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Numerical Simulation of an Improved CZTS/WS; PV Cell
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Abstract—CZTS solar cells are promising among
the third-generation solar cell. Because of its earth
abundant materials and less toxicity CZTS solar cell
can perform a sustainable role as an absorber layer. The
optimization of a buffer layer is still a challenge and
efficiency are still low than other thin film solar cells.
In this study, WS, buffer layer have been used to
simulate the PV cell structure in SCAPS-1D simulation
software. No research has been found where CZTS and
WS, is used together. We have achieved a maximum
efficiency of n = 18.90 % at 300 K working
temperature and other factors i.e., Voc, Jsc and FF are
also promising. The highest certified efficiency of
CZTS solar cell is nearly 12%. The simulation profile
can be a guideline for fabricating the improved PV cell.

Index Terms— Solar cell, CZTS, WS,, SCAPS-1D,
Buffer layer.

I. INTRODUCTION

HE renewable energy sources are proving to be

more potential and convenient method of

generating electrical power. Solar, wind,
geothermal, wave energy are the examples of
renewable energy sources. Among these energy
sources solar energy is easy to use as it converts light
into electrical energy. But the conversion efficiency is
less than 30% [1]. Typically, solar cell is classified into
three generations. Silicon wafer solar cells are the first-
generation solar cell [2-3]. Amorphous Si,
CIGS (Cu(InGa)Se), CdTe are the second-generation
solar cells. Third generation solar cells are perovskite,
CZTS (CuZnSnS,), etc. [4-6]. Si can be considered as
most widely used absorber materials. Though it’s low
throughput and high cost, it has an efficiency of 26.7 £
0.5 % [7]. Second generation CIGS and CdTe solar cell
efficiency is achieved upto 23% and 21% respectively
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But these two materials inherit high toxicity for
cadmium and selenium. Other than that tellurium and

indium are less available [9]. To overcome these
problems researchers have been considering CZTS

(Cu2ZnSnSy) as a good absorbing material for the past
decade. Main objective of this study is to improve
efficiency of CZTS solar cell aided with WS;
additional layer. Focus was to improve the efficiency
more than 12% [8]. In this paper we have studied
CZTS/WS; based solar cell structure with the help of
SCAPS-1D solar cell simulation and modeling
software. We have observed the effect of variation in
WS, layer thickness, CZTS layer thickness and
temperature. We have also taken into consideration of
the effect of shallow acceptor density of CZTS
absorber material and shallow donor density of the
WS; buffer layer. Based on the simulation an optimum
design for CZTS/WS; structured solar cell is proposed.
Generally, CdS is used as a buffer layer of a CZTS
solar cell.

Il. RELATED WORKS

CZTS (Copper Zinc Tin Sulfide) is a compound
semiconductor. This has non-toxic earth abundant
materials. It exhibits photovoltaic properties like CIGS
and CdTe. It has an absorption coefficient above 10*
cmt and direct band gap ranges from 1.4 to 1.6 eV [10-
11]. For the buffer layer of CZTS solar cell many
researchers are using CdS, ZnS and CdznS [12].
Cadmium sulfide. CZTS (Copper Zinc Tin Sulfide) is
a compound semiconductor. This has non-toxic earth
abundant materials. It exhibits photovoltaic properties
like CIGS and CdTe. It has an absorption coefficient
above 10* cm™ and direct band gap ranges from 1.4 to
1.6 eV [10-11]. For the buffer layer of CZTS solar cell
many researchers are using CdS, ZnS and CdznS [12].
Cadmium sulfide (CdS) proved to be most potential
buffer layer for CZTS absorber layer for its suitable
bandgap and interface enhancing properties. But CdS
has high toxic component and can affect the
environment with its wastage [13]. Besides maximum
efficiency for CZTS solar cell has been reported less
than 12% [14]. Lately, the TMDCs (transition metal di-
chalcogenides), mainly MoS; (Molybdenum disulfide)
and WS; (Tungsten disulfide) postured specific
concerns for the solar cell material researchers because
of their unique optoelectronic properties as
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Fig. 1. Device structure of CZTS/WS2 solar cell (a) conventional structure (b) Proposed structure.

well as electrochemical properties of these materials
[15]. Between these two materials WS; exhibits n-type
semiconducting properties with better conductivity of
103Q 'cm '[16]. Besides, WS; is an earth abundant
material and has a bigger atom size [17]. Counter
electrode in a dye-sensitized solar cell, ammonia gas
sensors, thermoelectric material and super capacitors
are the example of use of WS, material [18-21]. We
have found research paper corresponding with
CIGS/WS; and CdTe/WS; solar cell [22-23]. But no
research found with CZTS/WS; structured solar cell.
WS, can adopt graphite-like structured or can form
quantum dots Nanoparticles. The band gap of WS is
1.35 eV to 2.1 eV and the absorption of light region
expands to 910 nm [24].

I1l. STRUCTURE AND PARAMETERS

A. Device Structure

The conventional Cu,ZnSnSs based solar cell is
structured on soda lime glass substrate where Mo is
grown through thermal evaporation [25]. On the top of
Mo material, CZTS materials are deposited where a

photons are absorbed by this layer to generate electron
hole pair [27]. Next to the absorber layer is buffer layer
where n-CdS is used in the conventional thin film solar
cells. Then n-ZnO (Zinc Oxide) is used for the window
layer and finally, ITO (Indium doped Tin Oxide) or
FTO (means what?) as a front contact layer of this
categorized solar cells [28]. Buffer layer is used such a
way that it could align with the band energy of the
absorber layer [29]. Largely, the thickness of the
absorber layer is 1000 nm to 3000 nm and the buffer
layer thickness is very small only 50 nm to 150 nm.
Consequently, the thickness of the window layer is
between 60 nm to 100 nm. Primary purpose of the
window layer is to maximize the incident photons to
the CZTS and CdS layer [30]. ITO/FTO is used as a
transparent conducting layer which increases the
carrier mobility by obtaining a lower sheet resistance
[31]. Fig. 1(a) shows the conventional CZTS based
solar cell structure. In our study, we have used WS; as
a buffer layer to observe the solar cell performance via
software simulation. Fig.1(b) show the device structure
of the solar cell of this study. Hereafter, we have

hin | ; " 4 | proposed a solar cell structure as
thin layer of MoS, will produce [26]. CZT_S layer  n\1o/czTSIWS,/ZnONTO.
works as a p-type absorber layer. Most of the incident
TABLE 1. PHYSICAL PARAMETERS OF THE MATERIALS
Parameters MoS;[12]  CZTS[12]  WS,[23] i-ZnO[12] n-1TO [12]
Thickness (nm) 100 500-3000 50-150 100 80
Band gap (eV) 1.7 15 2.1 33 3.6
Electron affinity (eV) 4.2 45 4.1 4.6 4.1
Dielectric permittivity 13.6 10 13.6 9 10
CB effective density of states (cm) 2.2 x10% 2.2 x10% 2x 1018 2.2x10% 2.2 x10%
VB effective density of states (cm) 1.8 x 101 1.8 x 10" 2x 108 1.8 x 101 1.8 x 10
Electron thermal velocity (cm s) 1x 107 1x 107 1x 107 1x 107 1x 107
Hole thermal velocity (cm™) 1x 107 1x 107 1x 107 1x 107 1x 107
Electron mobility (cm?/Vs) 100 100 100 100 50
Hole mobility (cm?/Vs) 25 25 25 25 75
Shallow uniform donor density (cm™) 0 1x 10t 1x 101 1x 1018 1x 10%°
Shallow uniform acceptor density (cm) 1x 10% 2x 10 0 0 0
Defect type - Donor Acceptor - -
Defect density (cm) - 1x 10% 1x 10% - -
Absorption coefficient(cm™) 10* 10* Scaps value Scaps Value

42 Green University Press



Numerical Simulation of an Improved CZTS/WS:2 PV Cell By SCAPS 1-D

B. Validation of Structure

Voc (V)

o (=]
@ -]
(=] [3,]
" 1 " 1
t::

.

N

Jsc (mA/cm?)

|
/ L19
18
=l=\oc,
=H=Jsc

500 1000 1500 2000 2500 3000

Thickness (nm)

0.65

)
. " F17
78 4 '/ ]
Pl LT
\ _/-/ ./'/
76 [ ] /. 15

/ [ o
AV

L] =m= Efficiency|

FF (%)
~
N
1
T T
s B
Efficiency (%)

500 1000 1500 2000 2500 3000

Thickness (nm)

Fig.2 Absorber layer thickness variation (a) VVoc, Jsc; (b) FF, Efficiency.

PV cell performance can be analyzed by J-V
characteristic curve. We will validate the proposed
structure by this J-V characteristic curve. Other than
that, we will also make discussion over quantum
efficiency. The fundamental equations that run the
solar cell characteristics like Voc, Jsc, FF and
efficiency can be expressed as

=1Ly, — e s .. (1)
(quc)
&=“FMM‘4 ......... )
Vo = 2B gy 3)
q Io

Where, Ipn is photo-generated current, |, is reverse
saturation current, n & kg is the ideality factor and
Boltzmann constant respectively. Using voltage
current density curve, we can determine the ls (short-
circuit current) at V=0 and V.. (open circuit voltage) at
I1=0. We can calculate these from equation (2) and (3).

C. Simulation Software & Material Parameter

In this research simulation software named SCAPS-
1D (Solar Cell Capacitance Simulator) is used to do the
simulation. SCAPS-1D is one-dimensional solar cell
simulation software, is developed by the dept. of EIS,
University of Gent, Belgium. Material properties like
band gap, electron and hole mobility, dielectric
permittivity, electron affinity and other properties for
different layer can be attuned in the layer properties
panel [29]. SCAPS functionality depends on three
differential equations. One of the equations is known
as Poisson’s equation and other two are continuity
equation for electron and hole. The equations are
respectively

:—x(e(x)(;—il) = —i[—n+p+ND—NA+

1
Epdef(n,p)] A (3
19Jn _ on
;E +G— Rn(n, p) T g (5)
_1p — o

e +G—Ry(n,p) = FyRRTTERPSRRNS (6)

Where, ¥ & € are eclectrostatic potential and
dielectric constant and €, is the permittivity in
vacuum., n, p are carrier concentration of electron and
hole respectively. Np and Na are donor and acceptor
density and pger is the defect density. R, R, are
combination rate of electron and hole, G is the
generation rate and Jp & Jn are the current density of
hole and electron.

The light illumination was through the n-1TO layer
side with 1.5 global air mass spectrums with 2000W/m?
at 298 K. We have included two types of single layer
defects in CZTS for the simulation. Neutral type defect
and single donor defect was considered for the CZTS
material to perform the simulation and get more
practical result. The simulation is performed in several
steps. At first, the absorber layer thickness (500 nm -
3000 nm) was varied and then the buffer layer
thickness (50 nm -150 nm). Next, the doping
concentration was taken into consideration for both
absorber and buffer layer. The shallow acceptor density
of the CZTS material and shallow donor density
(5.5x10% t0 5.5x10'8 cm3) of the WS, material (1x10%
to 1x10%° cm) was varied during the simulation. All
other simulation results like QE (Quantum Efficiency),
generation-recombination, band diagram of the
proposed structure and J-V characteristics graph have
been observed and analyzed. All the physical
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Fig.3. Buffer layer thickness variation (a)Voc, Jsc; (b) FF, Efficiency

parameters which have been used in this study have
been taken from several research papers, experimental
study [12,23]. All the physical properties are
summarized in Table 1 [12, 17, 32-35]. The physical
parameters of the materials which are used in this study
are assembled in Table. 1.

IV. RESULT & DISCUSSION

The results of the simulation are discussed in three
steps. At first, we have discussed about the buffer layer
thickness. In this stage, we have kept absorber layer
constant. After that we have kept buffer layer fixed and
observed the absorber layer thickness variation. Then
absorber layer thickness and buffer layer thickness
have been kept constant and we varied the working
temperature to find the optimum output. In this way we
have systematically established the optimized
structure.

A. Absorber Layer Thickness

To observe the absorber layer thickness variation,
the buffer layer thickness was kept at 50 nm. Then the
CZTS layer thickness has been varied from 500 nm to
3000 nm and the electrical parameters data have been
collected to analyze the variation. Fig. 2 shows the
simulation data collected from the software through
graphical presentation. Fig. 2(a) shows the VVoc and Jsc
change over thickness variation of absorber layer. As
the thickness increases from 500 nm to 3000 nm both
Voc and Jsc increases. Voc increases rapidly from
0.6894 V to 0.08549 V for the thickness change from
500 nm to 1250 nm. After that the rate of increase of
the Voc starts to decrease. At 3000 nm it shows
0.9247V of open circuit voltage. Short circuit current
density (Jsc) also increases like Voc. From 500 nm to
1500 nm Jsc increase almost linearly but after that the
Jsc decreases for increasing of absorber layer
thickness. Data show that Jsc increases from 17.1290

mA/cm2 to 22.7739 mA/cm?2 as the thickness changes
from 500 nm to 1500 nm. This happens because as the
thickness of the absorber layer increases more photons
are absorbed by the layer thus creates more
photogeneration. For that as the thickness increases
open circuit voltage and short circuit current increases.
From eqn. (1) we can see that if the Iy, increases the
current also increases. And if the Iy, increase the Vo
also increases as it was shown in egn. (3). From 1500
nm thickness the short circuit current starts to fall
(22.5789 mA/cm2) and after 2000 nm it starts to
increase again. At 3000 nm the value of Jsc becomes
23.47 mA/cm2. Fig. 2(b) shows the fill factor and
efficiency graph for thickness the thickness increases
open circuit voltage and short circuit current increases.
From eqn. (1) we can see that if the Iy, increases the
current also increases. And if the Iy increase the Voc
also increases as it was shown in egn. (3). From 1500
nm thickness the short circuit current starts to fall
(22.5789 mA/cm2) and after 2000 nm it starts to
increase again. At 3000 nm the value of Jsc becomes
23.47 mAJ/cm2. Fig. 2(b) shows the fill factor and
efficiency graph for thickness 3000 nm and varied the
buffer layer thickness and observe the solar cell
parameters.

B. Buffer Layer Thickness Variation

We have investigated the data from the simulation of
the stricture shown in fig.1. We have kept the CZTS
absorber layer at 3000 nm thick. The buffer layer
thickness was varied from 50 nm to 150 nm at 10 nm
difference. A single acceptor type defect was taken into
consideration with a defect density of 1 x 10 cm in
the WS, buffer layer. Fig. 3. Shows the data we have
collected from the simulation of different parameters
like open-circuit voltage (Voc), short-circuit current
density (Jsc), fill-factor (FF) and efficiency (n) by
varying the thickness of the buffer layer. Voc increase
sharply at 60 nm and after that the VVoc decreases. After
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Fig.4. Shallow acceptor density variation of absorber layer (a) VVOc, Jsc; (b) FF, Efficiency

70 nm the Voc starts to increase and at 150 nm the Voc
becomes 0.9253 V. Fig. 3(a) shows the Voc variation
graph of buffer layer thickness variation. But the
scenario for the Jsc is quite different. The short circuit
density decreases from 23.46 mA/cm? to 23.16
mA/cm?. The change in Jsc is very low. So, it can be
said that the variation of thickness of the buffer layer
didn’t affect the Jsc very much. The fill factor increases
if the thickness of the buffer layer is increased but the
rate of increment is very low. It remains between 78.0
% and 78.8%. But the efficiency of the solar cell
depends on the thickness of the buffer layer. In general,
the thickness of the buffer layer is50 nm if we use CdS
as a buffer layer. But in this research, we have observed
that efficiency starts to increase at first but after 70 nm
to 90 nm it remains constant. But if we increase the
thickness of the buffer layer more, the efficiency starts
to decrease. We have taken our optimum buffer layer
thickness to 90 nm because at this thickness the
efficiency was at pick and the fill factor was also
reasonable.

C. Shallow Acceptor Density Variation

As it is known that doping creates a depletion layer
in the p-n junction photovoltaic solar cell. So, the
variation of doping concentration creates different
depletion layer width which creates different electric
field for photons generated carrier for flowing. In this
part we have kept the thickness of the CZTS layer at
3000 nm and the thickness of the buffer layer at 90 nm.
But we have varied the acceptor density of the CZTS
layer because the CZTS layer is working as a p-type
material where the hole of the material is ready to
create recombination with electron. The acceptor
density varied from 5.5 x 10 cm?®to 5.5 x 108 ¢cm3,
The effect of the variation of acceptor density is shown
in Fig. 4. Voc increases almost linearly from 5.5 x 102
cm®to 5.5 x 10 cm of acceptor density. This time,

it increases from 0.75 V to 1.06 V and after that it
remains constant for a further increment of the density.
But after 5.5 x 10%7 cm3, it starts to increase again. Jsc
show different scenario for acceptor density variation.
Short circuit current density decreases from 25.73
mA/cm2 to 19.43 mA/cm? as the acceptor density of
the absorber layer increases. If the acceptor density of
the CZTS layer increased, the simulation data shows
that, fill factor and efficiency both increase for
increasing density. The graph shows that the efficiency
and fill factor both increases linearly at the density
variation from 5.5 x 10%2¢m 3 to 5.5 x 10% c¢m-3 after
that it decreases a bit and again starts to increase. At
5.5 x 10% cm® FF becomes 86% and the efficiency
becomes 18.90%. Fig. 4(b) shows the graph of fill
factor and efficiency. We have selected our shallow
acceptor density 5.5 x 10%* cm because to have more
practical oriented data.

D. Shallow Donor Density Variation

We have also analyzed the shallow donor density
variation of the WS, buffer layer to optimize our device
structure. WS, is the high doped n-type layer. The
practical density can be achieved up to 1.0 x 102°%cm=3.
The donor density was varied from 1.0 x 10 * cm to
1.0 x 10%° c¢m?3. At this time the shallow acceptor
density of the absorber layer was kept at 5.5 x 106 cm-
3. Fig. 5 shows the graph of various electrical parameter
of the solar cell device. Open circuit voltage (Voc) of
the device increases from 0.98V to 1.09V because of
increasing the donor density of the layer up to 1.0
x10%cm3, After that it remains at this level upto the
donor density of 1.0 x 102%cm3, Jsc also increase from
18.50 mA/cm? to 20.04 mA/cm? at the layer donor
density increase from 1.0 x 10 cm=®to 1.0 x 10'® cm-
3. After that it starts to decrease. Fig. 5(a) shows the
data graph of VVoc and Jsc. same scenario happened for
the fill factor and efficiency of the solar cell device.
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Both increases sharply for increasing the value of
shallow donor density. But after 1.0 x 108 cm™ FF and
efficiency remain nearly constant. Efficiency starts to
decrease after 1.0 x 10'8cm. After this level we have
selected our shallow donor density of the device at 1.0
x 10%8cm’3,

V. PROPOSED PARAMETER FOR STRUCTURE

After analyzing the data collected from the
simulation, we are proposing a thin film of CZTS/WS;
based solar cell parameter for optimum efficiency and
FF. We have chosen buffer layer thickness of 90 nm
and absorber layer thickness at 3000 nm, where Vmpp
is 0.9 V and Jmpp is 19.02 mA/cm?. The fill factor and
efficiency are also promising in this thickness of the
buffer layer. Other layers like, intrinsic ZnO (Zinc
Oxide) and n-ITO (Indium doped Tin Oxide) is taken

©
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Fig.6. Quantum efficiency of the device.

100 nm and 80 nm respectively. Table 2 shows the
optimum thickness for all layers and Table 3 shows the
simulated measured values of Voc, Jsc, FF, efficiency,
Vmpp and Jmpp at 300K working temperature. We
have also observed the quantum efficiency graph of our
device which is shown in Fig. 6. The quantum
efficiency is highest between 400nm to 700nm after
that the quantum efficiency starts to decrease. This
happens because quantum efficiency depends on
surface recombination. Probability of collecting
photons also make an effect on solar cell quantum
efficiency.

TABLE 2. OPTIMUM LAYER THICKNESS OF THE DEVICE

Material MoS; CZTS WS, i-ZnO  n-

ITO
Thickness 100 3000 90 100 80
(nm)

TABLE 3. MEASURED PARAMETER AT OPTIMUM
THICKNESS

Voc Jsc FF n Vmpp Jmpp
(v) (mA/em?) (%) (%) () (mAfem?)
1.09 20.04 85.96 18.90 0.99 19.03

VI. FUTURE SCOPE

. WSz semiconductor material can be used with other
solar cells like CIGS, a-Si, perovskite etc. From this
simulation’s result we find that the efficiency increases
with the working temperature. Monzur-Ul-Akhir at
el.proposed that high temperature affects the
conversion ratio and in the Middle East countries
despite of having high irradiance the conversion ratio
is lower than other low-irradiance countries [36]. In
high ambient temperature countries this type of solar
cell can play a vital role. One work has been done on
suitable surrounding for solar cell conversion rate, we
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have seen that low temperature (4°C -9°C) improves
the conversion rate [37].

VII. CONCLUSION

In this study numerical simulation of CZTS solar cell
with WS; buffer layer was carried out by SCAPS-1D
software to study the solar cell performance. Solar cell
parameters were observed by varying the absorber
layer thickness, buffer layer thickness, shallow
acceptor density, shallow donor density. The J-V curve
confirms the proposed structure and exhibit 18.90 %
efficiency. High open circuit voltage dominates the J-
V curve. As we can observe from the simulated data
substituting CdS by WS as a buffer layer improves the
efficiency about 6%. Increasing the carrier
concentration, the performance parameter can be
improved. We have also showed the temperature
variation of our proposed structure and this case solar
cell performance decreases for increasing working
temperature. Nevertheless, it has been observed from
our study that introducing WS- as a buffer layer of a
CZTS solar cell improves the cell performance.
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