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Abstract: The numerical modeling of a copper zinc tin sulfide (CZTS)-based kesterite solar cell
is described in detail in this article. To model FTO/ZnO/CdS/CZTS/MO structured solar cells,
the Solar Cell Capacitance Simulator-one-dimension (SCAPS-1D) program was utilized. Numerical
modeling was used to estimate and assess the parameters of various photovoltaic thin film solar
cells. The impact of different parameters on solar cell performance and conversion efficiency were
explored. Because the response of a solar cell is partly determined by its internal physical mechanism,
J-V characteristic characteristics are insufficient to define a device’s behavior. Regardless of the
conviction in solar cell modeling, variable attributes as well as many probable conditions must be
handled for simulation. Promising optimized results were obtained with a conversion efficiency of
(1% = 25.72%), a fill factor of (FF% = 83.75%), a short-circuit current of (Jgc = 32.96436 mA/ cm?),
and an open-circuit voltage of (Vpoc = 0.64 V). The findings will aid in determining the feasibility
of manufacturing high-efficiency CZTS-based solar cells. First, in the SCAPS-1D environment,
the impacts of experimentally constructed CZTS solar cells were simulated. The experimental data
was then compared to the simulated results from SCAPS-1D. After optimizing cell parameters,
the conversion efficiency of the improved system was observed to rise. The influence of system
factors, such as the thickness, acceptor, and donor carrier concentration densities of the absorber and
electron transport layers, and the effect of temperature on the efficiency of CZTS-based photovoltaic
cells, was explored using one-dimensional SCAPS-1D software. The suggested findings will be
extremely useful to engineers and researchers in determining the best method for maximizing solar
cell efficiency, as well as in the development of more efficient CZTS-based solar cells.

Keywords: absorber layer; buffer layer; CZTS; CdS; ZnO; conversion efficiency; carrier concentration;
temperature; SCAPS-1D; solar cell

1. Introduction

Solar cells have evolved as a more modern and comparatively renewable energy source
that, when generated on a larger scale, is both environmentally beneficial and cost effective.
Photovoltaic devices with excellent power conversion efficiency and negligible material
deterioration are currently being researched for energy generation [1]. For many years,
silicon-based solar cells conquered the market. Advanced fabrication processes are required
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for the fabrication and delivery of silicon-based solar cells, which raises the cost of the solar
panel [2]. The fundamental benefit of solar devices is that they deliver low-cost, long-lasting,
and environmentally benign energy by utilizing highly scalable and adaptable organic-
polymer materials. However, several factors, such as degradation processes generated
by air exposure, humidity, ultraviolet radiation, water, and heat, contribute to the decline
in their energy efficiency and longevity [3]. As manufacturing skills increase, thin film
solar cells are becoming increasingly prevalent. Thin film technology is a major area
of research in the photovoltaic industry since it is one of the most cost-effective and
efficient techniques for generating solar cells. Thin film technology is less expensive than
other technologies since it employs fewer materials and is based on a variety of light-
absorbing semiconductors [4]. Kesterite solar cells based on CZTS and related alloys
are a possible alternative to chalcopyrite absorbers [5-7]. The CZTS’s strong optical and
electrical characteristics, including an optical band gap of 1.4 eV to 1.5 eV and a significant
absorption coefficient of 10* cm~!, have made it a fascinating insight for the thin film
community [8]. On the earth, the kestkesterite solar cell absorber (CZTS) is a prevalent
material [9]. The sulfur-based kestkesterite solar cell absorber (CZTS), in particular, has the
potential to deliver a significant amount of energy at a low cost due to the abundance of
raw materials. Because selenium is present in the lattice, its selenium-based counterpart
(CZTSe) is less common. Kesterite solar cells may be made as roll-to-roll modules from
powders or as extremely thin film layers, allowing them to be employed in applications
where weight and flexibility are crucial. However, there are still issues to be addressed,
such as the solar cells” lower efficiency when compared to competitors Cu(In,Ga)(S,Se),
and CdTe [10], as well as the solar cells’ dependability, which must be able to last more
than 20 years. According to the Shockley—Queisser limit, a CZTS-based solar cell can
potentially attain an optimal conversion efficiency of roughly 28% by tuning the band gap.
However, it is not experimentally viable to attain 28% conversion efficiency from a solar
cell due to a lack of understanding of device properties [11]. Numerical modeling can play
a major part in a deeper understanding of system characteristics by modelling various
device architectures, which can save time and money. Computational modeling was used
in this study to estimate and analyze the influence of physical parameters on system
output, such as absorber thickness and doping concentration, buffer and window layers,
and temperature effect. The unit was modeled using the modeling application “Solar Cell
Capacitance Simulator” (SCAPS-1D). To begin, a basic heterostructure for CZTS/CdS/ZnO
thin films was investigated, with molybdenum (MO) serving as the back contact and
indium tin oxide (ITO) serving as the front contact. Solar cell performance was shown
to be influenced by variations in absorber thickness, doping concentration, and working
temperature after analysis. First, the SCAPS-1D system was used to mimic the impacts of
experimentally constructed CZTS solar cells. The experimental results were then compared
to the results of the SCAPS-1D simulation. The research’s key goals and objectives are to
apply computational modeling to enhance thin film solar cell performance, to suggest new
approaches to increase the efficiency of experimental solar cells, and to develop alternative
strategies to lower thin film solar cell costs. The effects of the absorber, buffer, and window
layers’ thickness, doping concentration, and working temperature, as well as the working
temperature, on the cell performance were explored.

2. Numerical Modeling and Material Parameters

Numerical modeling is a technique for analyzing system behavior with the use of
sophisticated mathematical models and aids in the development of analytical solutions.
Numerical analysis may be particularly valuable in the production and fabrication of
effectively performing semiconductor-based solar modules. The integration of real-life
issues with virtual machine settings is the highest priority goal of numerical modeling
techniques implementation for design engineers and researchers [12], as they seek the
most optimum and effective approaches to handle a complicated challenge. Academic
institutions and universities prioritize computer-based learning methodologies because
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real-world design challenges may be handled in computer-based testing environments
without requiring physical or functional implementation. Fundamental physical param-
eters such as the concentration of holes and electrons, as well as the electrical potential,
are calculated using modeling approaches. It also provides greater details on how material
physical properties influence system functional parameters or attributes. For numerical
modeling of solar cells, physical material properties are utilized as inputs to simulation
software [13]. To translate genuine or actual device J-V characteristics and functional
parameters, such as quantum conversion performance, fill factor, short circuit current,
and open circuit voltage, into device modeling, experimental data is required. Numerical
simulation enables a more in-depth and simple knowledge of system behavior. To acquire
a better understanding of a device’s output, simulation software must be able to solve
semiconductor fundamental equations, including the continuity equation for holes and
electrons and the Poisson equation linking charge to electrostatic potential.

2.1. Numerical Modeling

Current flow is caused by electrons and holes moving in opposing directions. The num-
ber of electrons and holes in a molecule is the same. The electron mobility y, is almost
double that of the hole mobility y, [14]. Equation (1) gives the overall flow of current
density (J) owing to electron and hole flow.

J= nie(.“e =+ P‘p)E 1)

e and py, are the electron and hole mobilities (cm?/Vs), n; and p; are free electrons
densities in an intrinsic semiconductor (cm~3), e is the elementary charge (1.6 x 1071 C),
and E is the applied electric field (V/m).

The conductivity of a semiconductor is determined by the quantity of current carriers
present per unit volume and the current carriers themselves. With a rise in temperature,
n; and p; increase, and the intrinsic semiconductor conductivity increases, implying that re-
sistance decreases. The main properties of the forward and reverse biasing zones of diodes
are explained by Shockley’s equation [15]. Equation (2) gives the diode current equation.

v
I=1I(ew —1) @)

where I represents diode current, I, represents reverse saturation current, Vp represents diode
voltage,  represents ideality factor, k represents Boltzmann’s constant (1.38 x 10723 J/K),
and T represents absolute temperature (K). When zero load (at RL = 0), or short-circuit
current (Isc) at the voltage of a solar cell, the maximum current flow through the solar
cell will be zero [16]. The gathering and production of light-generated carriers is what
causes Jsc to flow. It is primarily determined by the amount of incident photons, as well as
the spectrum, solar cell area, optical characteristics, and the possibility of light produced
carriers being collected. Equation (3) [17] may be used to calculate the short current
density (Jsc):

Jsc=4q)_ T(}) Q;l(zl) n(Ai)BA; 3)

where g denotes the elementary charge, T(A) denotes optical transmission, &; denotes
spectral power density, and AA; denotes the distance between two adjacent wavelength
values. The open circuit voltage (Vo) is the highest voltage extracted from the solar cell
(at RL = o0). When a solar cell is open-circuited and no load is placed across it, current is
zero and voltage is maximum [18]. Equation (4) [19] can be used to express the open-circuit

voltage (Voc).
VOC = ﬂh’l(lfL'ﬁ—l) (4)

q Io

It is obvious from the preceding equation that open circuit voltage is dependent on
saturation current I, and light generated current I;. In the solar cell, I, is dependent on
recombination. As a result, V¢ is a metric for how much recombination occurs in a solar
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cell. The fill factor (FF), which is calculated by equating the maximum power (Pmax) to
the theoretical power, is a measure of photovoltaic cell quality (Pt). Where Pt is output at
both the short-circuit current density (Jsc) and the open circuit voltage (Voc) as specified
in Equation (5).

FF — Vmaxlmax (5)

VOC ISC
The most often used parameter to compare the performance of two solar cells is

called “energy conversion efficiency (77).” It is defined as the ratio of a solar cell’s output
power to the sun’s input power [18]. Equation (6) can be used to indicate the energy
conversion efficiency [19].

o VOC X ] sc X FF

S

The efficiency (77) of a solar cell is determined by factors such as incident sunlight

intensity, operating temperature of the solar cell, and spectrum type. In order to compare
two or more solar cells, the conditions under which # they are measured must be properly
controlled. In this numerical simulation study, the incident light illumination is the AM1.5G
spectra through the determination of the J-V characteristics. [20] The sun’s input power
(P;,) is assumed to be 1000 W/m?2. The quantum efficiency (QE) of a solar cell is the ratio
of the number of extracted free-charge carriers to the number of incident photons. In other
words, QF is concerned with a solar cell’s reaction to various wavelengths. It can be
expressed as an energy or wavelength function. If all photons of a specific wavelength are
absorbed and the associated minority carriers are collected, the QE will equal unity at that
wavelength. The quantum efficiency measurements were used to examine the spectrum
response; the QE is defined by the following Equation (7) [21]:

(6)

_ W/
@p(A)

where g represents the fundamental electrical charge, I(A) represents photogenerated
current, and ¢, (A) represents photon flux.

The photovoltaic devices are simulated using the Solar Cell Capacitance Simulator
one-dimensional (SCAPS-1D) program, created at the University of Gent in Belgium. It was
developed with the help of several researchers to model PV devices. In SCAPS-1D software,
seven distinct semiconductor layers, excluding rear and front contacts, can be used as
input. SCAPS-1D is a free tool for photovoltaic researchers that may be downloaded
from the SCAPS-1D website. It is based on the Windows operating system. This software
simulates and assists us in analyzing the |-V characteristics curve, ac characteristics (C-V
and C-f), spectral response (QE) of a device, power conversion efficiency (), fill factor (FF),
short-circuit current (Jsc), open circuit voltage (Voc), energy bands of materials used in
solar cells, and concentration of different materials by solving the semiconductor basic
equations [22-24]. SCAPS- 1D can solve Poisson and continuity Equations (8) and (9) for
electrons and holes [25,26].

QE(A) @)

a2y e

B2 = oo [P) = () + Np = Na+ pp = pul ®

where Y is electrostatic potential, e is elementary electrical charge, €;, €, are relative and
vacuum permittivity, p and »n are hole and electron concentrations, Np, N4 are charged im-
purities of donor and acceptor, p, and p;, are holes and electrons distribution, respectively.

dn _ 4y

dx_dxzciR ©)
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where [, and ], are electron and hole current densities, R is the recombination rate,
and G is the generation rate. Carrier transport occurs by drift and diffusion according to
Equations (10) and (11), respectively:

dn de

_p.ar dg

2.2. The Thin Film Solar Cell Device

The thin film solar cell device was constructed using a glass substrate as a back-
supporting slide, a thin layer film of molybdenum (Mo) was deposited on the glass sub-
strate layer, and a CZTST (p-type) layer with a thickness of (1200-3600 nm) was deposited
on the molybdenum that was coated the back of the substrate glass. The CdS (n-type)
used as a buffer layer with a thickness of (10-100 nm), ZnO layer (n-type) with a thickness
of (40-280 nm) was used as a window, and FTO with a thickness (280 nm) was used as
transparent conducting oxides (TCO). The materials for the modeling device were chosen
for their efficiency, stability, low cost, and ease of preparation. The illustration for the
modeling layers layout is shown in Figure 1. These essential components of a device are
utilized to determine a solar cell’s electrical and photoelectric properties.

=

40-280 nm
Front Contact (FTO)

" 10 -100 nm
Window (Zn0) e | I/
Buffer (CdS) = - '/ 1200 - 3600 nm
Absorber ( CZTS)
Back Contact (MO) =
Glass Substrate :

Figure 1. Schematic diagram of thin film.

2.3. Material Parameters

Input parameters, also called physical parameters, are necessary to solve the funda-
mental semiconductor equations. In Table 1, physical characteristics such as layer thickness,
electron-hole mobility, intrinsic carrier concentration, electron affinity, band gap, and dop-
ing density of absorber, buffer, and window layers are listed, as well as other physical
characteristics used in SCAPS 1D software for numerical analysis. All simulations use
1.5AM solar radiation and a lighting source with a power density of 100 mW /cm?. Table 2
lists the functional properties of solar cells. The qualities of the back and front contact
parameters are provided in Table 3. The device’s construction has two goals in common.
The first includes evaluating and confirming real-world device behavior, while the second
is simulating a device for certain physical parameters and predicting the outcomes. The be-
havior of the reference device (s) was accurately simulated, which is what device modeling
is all about. To construct device modeling, physical or input parameters are acquired
from referenced device experimental data. Predefined physical parameters such as carrier
concentration densities and layer thickness are monitored and assessed using batch simula-
tions. The SCAPS-1D software generates the | — V characteristics curve, band alignment
diagram, spectral response, and other functional parameters such as Vpc, [sc, FF, and 7,
all of which are extremely important in the fabrication of an optimal photovoltaic cell
device. All measurements are taken in both bright and dark conditions, and with regard
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to temperature. Temperature-dependent characteristics include thermal velocity and the
effective density of states, whereas temperature-independent factors include band gap
and mobility.

Table 1. Simulation parameters for modeling of CZTS-based kesterite solar cell [27-29].

Parameter p-CZTS n-CdS n-ZnO FTO
W (nm) 1200-3600 10-100 40-280 280
Eg (eV) 1.45 24 3.3 35
x (eV) 4.5 45 4.6 4

&r 9 9 9 9

Nc (cm3) 2.2 x 1018 1.8 x 10 2.2 x 1018 1 x 10"

Ny (cm~3) 1.8 x 10 2.4 x 108 1.8 x 101 1 x10'8

Veth (cm/s) 1 x 107 1 x 107 1 x 107 1 x 107
Vp-th (cm/s) 1% 107 1% 107 1% 107 1% 107
Ue (cm?/Vs) 60 100 100 20
Hp (cm?/Vs) 20 25 25 10
Np (cm—3) 0 1 x 10Y7-1 x 1018 1 x 1018-1 x 101 1 x 1018
Nj (cm™3) 1 x 10%-1 x 10V 0 0 0

W: Thickness, Eg: band gap, x: electron affinity, ¢,: dielectric permittivity (relative), Nc: conductance band
effective density of states, Ny: valance band effective density of states, Ve.i: electron thermal velocity, V;,.in: hole
thermal velocity, pe: electron mobility, pp: hole mobility, Np: shallow uniform donor density, Na: shallow
uniform acceptor density.

Table 2. The incident illumination (photons) source parameters.

Spectrum AM 1.5G1 sun. Spectrum
Wavelength range (nm) 200-4000
Transmission% 100
Ideal light current G(x) (mA/ cm?) 20
Transmission of attenuation filter % 100
Ideal light current cell (mA/ cm?) 0

Table 3. Back and front contact parameters properties.

Left Contact Right Contact
(Back) (Front)
Thermionic emission Electron 1 x 107 1 x 107
surface recombination Holes 1 x 107 1 x 107
velocity (cm/s) Metal work function
4.6 4.1
(eV)

Majority carrier barrier Relative to EF 0.4 0.1

height (eV) Relative to EV or EC —0.068 0.0571

3. Results and Discussion
3.1. Effect of Layers Thickness on the Device Performance
3.1.1. Effect of CZTS Absorber (Acceptor) Layer Thickness on the Device Performance

The major objective of this section is to create a thinner CdTe layer without sacrificing
device performance. As a result, the cost of manufacturing solar cells may be reduced by
reducing the amount of materials used in the process. The absorber layer thickness of a
device has a direct influence on conversion efficiency (1). The impact of the absorber layer
(CZTS) thickness on solar cell performance is shown in Table 4 and Figure 2a. The influence
of changing the thickness of the CZTS absorber layer from 1200 to 3600 nm on other
material characteristics of different layers was investigated. When an absorber layer’s
thickness is raised, Jsc rises in tandem with the increase in Voc. The conversion efficiency
rises up to a steady-state thickness of 2400 nm, whereas FF declines to a point where the
ideal thickness is obtained. The conversion efficiency (#) will remain constant once the
ideal settings are reached. Furthermore, increasing the thickness reduces the FF. The rise
in Jgc with increased V¢, is mostly due to increased absorption of longer wavelength
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photons, which affects the ration of photogenerated carriers. The absorber layer that was
picked as the best has a thickness of 2400 nm. The thickness of the absorber layer, however,
is one of the primary challenges with today’s large-scale and mass-production CZTS solar
cells. The current focus of thin film solar cell research is on lowering the cost of thin film
module production. Minimizing material usage by lowering film thickness is one approach
to saving money. The photocurrent drops dramatically as the thickness of the photoactive
layer is reduced, while the series resistance rises. Calculating the photocurrent density
while considering the spectrum distribution of solar radiation can yield qualitative features
of solar cell efficiency for varied photoactive layer thicknesses [30]. The wavelengths of light
impact the emission of electron-hole pairs. These variations are caused by the thickness
of the CZTS layer, as a thicker CZTS layer can absorb more photons across a broader
wavelength range. The impact of CZTS thickness on QE% is seen in Figure 2b, the QE%
was calculated for CdTe thicknesses ranging from 1200 to 3600 nm. When the CZTS layer
thickness was increased, the QE% increased. The layer thickness of more than 2400 nm
has a little significant effect on the pace of QE% increases. QE% increases rapidly with
CZTS layer thickness up to 2400 nm, then essentially saturates for thicknesses > 2400 nm
due to incoming light absorption saturation. The QE spectrum grows somewhat with
CZTS layer thickness up to 3600 nm, since cell current increases dramatically after a
CZTS layer of 2400 nm. As a consequence, the cell efficiency was optimized to 23.02%,
corresponding to a CZTS layer thickness of 2400 nm. When demonstrated in Table 4,
conversion efficiency rises by 3% as thickness rises from 1200 to 2400 nm, but only by
0.6% as thickness rises from 2400 to 3600 nm [31]. This indicates that a 2400 nm thickness
is sufficient to absorb the vast majority of incoming photons. The number of produced
electron-hole pairs will be reduced in thinner CZTS layer cells because the generation zone
is near the high recombination back contact region, decreasing the quantum efficiency.
In thicker CZTS layer cells, the production process occurs further away from the back.
Finally, modeling results show that the ideal CZTS absorber layer thickness is 2400 nm,
with a percent of 23.02%.

Table 4. The effect of absorber (CZTS) layer thickness on cell efficiency parameter CdS, ZnO, and FTO
layer thicknesses are 100 nm, 200 nm, and 280 nm respectively, T = 300 K.

Thickness (nm) Voc (V) Jsc (mA/em?) FF% 1%
1200 0.8662 29.196593 82.46 20.85
1600 0.8768 30.175689 82.86 21.92
2000 0.8851 30.788066 82.89 22.59
2400 0.8921 31.188947 82.73 23.02
2800 0.8983 31.457338 82.46 23.3
3200 0.9040 31.638435 82.14 23.49
3600 0.909 31.761007 81.82 23.62
(a)
72&1“ TrTrr TTrTr Ty Ty TrrTr Ty TTTr Ty Ty
25E+0
50E+0
o 75640
E 10E+1
< -12E-1
E 56
- 18E+1 1200 nm _
20E+1
22€E+1 ~
g 3600 nm
28E+1 - ,/
30E+1 — — =
3261 NS S—— ; 1 ! .
00 01 02 03 04 05 06 07 08 09
Voltage (V)

Figure 2. Cont.
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(b)

QE%
8 8

g 8 3

8

Ib 100 200 300 400 500 600 700 800 900 1(1‘30 11& 1?&
Wavelength (nm)

Figure 2. (a) ] — V current curves, (b) quantum efficiency percentage (QE%) for the cell at different
thickness CZTS layer, CdS, ZnO, and FTO layer thicknesses are 100 nm, 200 nm, and 280 nm,
respectively, T = 300 K.

3.1.2. Effect of CdS Buffer (Donor) Layer Thickness on the Device Performance

The effect of buffer layer thickness on the performance of solar cells is also being
explored. One of the main aims of this simulation is to reduce the optical and electrical
losses in incoming radiation caused by the buffer layer. The buffer (CdS) layer thickness
was increased from 10 to 100 nm. Simulated outcomes are shown in Table 5 and Figure 3a.

Table 5. The effect of buffer (CdS) layer thickness on cell efficiency parameter, CZTS, ZnO, and FTO
layer thicknesses are 2400 nm, 200 nm, and 280 nm, respectively, T = 300 K.

Thickness (nm) Voc (V) Jsc (mA/cm?) FF% 1%
10 0.8925 33.610242 82.93 24.88
25 0.8925 33.425282 82.77 24.69
40 0.8924 33.122082 82.51 24.39
55 0.8923 32.660974 82.34 24
70 0.8922 32.070507 82.51 23.61
85 0.8922 31.572539 82.70 23.3
100 0.8921 31.188947 82.73 23.02
(a)
0 OF + 0 -ttt
?-5%@
£
9 .10e4 100 nm
<
rE: -15E+1
20E+1
25E-1
10 nm
-30E+1
-34E+14% ' ' ' ' H H 1 i '
00 01 02 03 04 05 06 07 08 09
Voltage (V)

Figure 3. Cont.
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(b)

QE%

600 70 800 900 1000 1100 1200

Wavelength (nm)

Figure 3. (a) | — V current curves, (b) quantum efficiency percentage (QE%) for the cell at different
thickness CdS layer, CZTS, ZnO, and FTO layer thicknesses are 2400 nm, 200 nm, and 280 nm,
respectively, T = 300 K.

Table 5 demonstrates that increasing the buffer layer thickness has little impact on
Voc, Jsc, FF, and #%. As a result, it was determined that increasing the buffer layer
thickness had no influence on the output of a solar device. The findings showed that
as the thickness of the CdS layer grows, so does the cell performance. The thickness of
CdS has a bigger influence on Jsc and 1% values than FF and Vpc. The non-significant
impact on FF and V¢ is due to photon losses that occur in a thicker CdS layer. As seen
in Figure 3b, the bigger CdS buffer layer absorbs more photons from input radiation,
reducing the number of photons reaching the absorption (CZTS) layer and lowering the
QE%. As a result, the quantity of electron-hole pairs created decreases. The Jsc and 1%
values were found to be substantially lower in thicker CdS films. Because the depletion
layer thickness is lowered in the narrower CdS layer, the thinner CdS layer has a higher
performance efficiency. The depletion layer appears to compensate for the lattice mismatch
between the CdS and CZTS layers, which causes misfit dislocation. The thinner buffer
layer causes a leakage current, whereas the thinner one causes a poor carrier separation
rate. Layer thicknesses of less than 25 nm are not achievable because of restrictions in
manufacturing techniques and equipment. As a consequence, the ideal and suggested
buffer layer thickness is 25 nm. Photon absorption and quantum efficiency QE% are
affected by the thickness of the buffer layers (CdS). The intensity of the shortwave band
falls when the thickness of the CdS bulffer layer is increased. This indicates that the thin
buffer layer has a large band response. The buffer leakage current falls as the CdS layer
thickness decreases, increasing the breakdown voltage [32].

3.1.3. Effect of ZnO Window Layer Thickness on the Device Performance

Radiation from the incident source should flow through the ZnO (window) layer.
ZnO has a bandgap of 3.3 eV and absorbs photons of A < 300 nm in the UVC region.
CZTS may absorb visible and infrared rays, which are completely transmitted through the
ZnO layer [33]. Table 6 reveals that increasing the thickness of the ZnO layer has no influ-
ence on device performance (Voc, Jsc, FF, and #%). The link between device performance
efficiency parameters and ZnO layer thickness is depicted in Figure 4a. Leakage current
may occur if a very thin layer of ZnO is used, whereas a layer that is too thick may result in
poor carrier separation rate. Finally, 120 nm is chosen as the optimum and recommended
layer. As demonstrated in Figure 4b, the QE% is unaffected by changes in buffer thickness
in the range (40 nm to 280 nm). This may be ascribed to the window layer sharing a little
amount of electron-hole pair creation. Finally, the 120 nm layer is chosen as the optimal
and preferable layer.
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Table 6. The effect of window (ZnO) layer thickness on cell efficiency parameter, CZTS, CdS, and FTO
layer thicknesses are 2400 nm, 25nm, and 280 nm, respectively, T = 300 K.

Thickness (nm) Voc (V) Jsc (mA/cm?) FF% 7%
40 0.8925 34.044934 82.75 25.15
80 0.8925 33.768014 82.76 24.94
120 0.8925 33.594461 82.77 24.82
160 0.8924 33.490579 82.77 24.74
200 0.8924 33.425282 82.78 24.69
240 0.8924 33.380924 82.78 24.66
280 0.8924 33.34183 82.78 24.64
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Figure 4. (a) | — V current curves, (b) quantum efficiency percentage (QE%) for the cell at different
thickness ZnS layer, CZTS, CdS, and FTO layer thicknesses are 2400 nm, 25 nm, and 280 nm,
respectively, T = 300 K.

3.2. Effect of Doping Concentration on the Device Performance
3.2.1. Effect of CZTS Absorber (Acceptor) Doping Concentration on the Device
Performance

Figure 5a and Table 7 exhibit the acceptor doping concentration simulation findings.
The concentration of the acceptor was adjusted from 1 x 10 cm~3 to 1 x 107 cm~3.
Table 7 shows that when the doping concentration increases, Js¢ falls while V¢ increases.
The fundamental reason for this is that when the acceptor carrier concentration rises,
so does the device’s saturation current, and as a result, V¢ rises. Jsc diminishes as
carrier densities rise, accelerating the recombination process and reducing the likelihood of
collecting photon-generated electrons.
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Figure 5. (a) | — V current curves, (b) quantum efficiency percentage (QE%) for the cell as a function

of CZTS acceptor carrier concentration (Ny4), T = 300.

Table 7. The effect of absorber (CZTS) carrier concentration (N4) on cell efficiency parameter,
T =300 K.

Acceptor
Concentration, Voc (V) Jsc (mA/cm?) FF% 1%

NA (cm—3)

1.0 x 1016 0.8641 34.076207 82.35 24.25
2.5 x 1016 0.9013 33.440111 82.92 24.99
4.0 x 1016 0.9195 33.120408 83.22 25.35
5.5 x 1016 0.9316 32.911432 83.34 25.55
7.0 x 1016 0.9405 32.758694 83.32 25.52
8.5 x 106 0.9477 32.639828 83.11 25.45
1.0 x 10Y7 0.9536 32.543485 82.75 25.38

This is due to an increase in the recombination of free carrier charges within the bulk.
Longer wavelength, lower energy photons are completely absorbed in the CZTS layer. As a
result, the influence of the concentration density on the collected conversion efficiency is
greater. can be seen in Table 7, as the carrier concentration in the absorber layer material
rises, FF and %% rise as well. 7 and FF stay constant until achieving the optimum acceptor
carrier concentration, but V¢ steadily rises. The higher efficiency in the simulated findings
is explained by the combined impact of current density Jsc saturation, as well as the quick
increase in V¢ and FF with acceptor carrier charge concentration (N4). As a result, the best
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CdTe thin film performance can be attained with (N4 ~5.5 x 10'® cm™3). The following
Equation (12) explains the PN junction model [34]:

D D
Io = Agn?(—= <
(0] qnl(LgNA LhND

) (12)

Ip stands for saturation current, n; for intrinsic concentration, A for diode quality
factor, q for elementary charge, T for temperature, k for Boltzmann constant, I, for light-
generated current, L and D for diffusion length and coefficient, and Np and N4 for donor
and acceptor charge concentrations, respectively. The letters h and e stand for holes and
electrons, respectively. As the acceptor carrier concentration N4 rises, the saturation current
I falls, resulting in an increase in V¢ and a drop in Jsc.

When the acceptor carrier concentration is high, the recombination process speeds
up and lowers the possibility of electron-hole pair production, reducing the QE% of long
wavelength photons. The absorber (CZTS) layer will absorb long-wavelength light very
efficiently. The effect of modifications in CZTS acceptor charge carrier concentration
(N4) on solar cell fundamental characteristics was thoroughly examined. The spectrum
response of the thin film with CdTe acceptor carrier charge concentration is shown in
Figure 5b (N4). The simulated findings show that when the acceptor concentration in-
creases from 1 x 10'® cm =3 to 1 x 10'7 cm~3, the external quantum efficiency (QE) de-
creases. The greater gathering of photons at longer wavelengths can be ascribed to this.
The thin film solar cell has created more electron-hole pairs as a result of the absorption of
longer wavelength photons, resulting in an increase in Jsc at low acceptor charge carrier
concentration (N4) (Table 7). The J-V curves show that as the acceptor charge carrier con-
centration (N4) of the CdTe layer is increased (N4 > 1 X 106 cm—3), V¢ rises. This rise
implies that the open-circuit voltage (Voc) of the CdTe layer is highly influenced by the
acceptor charge carrier concentration (N4). The generated electric field in the depletion
area is influenced when the acceptor (hole) carrier charge concentration of (N ) of the CdTe
layer is high. As a result, the free charge carrier recombination decreases, increasing the
Voc. While lowering the CdTe acceptor carrier charge concentration below 1 x 10'® cm~3,
causes higher optical losses, which might be due to back contact surface recombination.
The rear contact is made using a tiny layer of molybdenum (Mo). It has the ability to
make ohmic contact with CZTS. Mo may react with sulfide (S) during CZTS deposition to
form MoS,. As a result, the CZTS/Mo structure becomes the CZTS/MoS, /MO structure.
The addition of MoS, provides an ohmic behavior to the CZTS/Mo hetero-contact while
reducing recombination at the interface. The MoS; layer works as a barrier height for
photo-generated carriers. The barrier causes high serial resistance (corrosion-resistant),
which lowers the Voc, FE, and hence the conversion efficiency of the device [35,36].

3.2.2. Effect of CdS Buffer (Donor) Doping Concentration on the Device Performance

This section’s major goal is to minimize the buffer layer’s losses (both optical and
electrical). The carrier charge concentration level of the CdS layer was altered from 1 x 107
to 1 x 10! cm~3 after that. Figure 6a and Table 8 illustrate the outcomes of the donor con-
centration simulation. Jsc and V¢ are nearly constant as doping concentration increases,
as shown in Table 8. The device’s #7% and FF have changed little as the doping concentra-
tion has increased. When we increase the doping concentration in a buffer layer beyond
the ideal level (2.5 x 107 cm~3), the device’s % and FF remain constant and begin to
decline. As a result, the buffer layer’s final ideal concentration value was 2.5 x 107 cm—3.
According to Figure 6a, increasing the doping concentration in the buffer layer has no
significant effect on the device’s operation. As a consequence, it was deduced that a change
in buffer layer concentration had no effect on the total output of a photovoltaic device.
More incoming photons created by the CdS layer are absorbed when the buffer layer (Np)
concentration falls, lowering the number of photons that the absorber (CZTS) layer can
absorb. As demonstrated in Figure 6b, absorbed photons form fewer electron-hole pairs,
resulting in a lower QE%. It can be seen that the QE% increases as the donor carrier charge
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concentrations rise. Based on the above, it is recommended to have a high buffer layer
donner concentration (Np ~ 2.5 x 107 cm~3) in the simulation for thin films.

Table 8. The effect of buffer (CdS) carrier concentration (Np) on cell efficiency parameter, T = 300 K.

Donor
Concentration, Voc (V) Jsc (mA/cm?) FF% 7%
Np (ecm—3)
1.0 x 1017 0.9135 32.911432 83.35 25.55
2.5 x 10%7 0.9135 32.940552 83.68 25.68
4.0 x 107 0.9135 32931112 83.69 25.67
5.5 x 1017 0.9134 32.872754 83.74 25.66
7.0 x 1017 0.9134 32.797653 83.79 25.60
8.5 x 1017 0.9134 32.719003 83.82 25.54
1.0 x 1018 0.9134 32.64839 83.84 25.49
(a)
49E”:vvv T 128 2 2 3 L 2n 2 2n 2 L2 2 2 T L2 2 L 2n 2 2n 2 L 2n 2 2n 2
25E+0
5.0E+0 .
- 75E+0 1.0x 10¥cm™?
E 10841
}". 12641
g 1541
= 84
20E-1
22E1
25641 / o
1 1.0x 107 em*?
-28E-1
-30E-1 #‘/I
-33E-1 '3 . s 4 ! ' "
00 01 02 03 04 05 06 07 08 09
Voltage (V)
(b)
100
%0 "\.\ o
P \ 10x 10" em™
0
§ ’
d 60
50 1.0x10¥em?
40
0

0 100 200 30 400 500 60 700 00 90 1000 1100

Wavelength (nm)

Figure 6. (a) ] — V current curves, (b) quantum efficiency percentage (QE%) for the cell as a function
of CdS donor carrier concentration (Np), T = 300 K.

3.2.3. Effect of ZnO Window Doping Concentration on the Device Performance

Both optical and electrical access is provided by ZnO (window) layers. Because of
its optical bandgap of 3.3 eV, ZnO was chosen as the window in our scenario because
it covers the whole visible wavelength. It can be deduced from Figure 7a,b, as well as
Table 9, that the efficiency parameters and QE% percent are unaffected by changes in donor
doping concentration in the range of (1.0 x 108 cm™3 to 1.0 x 10!° cm~3), that the window
layer contributes a small amount to electron-hole pair generation. The ZnO donor carrier
concentration was measured (Np = 4 x 10'® cm~3). The window layer (ZnO) has a greater
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bandgap and n-type conductivity than the absorber layer. It has an electrical function in
that it adjusts the width of the prohibited band between the absorber and the window
layer, preventing carrier recombination at the interface. It also has an optical function in
that, due to its large bandgap, it can absorb the maximum of the light spectrum in the area
not absorbed by the active layer, minimizing optical losses, and a mechanical function in
that it adjusts the width of the prohibited band between the absorber and the window
layer, preventing carrier recombination. The purpose of a protective layer is to shield the
absorber’s surface during the deposition of the ZnO layer, which might result in faults on
the CZTS surface. Because the ZnO layer is so thin in comparison to the CZTS absorber
layer, carrier density in the ZnO area has little effect on cell performance [31,37,38].

Table 9. The effect of window (ZnO) carrier concentration (Np) on cell efficiency parameter,
T =300 K.

Donor
Concentration, Voc (V) Jsc (mA/cm?) FF% 7%
Np (ecm—3)
1.0 x 1018 0.9134 32.940552 83.69 25.68
2.5 x 1018 0.9134 32.956339 83.73 25.7
4.0 x 1018 0.9134 32.96436 83.76 25.72
55 x 1018 0.9134 32.969749 83.77 25.72
7.0 x 1018 0.9134 32.973800 83.78 25.73
8.5 x 1018 0.9134 32.977041 83.79 25.74
1.0 x 101 0.9134 32.979739 83.79 25.74
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Figure 7. (a) | — V current curves, (b) quantum efficiency percentage (QE%) for the cell as a function
of ZnO donor carrier concentration (Np), T = 300 K.
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3.3. Effect of Working Temperature on the Device Performance

The operating temperature has a significant impact on photovoltaic device perfor-
mance in thin film solar cell applications. The photovoltaic panels are exposed to the
elements. As a result of incident light, heating on solar cells increases, affecting pho-
tovoltaic cell performance. At temperatures exceeding 300 K, the solar cell panels are
operational. The influence of the operating temperature of the suggested cell is also in-
vestigated. For research purposes, the temperature was measured in the range of 280 to
400 K. The simulation results are depicted in Figure 8a. The Vo¢ of a solar cell is directly
affected by temperature, which has an impact on the overall performance of the cell.
The performance of photovoltaic cells declines as the temperature rises. The increased
temperature affects the material carrier concentration, band gaps, and electron and hole
mobility, resulting in a lower cell conversion efficiency 1% [39]. The reverse saturation
current, J,, is temperature dependent because Vo decreases as temperature rises. As stated
in Equation (13), the reverse saturation current increases as the temperature rises, and this
increase in current is the principal cause of the decline in V¢ [40].

Je = ]o(e BT — 1) (13)

where J, is the photocurrent created by light. The higher the operational temperature,
the more energy electrons have. Because of the higher temperature, these electrons are
more likely to recombine with holes before reaching the depletion area. The solar cell
efficiency characteristics are shown in Table 10 which shows that when the temperature
rises, the device’s conversion efficiency decreases. According to Equation (12), a rise in
operating temperature affects FF and Vo, whereas [sc climbs marginally to a stable limit
with an increase in operating temperature (no significant effect). This is owing to the
temperate-affected drop in band-gap energy [41]. As a result, more far-reaching radiation
photons are able to form electron-hole pairs. V¢, on the other hand, decreases significantly
when the temperature rises. The reverse saturation current (Ig), which is temperature
sensitive, is responsible for the reduction in V¢ levels with increasing temperature [42].
The inherent carrier concentration [43] is another important component that causes the
decrease in V¢ with increasing operating temperature. The absorber layer’s bandgap is
usually rather small. The electron-hole pair recombination may be aided by the narrower
bandgaps. The interatomic spacing rises as the amplitude of the atomic vibrations increases
owing to increased thermal energy [44]. This behavior may be better understood if one
thinks that the interatomic spacing grows when the amplitude of the atomic vibrations
increases. The linear expansion coefficient of a material is used to quantify this impact.
The potential observed by electrons in the material decreases as interatomic separation
increases, reducing the energy bandgap. With increasing temperature, the FF percent
decreases until it reaches a steady-state temperature limit. Finally, when the temperature
rises, the device’s conversion efficiency decreases.

Table 10. Effect of working temperature on the device performance.

Temperature

) Voc (V) Jsc (mA/cm?) FF% 1%

280 0.9362 32.905463 84.16 25.93
300 0.9315 32.964360 83.75 25.72
320 0.9196 33.015222 83.45 25.34
340 0.8961 33.056706 83.17 24 .64
360 0.8633 33.089497 82.63 23.60
380 0.8260 33.116285 81.78 2237

400 0.7868 33.139151 80.74 21.05




Crystals 2021, 11, 1468

16 of 21

(a)
36E+0+
008 <0 frmtmtmtmmt s
5.0€+0
=
E 1084
<
E 156 T = 400K
= —
20€+1 /
256 Q 280K )
-30E+1
33E41) J ! ! ! ‘
00 01 02 03 04 05 06 07 08 09
Voltage (V)
(b)
100 ‘
% T T = 400 K
x )
w
o @
50
T=280K
40
30
20
10 ‘
0% ! ! T
10 100 200 300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Figure 8. (a) | — V current curves, (b) quantum efficiency percentage (QE%) for the cell as a function
of temperature.

Quantum efficiency percent (QE%) profiles at different temperature values are shown
in Figure 8b. The QE% profiles were calculated based on the SCAPS-1D software program.
The QE% profiles show a peak response to illumination wavelength. The QE% ranged
(80-90%) in the wavelength range (520-800 nm) and started lowering to 45% in the range
below (300-520 nm). Recombination and absorption in the absorber and buffer layer cause
the decrease. A rise in temperature in the range of 2800-400 K had a minor effect on the
quantum efficiency. The QE% profile shows absorption maxima at ~530 nm, this value
is consistent with the input CZTS value (E; = 1.45 eV). Figure 8b shows an absorption
edge at 800 nm, which can be attributed to vacancy levels in the energy gap, which can be
produced by doping. In addition, a minor effect in quantum efficiency with temperature
was observed, which can be attributed to the short period in the studied temperature
range (280—400 K), which meant that the range could not cause a noticeable effect on
the semiconductor construction, and thus only a minor change in quantum efficiency
was observed [45,46].

3.4. Optimization of the FTO/ZnO/CdS/CZTS/MO Thin Film-Based Solar Cell
3.4.1. ] — V Characteristics at Optimum

The primary function of a photovoltaic cell is to convert light energy into electrical
energy. In the dark, when there is no light, the photovoltaic solar cell is a massive flat
diode that forms the exponential J-V curve. Due to minority carriers, the cell gives an
exceptionally low current value in dark environments. The solar cell begins to work when
exposed to light, and current flows due to charge carriers produced by incident photons.
The cross-over and roll-over of the | — V curves of the FTO/ZnO/CdS/CZTS/MO thin
film: The intersection of dark and lit J-V curves is known as cross-over. The phenomenon



Crystals 2021, 11, 1468

17 of 21

of roll-over occurs when the | — V curve is meshed and current levels of greater voltage
are present. The dark and photo | — V curves are depicted in Figure 9. The simulation
of SCAPS-1D depends the optimal layer carrier concentration densities in its calculation
CZTS (W =2400 nm, N4 = 5.5 x 10 cm™3), CdS (W = 25 nm, Np = 2.5 x 1017 cm™3),
and ZnO (W = 120 nm, Np = 4 x 10'® cm~3). The optimum output cell efficiency pa-
rameters were achieved with the conversion efficiency (%) of 25.72% (FF% ~ 83.75%,
Jsc & 32.96436 mA /cm?, and Ve ~ 0.9315 V). The carrier concentration of the absorber
layer /buffer layer interface recombination or the absorber/back contact was measured
using this advantage [47].
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Figure 9. | — V current curves for optimum thin film (dark and photo current), at T = 300 K.

3.4.2. Energy Band Gap at Optimum

The energy band diagram of FTO/ZnO/CdS/CZTS/MO solar cells is shown in
Figure 10a,b. This energy band diagram was generated from the SCAPS output for this
study. The energy band diagram is useful for understanding solar cell properties. More or
equal to 1.45 eV, is the band gap value for incident light photons that is optimum for most
of the light to be absorbed for effective conversion efficiency. Band alignment is one of
the most important factors influencing thin film performance and current transmission
across the heterojunction. CZTS as the absorber layer has an excellent band diagram,
with CdS as the buffer layer and ZnO as the window layer. Figure 10a shows the CZTS
absorber layer (Eg = 1.45 eV) from 0 to 2.4 um, the CdS buffer layer (E; = 2.4 eV), the ZnO
window layer (E; = 3.3 eV) from 2.425 to 2.545 um, and the FTO layer (E; = 3.5 eV)
from 2.545 to 2.825 um. A “cliff” type band alignment occurs when the absorber layer’s
conduction band is higher than the buffer layer’s conduction band [48]. This is the case
of CZTS as a thin film absorber, as seen in Figure 10b. The absorber, buffer, and window
layers may all be seen to have adequate band alignment. The band diagram depicts four
recombination zones. The four locations include recombination at the back contact (region
R1), bulk (quasi-neutral) recombination in the absorber layer (region R2), space charge
(region R3), and recombination at the absorber/buffer interface (region R4). The back-
contact will be kept near to the depletion zone by the thin absorber layer, resulting in
a significant increase in back-contact recombination. Reasonable neutral interface flaws
for recombination at the CZTS/CdS and CdS/ZnO interfaces were also investigated at
mid-gap to facilitate recombination [28]. The rear and front contact surfaces’ reflectance’s
were set to 0.1 and 0.9, respectively (Table 3). When photons transit the absorber, they are
reflected by the absorber’s high reflectivity upon return contact, which boosts absorption.
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Figure 10. The band energy diagram at optimum thin film: (a) dark current, (b) photo current.

3.5. Comparison the Simulation Results with Experimental Thin Film-Based Solar Cell

Table 11 show the results of our suggested modeling work for thin film
FTO/ZnO/CdS/CZTS/MO compared to earlier experimental work.

Table 11. Comparison of functional parameters with experimental result.

Structure W (nm) Na(em=3)  Voc (V) Jgc (mA/em?) FF% 7% Ref.
CZTS/CdS/ZnO  2400/25/120 5.5 x 10° 32.96 0.932 83.75 2572 [Proposed]
CZTS/CdS/ZnO 21.3 0.7 63 9.4 [49]
CZTS/CdS/ZnO 19.5 0.661 65.8 8.4 [27]
CZTS/CdS/ZnO 22 0.567 58.1 7.3 [50,51]
CZTS/CdS/ZnO 21.8 0.614 55.5 7.1 [52]
CZTS/CdS/ZnO 17.8 0.587 65 6.81 [53]
CZTS/CdS/ZnO 17.9 0.610 62 6.77 [54,55]
CZTS/CdS/ZnO 19.9 0.592 57.6 6.7 [52]
CZTS/CdS/ZnO 17.6 0.584 62.89 6.44 [50]
CZTS/CdS/ZnO 157 0.623 63.9 6.25 [56]

4. Conclusions

The SCAPS program was used to model and analyze a kesterite
FTO/ZnO/CdS/CZTS/MO -based solar cell. Researchers, designers, and engineers will
find this work extremely valuable in studying and constructing CZTS-based systems.
It should be emphasized that using | — V characteristics to explain the device’s behavior
is insufficient to fully comprehend the solar cell, which is due to the fact that the solar
cell’s reaction is also influenced by its internal physical mechanism. Several variables,
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as well as various alternative simulation situations, must be addressed to improve the
confidence in the modeling of a solar cell. This work achieved encouraging optimized re-
sults with a conversion efficiency (17%) of 25.72% (FF% = 83.75%, Jsc ~ 32.96436 mA /cm?
and V¢ =~ 0.9315 V). The findings will provide crucial information for the production of
high-efficiency thin film solar cells. The development of enhanced numerical modeling
performance of solar cells plays a vital role, as evidenced by the findings.
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