as shown by Wang 
et al. [37]. Hence, excessive defects cause detrimental band tailing and 
potential fluctuations and contribute to the recombination loss mecha
nism at the buffer/absorber interface, leading to a limit the Voc [38–40]. 
The results show that high quality (defects density ~1015 cm− 3) CZTS 
material is advantageous for CZTS based solar cells devices. Indeed, 
defects provide recombination pathways, which act as recombination 
centers that trap the photogenerated carriers. Therefore, their lifetime in 
the absorbent region is minimized, reducing the photogenerated current 

Fig. 2. J-V is the simulated behavior of the Mo/CZTS/WS2/ZnO solar cell. The 
inset shows the quantum efficiency (QE) behavior. 

M. Moustafa et al.                                                                                                                                                                                                                              



Solid State Communications 359 (2023) 115007

4

density. As the defect level increases, the number of recombination 
centers increases, as well, and thus the loss in current density becomes 
more significant, which degrades the conversion efficiency. This is 
because the light-generated carriers can recombine throughout the en
ergy traps. The process to improve crystallinity and control such 
recombination centers should be applied and defects below 1 × 1015 

cm− 3 should be governed. This is mainly because the reverse saturation 
current density increases with increasing the defect level, causing a 
reduction of Voc and thus the efficiency. 

We turn our attention to the newly introduced buffer layer, namely 
the WS2 TMDC. Here, the impact of WS2 on solar cell performance is 
investigated by the studying effect of its bandgap energy and defects 
density. The bandgap values of the WS2 were tuned from 1.1 eV to 2.4 
eV. Fig. 5 represents the obtained performance parameters versus the 
bandgap values of the WS2. As it is known, the bandgap energy of the 
buffer layer, among other parameters, directly impacts the conduction 
band offset (CBO) [41,42]. Among the most suitable approaches to 
reducing the Voc deficiency in CZTS solar cells is exploring the band 
alignments at the WS2-CZTS interface by approaching an optimum CBO. 
As noticed in Fig. 5, All parameters display an abrupt increase with the 
increase of the bandgap value of WS2 from 1.3 eV to 1.8 eV. Increasing 
the bandgap Eg in this region causes the PCE to increase until it reaches 
saturation at 1.5 eV, following a stable performance up to Eg = 1.8 eV 
without considerable change in the conversion efficiency can be seen. 

Fig. 3. The solar cell performance parameters versus the CZTS thickness.  

Fig. 4. Impact of CZTS defect density on solar cell efficiency.  

Fig. 5. Impact of variation of the WS2 bandgap on the solar cell efficiency.  
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The optimal value for the bandgap of WS2 is considered at 2.2 eV 
(corresponding to the reported experimental value) with PCE of 16.83%, 
Jsc of 27.72 mA/cm2, Voc of 0.88 V, and FF of 69.27%. The Voc increased 
from 0.76 V at Eg of 1.3 eV to 0.847 V at Eg of 1.5 eV. Beyond a bandgap 
value of 1.8 eV, the Voc saturates and shows a neglectable decrease. The 
PCE follows the same pattern improving from 5.99% at 1.3 eV to 15.6% 
at 1.5 eV. The results might be interpreted by discussing the electronic 
properties of the interface at the absorber buffer layers in addition to the 
band offsets. The Conduction Band Offset (CBO) at the absorber/buffer 
layer plays a vital role in controlling carrier transmission throughout the 
contact. The amount of this offset is determined by the difference in the 
absorber/buffer layer’s electron affinity. The increase in positive and 
negative band offsets would respectively form cliff-like and spike-like 
structures. We assume that the band alignment between the absorber 
and the buffer is a cliff-like alignment, where the conduction band 
minimum (CBM) and valence band maximum (VBM) of the WS2 buffer 
are lower than their corresponding of the CZTS absorber. This evolves 
the so-called type-II heterojunction, enhancing the efficient charge 
separation process as reported experimentally [41,42]. The VBMs of the 
CZTS and WS2 are antibonding. With the increase of the bandgap en
ergy, most probably due to an upper shift of the conduction band Ec and 
a downward shift in the valence band Ev, the value of the conduction 
band offset (CBO) is decreased. The increase in conduction band offset 
reflects a decrease in the surface recombination rate. The reduction in 
the CBO helps to separate the charge, with more accessible promotion 
electrons are promoted to CB of the p-type absorber, and optimum de
vice performance is dominated by the effective transport of electrons 
across the interface into the n-type buffer, and correspondingly enhances 
the Voc. The concentration of the recombination process (JR) at the 
absorber/buffer layer interface can be approximated as [43]. 

JR = ShNveqφo/kBT  

where Sh represents the hole surface recombination velocity (SRV) in the 
heterogeneous contact, which is proportional to the density of the 
interface and capture cross section defects. NV and φo are the valence 
band density in CZTS and the potential barrier for cavities in the het
erogeneous contact, respectively. q stands for the electron charge, and 
kBT is the product of the Boltzmann constant and temperature. If this 
recombination process is considered as the dominant mechanism, Voc is 
limited to the potential barrier. This might strongly interpret the satu
ration behavior of the Voc beyond a value of 1.6 eV. 

Fig. 6 illustrates the J–V and the quantum efficiency characteristics 
of the CZTS based solar cell at three selected energy bandgap values of 
the WS2 buffer layer. There are no drastic changes in the behavior due to 
the bandgap change. However, the J-V characteristics support the idea 
of enhanced behavior for 1.5 eV than for low bandgaps—the V shifts to 

higher values monotonically. The shift has a clear relationship to the Vbi. 
For this reason, it is recommended to maintain high values of Vbi, which 
leads to a higher output voltage. It is worth noting that from Fig. 6, an 
improvement in QE was observed. 

Fig. 7 shows the effect of the defect density of the WS2 buffer layer on 
the solar cell efficiency while keeping the window layer and absorber 
layer defects constant. We observed that the PCE declines with raising 
the defects density in the CZTS layer. The efficiency curve shows two 
different zones. The first zone is where PCE displays stability (of 
16.83%) by increasing the defect density of the buffer layer up to 1 ×
1018 cm− 3. The second one is where PCE decreases with increasing 
buffer layer defect density, from 1018 cm− 3 to 1021 cm− 3. The optimal 
performance is considered at 1 × 1014 cm− 3 with a PCE of 16.83%. 
These results show that the WS2 defect density can maintain enhanced 
efficiency of CZTS based solar cells for values fewer than 1 × 1018 cm− 3. 
The recombination with the localized energy levels caused by defects 
can explain the observed degraded performance by increasing the defect 
density and reducing the conversion efficiency of the solar cell [40]. 

Interface defects play a dominant role in controlling solar cell output. 
They play as an energy obstacle limiting the charge carriers from 
arriving the back contact layer, causing a well-observed reduction in the 
solar cell efficiency [44]. Fig. 8 shows the impact of the WS2/CZTS 
interface defect concentrations on the solar cell performance. Increasing 
the interface defect density from 1013 cm− 3 to 1017 cm− 3 displayed an 
aggressive impact on the device’s performance. It has been observed 

Fig. 6. Left: J-V behavior of the solar cell at different band gap values of WS2. Right: The corresponding quantum efficiency (QE) behavior at the same conditions.  

Fig. 7. The impact of the WS2 defect density on solar cell efficiency.  
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that all parameters decrease with increasing defect density. For 
example, the PCE drops widely from 16.28% to 3.83%. This result is a 
clear indication that defect density influences the recombination rate of 
the electron-hole pairs inside the absorber layer, revealing in deterio
ration in the solar cell performance. 

The work function (Φm) is a necessary physical quantity that char
acterizes material surface properties. It plays an essential role in various 
phenomena such as electron emission from materials and charge 
transfer at interfaces. Therefore, determining such surface parameters is 
essential for utilizing the materials understanding, modeling, and 
fabrication of, for example, Schottky and Ohmic contacts. These pa
rameters strongly influence surface dangling bonds or surface recom
bination in conventional materials like Si and GaAs. However, in the 
case of layered TMDC materials, it exhibits chemically saturated sur
faces, with less consideration of such complications. 

Fig. 9 illustrates the investigated impact of back contact work func
tion Φm on solar cell efficiency. The increase in the Φm displays a pos
itive impact on solar cell performance [45]. While all parameters 
increase continuously with increasing Φm from 4.7 eV to 5.5 eV, the 
short circuit current density has a negligible dependence on Φm. The 
efficiency is observed to follow the same trend of the Voc. Above Φm =

5.5 eV, the behavior is almost constant. At Φm 5.5 eV, a PCE of 26.8%, Jsc 
of 27.71 mA/cm2, Voc of 1.17 V, and FF of 82.66% are obtained. Several 

experimental studies have reported results on CZTS based solar cell. 
However, to our best knowledge, there is no experimental work 
considering the WS2 as a buffer layer, however, previous simulation 
work reports on the performance of tungsten disulfide (WS2) as an 
alternative buffer layer for another absorber, i.e., the CdTe solar cell. 
The optimized structure reported exhibited an efficiency of 20.55% for 
the interface and bulk defect state density of 1010 cm3 and 1013 cm3, 
respectively [46]. The obtained results are consistent with our results 
and can be further discussed as follows. The band alignment at the 
conduction band of the absorber and buffer is crucial. Electrons from the 
buffer (EC,buffer) layer recombine with the holes of the absorber in the 
valence band (EV,abs), causing interfacial recombination at the 
CZTS/buffer junction. Reducing the energy difference between absorber 
(EV,abs) and buffer (EC,buffer) will increase the recombination. The value 
of the conduction band offset (ΔEc) is defined as ΔEc = χ2 − χ1, the 
difference in electron affinity. ΔEv is the difference in the valence band 
edges given by ΔEv= (Eg2-Eg1)+(χ2 − χ1), where Eg is the bandgap en
ergy. As the Φm increases, the valence band offset (ΔEv) value decreases. 
The optimization of the Φm causes in different energy band offset values 
for valence and conduction bands directly impacts the potential barrier 
height at the interface. Therefore, lowering the ΔEv offset will improve 
the holes transport and steer to a better energy band alignment, thus 
improving the electrical contact between them. Thus, a small band offset 

Fig. 8. Effect of the defect density at WS2/CZTS interface on the solar cell parameters.  

Fig. 9. Impact of back contact work function on the solar cell efficiency.  
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positive can decrease the recombination and is essential for optimizing 
the Voc and FF values. It is believed that increasing the work function 
generally positively impacts solar cell performance by reducing the 
interface recombination rate. The collection of generated and free car
riers can be improved by applying an electric field and providing 
additional drift to carriers at an appropriate place. The presence of an 
electric field can be set up using a high–low junction [47]. Since the 
bandgap of WS2 is comparable to that of a typical CZTS absorber, it is 
suggested that it forms a back surface field (BSF) for the photogenerated 
electrons, offering a low resistivity contact for the holes [45,48]. This 
BSF is found to help to reduce carrier recombination at the rear contact. 
It will provide a drift to holes and block electrons at the back contact, 
which is vital in enhancing cell performance. Increasing the work 
function is one approach that mediates an ohmic contact to the CZTS and 
reveals an overall solar cell performance enhancement. 

Finally, the effect of the device operating temperature is investigated 
on the output parameters (PCE and Voc) at a range of temperatures from 
250 K to 500 K. The obtained results are illustrated in Fig. 10. As ex
pected, The increasing operating temperature negatively impacts the 
solar cell device. The Voc the PCE is observed to decrease with the in
crease in temperature [49]. The coefficient of the voltage variation to 
temperature ΔVoc/ΔT were − 0.22%/K. A drop of around 48.6% in the 
PCE is found with changing the temperature from 240 K to 500 K. An 
optimal efficiency value of 29.25% is attained at 240 K. With higher 
temperatures, the electrons gain additional thermal energy. The exten
sive energy the electrons gain causes them to recombine with holes 
before getting to the depletion region and collecting. The degradation of 
PCE with increasing temperature is mainly because of the decrease in 
the Voc. The observed linear behavior of the PCE with increasing tem
perature could be interpreted as increasing the dark saturation current 
with temperature. It has been reported that the darks saturation current 
in the CZTS based solar cell (~0.2 μA) is higher than other structures 
(~0.1 nA) for CIGS. With the increase in temperature, the bandgap 
becomes narrower; and the recombination process of the electrons-holes 
pair’s is accelerated, causing an increase in the darkness current in the 
cell, hence, lowering the cell performance. 

4. Conclusions 

In the present work, we study the potentiality of WS2 as an alter
native material to replace the toxic buffer layers (e.g., CdS) to improve 
the device’s performance. We employed a simulation-based approach, 
using the SCAPS, to enhance the performance of the proposed device 
structure. The optimization of the absorber layer initiates the study. 
Next, a comprehensive investigation of the new buffer layer is done. The 
different photovoltaic parameters were studied versus the thickness, the 
bandgap energies, and the work function of the structure. Investigating 
the impact of the defect level of WS2 declared that a high defect level 
beyond 1 × 1018 cm− 3 would shrink the cell performance. The results 
show an optimized PCE of ~26.81% (Voc = 1.17 V, Jsc = 27.7 mA/cm2 

and FF = 83.66%). These obtained photovoltaic characteristics for the 
modeled solar cell represents good results with those formerly reported 
in the literature, particularly when considering a non-toxic WS2 buffer 
layer. Furthermore, the operating temperature dependent on the solar 
cell performance is discussed. The results may be important for opti
mizing the economical fabrication of Cd-free, non-toxic CZTS kesterite 
solar cells. 
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