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Abstract – Thin film-based solar cell semiconductor emerges as a promising candidate for solar 
photovoltaic future applications. A proposed heterojunction ZnTe/ZnSe/ZnO thin film-based solar 
cell has been simulated by using Solar Cell Capacitance Simulator-One Dimension (SCAPS-1D) 
in order to study the impact of temperature and defect layers on its efficiency parameters. The 
heterojunction thin film-based solar cell has been selected for simulation due to its low cost, 
availability, and reduced toxicity compared to other absorber layer materials. Numerical 
modeling has been used to comprehend device properties before fabrication. The results indicate 
that the efficiency parameters (Jsc, VOC, FF, and η) have been significantly affected by temperature 
and the presence of defect layers. The simulated J-V characteristics demonstrate how defect 
density affects solar cell efficiency parameters. In the defect system, the efficacy parameters have 
been reduced except for a slight increase in VOC at 300 K. The findings of this study are significant 
as they demonstrate the importance of understanding the impact of temperature and defect layers 
on the performance of thin film-based solar cells. The use of numerical modeling tools like 
SCAPS-1D can aid in the design and development of new solar cell technologies, which could 
ultimately lead to the widespread adoption of solar energy as a clean and sustainable energy 
source. Copyright © 2023 The Authors. 
Published by Praise Worthy Prize S.r.l.. This article is open access published under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/). 
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Nomenclature 
A Area 
CB Conductance Band 
D Diffusivity of the minority carrier 
e Charge (1.6  10-19 C) 
EC Conductance energy 
EF Fermi energy 
Eg  Bandgap  
EG0 Extrapolated bandgap at absolute zero 
EV Valance Energy 
Et Total defect energy 
FF Fill Factor 
G Generation rate 
h Blank constant 
Io Maximum current 
IS Saturation current 
ISC Short-circuit current 
Jn Electron current densities 
Jp Hole current densities 
JSC Short-circuit current density 
k Constant 
L Diffusion length of the minority carrier 
MO Molybdenum 
݉௘
∗ Effective electron mass 

݉௛
∗  Effective hole mass 

n Electrons concentration 
NA Charged impurities of acceptor 
NC CB effective density of states  
ND Charged impurities of donor 
NV  VB effective density of states  
p Holes concentration 
PV Photovoltaic 
q Electron charge 
QE% Quantum Efficiency percent 
R Recombination rate 
SCAPS-1D Solar Cell Capacitance Simulator in 1 

Dimension 
SnO2 Tin(IV) oxide 
ni Intrinsic carrier concentration 
T Temperature 
VB Valance Band 
VOC Open-Circuit voltage 
Ve-th Electron thermal velocity  
Vp-th  Hole thermal velocity  
W Thickness  
ZnSe Zinc Selenide 
ZnTe Zinc Telluride 
ZnO Zinc Oxide 
η Efficiency 
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λ Wavelength 
Ψ Electrostatic potential 
εo Vacuum permittivity 
εr Relative permittivity 
εr Dielectric permittivity (relative) 
µe Electron mobility  
µp Hole mobility  
ρp Holes distribution 
ρn Electrons distribution 
χe Electron affinity 

I. Introduction 
Studying the effect of temperature on hetero-junction 

thin-film solar cells is one of the emerging issues in 
photovoltaic applications. Exposing the solar panels to 
direct sunlight will lead to an increase in their operating 
temperature, and the solar panels may be heated to a 
higher temperature. In addition, the photovoltaic thin-film 
solar cells under concentrated light are potentially 
interesting in the research and in the applications. Using 
giant lenses or mirrors to concentrate the sunlight on a 
small area of the photovoltaic solar cell will increase the 
efficiency of converting light to electricity by using a 
minimum amount of the solar cell devices materials. This 
technology will produce increases in the thin-film solar 
cell devices temperature. In addition, solar cell panels 
used in a spacecraft will increase the solar cell panel 
temperature [1], [2]. This increase in temperature may 
affect the solar cell device's efficiency. The computational 
simulation will consider the impact of operating 
temperature on solar panel efficiency. Typically, higher 
temperatures negatively affect the photovoltaic efficiency 
of solar cells, resulting in a reduction in overall cell 
efficiency [3].  

The performance of solar cells is highly dependent on 
their operating temperature, which is one of the most 
important factors affecting their overall efficiency. The 
impact of temperature on solar cell efficiency parameters, 
such as open-circuit voltage (VOC), short-circuit current 
density (JSC), Fill Factor (FF), efficiency (η%), and 
Quantum Efficiency percent (QE%), is well documented.  

Changes in operating temperature can significantly 
influence these parameters, resulting in a reduction in the 
overall efficiency of the solar cell device.  

Therefore, understanding the impact of temperature on 
solar cell performance is crucial in designing and 
developing more efficient solar cell technologies [3]. An 
increase in operating temperature generally leads to an 
increase in reverse saturation current. Additionally, 
operating temperature can also affect open-circuit voltage 
(VOC), which tends to decrease as saturation current 
increases. At higher temperatures, electrons in the solar 
cell gain more energy, leading to faster recombination 
with holes before they reach the depletion region and are 
collected. This can result in reduced solar cell efficiency 
and stability. Therefore, careful consideration of operating 
temperature is necessary when designing and developing 
solar cell technologies in order to ensure their optimal 

performance and stability [4], [5]. In addition to the 
factors mentioned previously, solar cell efficiency 
decreases as operating temperature increases due to the 
reduction in the band gap of most semiconductor 
materials. This reduction negatively affects electron and 
hole mobility, carrier concentrations, and bandgaps of the 
material, leading to a decrease in the overall efficiency of 
the solar cell.  

Numerical simulation is an essential tool for the design 
and the optimization of solar cells. It allows researchers to 
investigate the impact of various factors, such as material 
properties, geometry, and operating conditions, on the 
performance of solar cells. This approach offers a 
cost-effective and efficient method for evaluating the 
feasibility of novel solar cell designs and identifying 
potential areas for improvement [6]-[10]. In order to 
understand better the impact of operating temperature on 
solar cell efficiency, researchers use simulation programs 
such as SCAPS-1D. It is a one-dimensional solar cell 
simulation program developed by a research group at the 
University of Gent. It provides valuable insights into the 
effect of different factors, including temperature and 
defects, on solar cell efficiency parameters. By using such 
simulation tools, researchers can optimize the design and 
performance of solar cell devices for various operating 
conditions [11]-[14].  

Zyouds have used SCAPS-1D to simulate the 
optimization of the ZnTe-based thin-film heterojunction 
solar cells via the replacement of metal chalcogenide 
buffer layers, and Effect of absorber (acceptor) and buffer 
(donor) layers thickness on Mo/Cdte/Cds/ITO thin film 
solar cell performance: SCAPS-1D simulation aspect 
[15]-[17].  

The SCAPS-1D program will be utilized to evaluate 
numerically the photovoltaic device's efficiency 
performance at various operating temperatures ranging 
from 280 to 420 K. Additionally, SCAPS-1D will be 
employed to simulate the effect of a neutral defect in the 
absorber ZnTe layer on cell performance at an operating 
temperature of 300 K [18]. The suggested heterojunction 
solar cell device ZnTe/ZnSe/ZnO has been chosen based 
on literature reports of successfully prepared and studied 
devices. SCAPS-1D has been used in this study in order to 
gain a better understanding of the impact of temperature 
and defects on solar cell performance, which can aid in the 
development of more efficient and stable solar cell 
technologies [19], [20]. The device performance 
efficiency will be observed as a function of efficiency 
parameters ( ைܸ஼   .(%ௌ஼, FF%, η%, and QEܬ ,

The rest of the paper is organized as follows. Section II 
shows the numerical modeling and the material 
parameters. This section will describe the methodology of 
the device simulation and modeling, the input parameters, 
and the used mathematical equations. Section III 
represents the results and the discussion details with 
subtitles such as Effect of working temperature on the 
device performance, Effect of deep defect in layers on 
solar cell performance. Finally, the conclusion is 
presented in the final section of this paper. 



 
S. H. Zyoud, A. H. Zyoud 

Copyright © 2023 The Authors. Published by Praise Worthy Prize S.r.l.  International Journal on Engineering Applications, Vol. 11, N. 1 

3 

II. Numerical Modeling 
and Material Parameters 

Numerical modeling has been employed to offer a 
theoretical road map for speedy experimental 
optimization of processes. Simulation has been used for 
the optimization of parameters in energy [21], [22], 
transportation [23]-[25], heat transfer [26]-[28], 
production planning [29], water, and food production [6], 
[30]. Numerical simulation has also been employed in 
improving the properties of solar cells [14], [31], [32].  

Nanostructured metal oxide is among the emerging 
solar cells. Modeling of nanostructured metal oxide 
interest has increased significantly for decades due to the 
simplicity and ease of manipulation of the tool [33], [34].  

The modeling techniques are used to compute the 
fundamental physical properties such as holes and 
electrons concentration and electrical potential. It also 
provides more information regarding the influence of 
material physical parameters on device functional 
parameters or characteristics. For the numerical modeling 
of solar cells, physical parameters of material are taken 
as input for the simulation software [35]. 

II.1. Numerical Modeling 

The SCAPS-1D simulation software has been used 
here to calculate the suggested device simulating results.  

The software can solve basic semiconducting 
equations for electron-hole based on Poisson’s Equations 
(1), (2) [13], [36]: 

 
݀ଶߖ
ଶݔ݀ =

݁
߳௢߳௥

(ݔ)݌] − (ݔ)݊ + ܰ஽ − ஺ܰ + ௉ߩ − ௡] (1)ߩ

 
where ߖ is the electrostatic potential, ݁ is the electrical 
charge, ߳௥ is relative, ߝ௢ is the vacuum permittivity, ݌ 
and ݊ are the holes and electrons concentration, ܰ஽ is 
the charged impurities of donor, ஺ܰ  is the charged 
impurities of acceptor, ߩ௣ is the holes distribution, and 
 ௡ is the electrons distribution. The continuity equationsߩ
for electrons and holes are: 
 

௡ܬ݀
ݔ݀ =

௣ܬ݀
ݔ݀ = ܩ − ܴ (2)

 
where ܬ௡ is the electron current densities, ܬ௣ is the hole 
current densities, ܴ is the recombination rate, and ܩ is 
the generation rate. The electron current densities and the 
hole current densities produced by drift and diffusion are 
representing the carrier transport in semiconductors. The 
electron current densities ܬ௡ can be expressed as: 

 

௡ܬ = ௡ܦ
݀݊
ݔ݀ + ௡݊ߤ

݀߮
ݔ݀  (3)

 
The holes current densities ܬ௣ can be presented as: 
 

௣ܬ = ௣ܦ
݌݀
ݔ݀ + ݌௣ߤ

݀߮
ݔ݀  (4)

The open-circuit voltage originally decreases with 
increasing temperature because of the temperature 
dependence of the ܫ௢ [37]: 

 

௢ܫ = ܣݍ
௜ଶ݊ܦ

஽ܰܮ
 (5)

 
where ܦ is the diffusivity of the minority carrier, ܮ is 
the diffusion length of the minority carrier, ܰ஽  is the 
doping, and ݊௜ is the intrinsic carrier concentration. The 
intrinsic carrier concentration (݊௜)  is the most 
significantly affected by temperature among the above 
parameters: 

 

݊௜ଶ = 4 ൬
ܶ݇ߨ2
ℎଶ

൰
ଷ

(݉௘
∗݉௛

∗ )ଷ ଶൗ ݁ି
ாಸబ
௞் = ଷ݁ିܶܤ

ாಸబ
௞்  (6)

 
where ܶ  is the temperature, ܤ  is the independently 
temperature constant, ீܧ଴ is the extrapolated bandgap at 
absolute zero, ݉௘

∗ is the density of states effective masses 
of electrons, ݉௛

∗  is the density of states effective masses 
of holes. In addition,  ݇  is a constant. Replacing ݊௜ 
equation in ܫ௢ equation will prduce the impact of 
temperature on the ைܸ஼  as: 
 

ைܸ஼ =
݇ܶ
ݍ ln

ௌ஼ܫ
ைܫ

 (7)

 
The Fill Factor (ܨܨ) is used to measure a photovoltaic 

cell quality, which is derived by equating the maximum 
power ( ௠ܲ௔௫) to the theoretical power ( ௧ܲ), where the 
theoretical power ( ௧ܲ ) is the open circuit voltage ( ைܸ஼ ) 
multiplied by the short-circuit current density (ܬ௦௖). FF is 
given by Equation (8): 

 

ܨܨ = ௠ܸ௔௫ܫ୫ୟ୶  

ைܸ஼ܫௌ஼
 (8)

 
Energy conversion efficiency is the most frequently 

used parameter to relate the performance of two solar 
cells and it is termed as ߟ. It is defined as the ratio of 
output power from a solar cell to the input power that 
reaches in from the sun [38] and is expressed by 
Equation (9) [39]: 

 

η = ைܸ஼  × ௌ஼ܬ × ܨܨ
௜ܲ௡

 (9)
 
Energy conversion efficiency (η ) depends on the 

parameters like incident sunlight intensity, solar cell 
working temperature, and spectrum type. Therefore, in 
order to compare two or more solar cells, it is important 
to control carefully the conditions under which η are 
measured. The incident light (photons) illumination is 
AM1.5G spectra through the calculation of the J–V 
characteristics in this numerical simulation analysis [40].  

The input power, ௜ܲ௡ , from the sun is considered as 
1000 W/m2. The quantum efficiency (ܳܧ) is the ratio of 
the extracted free charge carriers by the solar cell to the 
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number of incident photons. In other words, ܳܧ relates 
to the response of a solar cell to different wavelengths. It 
may be given either as a function of energy or 
wavelength. The ܳܧ  will be unity at the precise 
wavelength if all certain wavelength photons are 
absorbed and the resulting minority carriers are collected.  

The spectral response has been evaluated based on the 
quantum efficiency measurements. ܳܧ  is defined 
according to Equation (10) [41]: 

 

(ߣ)ܧܳ =
(ߣ)ܫ

ൗݍ
߮௣(ߣ)  (10) 

 
where q is the elementary electrical charge, (ߣ)ܫ is the 
photogenerated current ߮௣(ߣ) is the photon flow.  

II.2. The Suggested Thin-Film Solar 
Cell Device Structure 

It has been proposed to construct a thin-film solar cell 
device using a glass substrate as a supporting slide. A 
molybdenum thin layer film would be deposited on the 
glass substrate, followed by a ZnTe layer (p-type) with a 
thickness of 2400 nm on top of the molybdenum layer. A 
ZnSe layer (n-type) with a thickness of 25 nm would be 
used as a buffer layer, and a ZnO layer (n-type) with a 

thickness of 10 nm would be used as a window layer. The 
selection of materials for the simulation calculations has 
been based on their efficiency, stability, material cost, and 
ease of preparation. Fig. 1 illustrates the arrangement of 
the modeling layers. 

II.3. Simulation Input Parameters 

The required input parameters used for the suggested 
thin-film solar cell device are shown in Table I and Table 
II. The input results have been chosen based on the 
literature optimal findings [42]-[48].  

 

 
 

Fig. 1. Schematic structure of a thin film- based solar cell 
 

 
TABLE I 

NECESSARY INPUT PARAMETERS THAT USED FOR THE SUGGESTED THIN-FILM SOLAR CELL DEVICE 
Parameters p -ZnTe n- ZnSe ZnO 

Thickness (nm) 2400 25 120 
Bandgap (eV) 2.26 2.9 3.3 

Electron affinity (eV) 3.5 4.09 4.35 
Dielectric permittivity (relative) 9.67 10 9 

CB effective density of states (cm-3) 7  1016 1.5  1018 2.2  1018 
VB effective density of states (cm-3) 2  1019 1.8  1018 1.8  1019 

Electron thermal velocity (cm/s) 1  107 1  107 1  107 
Hole thermal velocity (cm/s) 1  107 1  107 1  107 
Electron mobility (cm2/Vs) 330 50 100 

Hole mobility (cm2/Vs) 80 20 25 
Donor density ND (cm-3) 0 2.5  1017 4  1018 

Acceptor density Na (cm-3) 5.5  1016 0 0 
 

TABLE II 
ELECTRICAL AND OPTICAL PROPERTIES OF BACK AND FRONT CONTACT USED IN SCAPS SIMULATION 

Electrical Properties Back contact Front contact 

Thermionic emission surface recombination velocity (cm/s) Electron 1  107 1  107 
Holes 1  107 1  107 

Metal work function (eV) 4.625 4.1 

Majority carrier barrier height (eV) Relative to EF 0.4 0.1 
Relative to EV or EC - 0.0682 0.0571 

Allow contact tunneling Effective mass of electron 1 1 
Effective mass of holes 1 1 

Optical Properties 
Filter Mod Reflection Transmission 
Filter value 0.8 0.95 

Complement of filter value 0.2 0.05 
 

TABLE III 
BULK DEFECTS PROPERTIES IN ZNTE/ZNSE/ZNO DEVICE. 

Defect Absorber Layer (ZnTe) Buffer layer (ZnSe) Window layer (ZnO) 
Charge type Neutral Neutral Neutral 

Total density (cm-3): Uniform 1.1  1014 5.0  1016 1.0  1016 

Energy distribution: Gauss Et = 0.6 eV above EV Et = 1.2 eV above EV Et = 1.65 eV above EV 
Ekar = 0.1 eV Ekar = 0.1 eV Ekar = 0.1 eV 

Capture cross section area of electrons (cm2) 1.0  10-13 1.0  10-15 1.0  10-15 
Capture cross section area of holes (cm2) 1.0  10-15 5.0  10-13 5.0  10-13 
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The effect of defect on the device layers has been 
investigated. The defect is supposed to be in the absorber 
(ZnTe) layer, buffer (ZnSe) layer, and window (ZnO) 
layer as shown in Table III. 

III. Results and Discussion 
III.1. Effect of Working Temperature 

on the Device Performance 

A crucial factor that affects the performance and the 
applications of thin-film solar cell devices is their 
operating temperature. When exposed to high levels of 
solar radiation, the temperature of the panels may exceed 
300 K, which can have a detrimental effect on the 
performance of the photovoltaic cells. Therefore, the 
impact of temperature on the proposed cell has been 
investigated, and for this purpose, a temperature range of 
280-400 K has been considered. 

III.1.1.    The Effect of Operating Temperature 
on J-V Characteristics 

Fig. 2 depicts the simulated J-V curves for the defect 
system at temperatures ranging from 280 K to 420 K.  

Meanwhile, Figs. 3 present the solar cell efficiency 
parameters. The results in Figs. 3 illustrate the impact of 
temperature on various cell efficiency parameters, 
including VOC, JSC, FF%, and η%. As shown in Fig. 3(a), 
the VOC value of the thin-film solar cell devices decreases 
as the temperature increases. This decrease in VOC values 
is mainly due to the temperature-dependent reverse 
saturation current (Is) [49]. The intrinsic carrier 
concentration (ni) also contributes to the decrease in VOC 
with operating temperature. As the temperature increases, 
the number of thermally generated intrinsic carriers’ 
increases, which leads to a higher concentration of charge 
carriers in the material. This increased carrier 
concentration reduces the potential difference across the 
solar cell, which results in a decrease in VOC. Therefore, 
the reduction in VOC with operating temperature is due to a 
combination of factors, including the 
temperature-dependent reverse saturation current (Is) and 
the intrinsic carrier concentration (ni).) [50], [51]. Fig. 
3(b) indicates that the JSC is not significantly affected by 
changes in temperature. Meanwhile, the FF decreases 
slightly (with no significant change observed) with an 
increase in temperature, as shown in Fig. 3(c). The 
efficiency (η) of thin-film solar cell structures also 
decreases with increasing temperature, as depicted in Fig. 
3(d). At higher temperatures, various parameters such as 
electron and hole motilities, carrier concentrations, and 
band gaps of the materials are affected. The band gap is 
directly influenced by the temperature, and it increases 
with temperature, contributing to the decrease in cell 
efficiency [40]. This will result in a lowering in the cell 
efficiency [52]. The bandgap of the absorber layer in 
thin-film solar cell devices is typically narrow. This 
narrow bandgap can facilitate electron-hole pair 

recombination, which can decrease the cell efficiency.  
This behavior can be attributed to the increase in 

interatomic spacing that occurs when the amplitude of 
atomic vibrations increases due to the increased thermal 
energy. The effect of temperature on interatomic spacing 
is quantified by the material's linear expansion coefficient.  

As a result, the performance of thin-film solar cell 
devices decreases at higher temperatures, as shown in Fig. 
2. 

III.1.2.    The Influence of Temperature 
on the Energy Band Gap 

The band alignment between the layers of a solar cell 
device is crucial for efficient current transport and 
performance. The SCAPS-1D software program can be 
used to simulate and calculate the band diagram of the 
solar cell structure. Fig. 4 shows the band diagram of the 
proposed device, with the ZnTe layer (0-2400 nm), ZnSe 
layer (2400-2425 nm), and ZnO layer (2425-2540 nm).  

The band diagram indicates good alignment between 
the absorber, the buffer, and the window layers, as shown 
in Fig. 5(a). The band diagram also reveals four 
recombination regions: recombination at the ZnTe layer 
back contact (region R1), bulk recombination in the 
absorber ZnTe layer (region R2), space charge depletion 
layer in ZnTe (region R3), and absorber/buffer interface 
recombination (region R4). A thin absorber layer can 
reduce the distance of the bulk recombination region in 
the ZnTe absorber layer (region R2) and keep the back 
contact close to the depletion region (R3), leading to 
increased recombination at the back contact. As a result, a 
significant amount of photogenerated carriers is 
recombined at the back contact, reducing the device's 
efficiency. The optical inventory factor is related to the 
absorption coefficient and the thickness of the active 
layer. An increase in temperature causes a decrease in the 
refractive index of the semiconductor, leading to a 
decrease in the optical inventory factor and, consequently, 
a decrease in the absorption coefficient. This decrease in 
absorption coefficient results in a decrease in the number 
of absorbed photons and a decrease in the number of 
generated electron-hole pairs, which leads to a decrease in 
the short-circuit current density (JSC) and, consequently, a 
decrease in the overall efficiency of the thin-film solar cell 
device [53], [54].  

 

 
 

Fig. 2. Current mode with voltages 
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(a) 

 

 
(b) 

 
(c) 

 

 
(d) 

 
Figs. 3. Solar cell operating characteristics at different operatin 

temperatures, (a) VOC, (b) JSC, (c) FF, and (d) η 

Figs. 5(a)-(c) illustrate the band diagram at different 
temperatures. When the photons have an energy higher 
than the energy bandgap ൫ܧ௚൯  of the semiconductor 
materials, the photons will be absorbed and generate 
electron-hole pairs [55]. The cut-off wavelength of 
photons that can generate carriers in a semiconductor is 
dependent on the bandgap energy, and this energy is 
temperature-dependent. Equations (11) and (12) can be 
used to define the relationship between the bandgap 
energy and temperature [56]: 

 

௚ߣ  (nm) =  
1240
 ௚(ܸ݁) (11)ܧ

 

(ܶ)௚ܧ = ௚(0)ܧ  − 
ଶܶߙ

ܶ +  (12) ߚ 

 

 
 

Fig. 4. Band diagram for thin film structure solar cells, at T = 300 K 
 

 
(a) T= 300 K 

 

 
(b) T= 350 K 

 

 
(c) T=400 K 

 
Figs. 5. Band diagram for thin film structure solar cells at different 

temperature, (a) T = 300 K, (b) T = 350 K, (c) T = 400 K 
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The variable Eg(T) denotes the energy of the bandgap at 
certain temperatures, while Eg(0) is the bandgap energy of 
the semiconductor at approximately 0 K. The constants α 
and β are used in the calculation of the bandgap energy.  

Table IV shows the bandgap energy values of the 
absorber (ZnTe), buffer (ZnSe), and window (ZnO) layers 
as a function of temperature. 

III.1.3.    The Influence of Temperature 
on the Quantum Efficiency Percent (QE%) 

Fig. 6 presents the quantum efficiency percent (QE%) 
profiles at different temperature values, which have been 
obtained through calculations by using the SCAPS-1D 
software program. These profiles exhibit a peak response 
to illumination wavelength, with a range of 80-90% QE% 
in the wavelength range of 520-800 nm. However, the 
QE% starts to decrease at a threshold limit of 400 nm, 
with a value of 15%.  

This decrease is mainly due to the cut-off edge of the 
ZnO window layer, in addition to recombination and ab-
sorption in the absorber and buffer layers. Within the 
range of 300-420 K, an increase in temperature does not 
have a significant effect on QE%.  

The QE% profile displays absorption maxima at ap-
proximately 510 nm, which is consistent with the input 
ZnTe value (2.26 eV). No significant change has been 
observed in QE% with temperature, which can be at-
tributed to the small range of temperatures studied 
(300-420 K), indicating that a temperature change of 120 
°C is not enough to cause a noticeable effect on the sem-
iconductor structure. Additionally, shallow level defects 
have not appeared in the near band edge region, which 
may contribute to the lack of significant change in QE% 
[57]. 

III.2. Effect of Deep Defect in Layers 
on Solar Cell Performance 

Deep-level defects are known to affect significantly the 
performance of semiconductor devices, including solar 
cells. In this study, the effects of defects on solar cell 
performance have been investigated by using the 
parameters outlined in Table III. It is challenging to 
manufacture a perfect or ideal semiconductor solar cell 
thin-film crystal, and most prepared thin-film solar cells 
have defects.  

These defects adversely affect solar cell efficiency by 
creating new recombination pathways, converting light 
energy into heat due to electron-hole recombination. They 
also introduce deep energy levels within the 
semiconductor bandgap, leading to a degradation in 
carrier lifetime and quantum efficiency.  

Recombination centers are one of the primary reasons 
for defects, as they trap photogenerated carriers before 
they reach the solar cell terminals. In order to address 
these issues, a simulation calculation has been conducted 
for the proposed thin-film solar cell under a non-defected 
state, with a simulation temperature of 300 K. 

 
 

Fig. 6. Quantum efficiency of thin film solar cell 
at various operating temperature 

 
TABLE IV 

BANDGAPS ENERGY WITH DIFFERENT TEMPERATURE DEGREES 
 Bandgap energy (eV) 

T (K) Absorber (ZnTe) Buffer (ZnSe) Window (ZnO) 
300 2.26 2.9 3.3 
350 2.31 2.96 3.35 
400 2.36 3.01 3.41 

III.2.1.    The Effect of Defect on the J-V Characteristic 

Fig. 7 shows the J-V characteristic for both defect and 
ideal crystals at a temperature of T = 300 K. The short 
circuit density (JSC), fill factor (FF), and quantum 
efficiency (η) all decrease with defects, while the 
open-circuit voltage (VOC) is only slightly affected, as 
shown in Table V.  

Deep-level defects mainly act as recombination 
centers, resulting in increased recombination rates and 
lower short-circuit currents with higher defect densities.  

Higher defect densities also lead to higher series 
resistance and poorer fill factor, ultimately resulting in a 
significant drop in efficiency of 2.6% compared to a 
non-defected system.  

The defect density location is theoretically changed 
from the bottom of the conductivity band to the top of the 
valence band, with both systems exhibiting approximately 
similar VOC values. The decrease in efficiency is attributed 
to recombination with the localized energy levels created 
by the defects.  

 

 
 

Fig. 7. Current mode with voltage at 375 K 
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TABLE V 
DEFECT DEPENDENCY 

 VOC (V) JSC (mA/cm2) FF η 
With Defect 0.9423 32.411912 82.42 25.17 

Without Defect 0.9359 34.371902 86.23 27.74 
 
Therefore, it is crucial to control the densities of 

deep-level defects in real experiments. The decrease in 
quantum efficiency observed in the defected system has a 
significant impact on the overall efficiency of the solar 
cell device, as indicated by Fig. 7 and the data presented in 
Table V.  

This highlights the importance of minimizing the 
number of defects in the semiconductor layer during 
manufacturing in order to improve the efficiency of the 
solar cell. Efforts should be made to produce near-perfect 
crystal semiconductor layers to achieve optimal solar cell 
efficiency. 

III.2.2.    The Effect of Defect on the Band Diagram 

The band diagram in Figs. 8(a), (b) illustrates the 
influence of defects on the band structure and band 
alignment of 2D materials. These results provide further 
insights into the potential to modify the band structure of 
these materials through defect engineering. The Fermi 
level in the pristine center region is situated roughly 
midgap, about 0.6 eV above the valence band for ZnTe, 
1.2 eV above the valence band for ZnSe, and 1.65 eV 
above the valence band for ZnO, as shown in Fig. 8(b). 

III.2.3.    The Effect of Defect on the Quantum 
Efficiency Percent (QE%) Profiles 

The impact of defects on the quantum efficiency of 
thin-film solar cells was investigated. Figs. 8 show the QE 
profiles for both perfect and defective crystals, covering a 
range of illumination from 300-800 nm. 

 

 
(a) without defect 

 

 
(b) with defect 

 
Figs. 8. Band Diagram, (a) without defect, (b) with defect , at T = 300 K 

 
 

Fig. 9. Quantum efficiency of thin film solar cell at various operating 
temperature with defect and without defect 

 
It has been observed that the QE value of the defective 

system is lower than that of the perfect crystal system in 
the 300-520 nm range. This decrease in quantum 
efficiency caused by defects ultimately leads to lower 
solar cell device efficiency, as illustrated in Fig. 9 and 
Table V.  

Therefore, manufacturers should consider minimizing 
the number of defects as much as possible and aim to 
prepare perfect crystal semiconductor layers to improve 
and increase solar cell efficiency. 

IV. Conclusion 
Semiconductor-based thin film solar cells have 

emerged as a promising option for solar photovoltaic 
applications. Numerical modeling, such as with the 
SCAPS-1D tool, can be used to optimize their 
performance by studying the impact of factors like 
temperature and defects on efficiency parameters. The 
simulated ZnTe/ZnSe/ZnO heterojunction thin film solar 
cell has revealed that the presence of defects and higher 
temperatures can significantly reduce the device's 
efficiency and quantum efficiency. This highlights the 
importance of controlling these factors to design and 
fabricate high-performance, low-cost, and 
environmentally safe thin film solar cells. The results of 
this study indicate that the optimal performance of the 
ZnTe/ZnSe/ZnO thin film solar cell has been achieved at 
280 K, with an efficiency of 25.29%, JSC of 33.64 
mA/cm2, VOC of 1.19 V, and FF of 84.8%. These findings 
demonstrate the potential for thin film-based solar cells to 
provide high efficiency and performance, making them a 
viable option for solar photovoltaic applications.  

Furthermore, the study has revealed that the bandgap 
energy of the thin film solar cell has increased by 1 
meV/K as the temperature has increased, emphasizing the 
importance of controlling the operating temperature to 
optimize performance. Additionally, defects in the crystal 
structure of the thin film solar cell system had a significant 
negative impact on its efficiency and quantum efficiency 
at higher temperatures. Hence, future research can focus 
on identifying and mitigating these defects to improve 
further the performance of thin film solar cells. Overall, 
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this research provides insight into the potential of thin 
film-based solar cells as a cost-effective, sustainable, and 
eco-friendly energy source that can address the rising 
demand for clean and renewable energy. 
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