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Abstract

In the purpose of enhancing solar cell efficiency and sustainability, zinc selenide (ZnSe)
and silicon (Si) play indispensable roles, offering a compelling combination of stability
and transparency while also highlighting their abundant availability. This study utilizes
the SCAPS_1D tool to explore diverse heterojunction setups, aiming to solve the nuanced
correlation between key parameters and photovoltaic performance, therefore contributing
significantly to the advancement of sustainable energy solutions. Exploring the perfor-
mance analysis of heterojunction solar cell configurations employing ZnSe and Si ele-
ments, various configurations including SnO, /ZnSe/p_Si/p*_Si, SnO, /CdS/p_Si/p*_Si,
TiO,/ZnSe/p_Si/p*_Si, and TiO, /CdS/p_Si/p*_Si are investigated, delving into parame-
ters such as back surface field thickness (BSF), doping concentration, operating temperature,
absorber layer properties, electron transport layer properties, interface defects, series and
shunt resistance. Among these configurations, the SnO,/ZnSe/p_Si/p*_Si configuration
with a doping concentration of 10! cm 2 and a BSF thickness of 2 um, illustrates a remark-
able conversion efficiency of 22.82%, a short circuit current density (Js;) of 40.33 mA/ cm?,
an open circuit voltage (V) of 0.73 V, and a fill factor (FF) of 77.05%. Its environmentally
friendly attributes position it as a promising contender for advanced photovoltaic applica-
tions. This work emphasizes the critical role of parameter optimization in propelling solar
cell technologies toward heightened efficiency and sustainability.

Keywords: heterostructure; SCAPS; ZnSe; CdS; SnO,; TiO,

1. Introduction

Renewable energy technology is a crucial response to the global challenges posed
by climate change and the depletion of fossil fuel resources [1,2]. Photovoltaic (PV) solar
cells have played a key role in this shift to a clean, sustainable energy source [3-7]. These
devices use the power of sunlight to generate electricity, providing a clean and renewable
energy source that can respond to the world’s ever-increasing energy demand while
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minimizing the environmental impacts of conventional energy sources [8-10]. From the
multitude of solar cell configurations, the heterojunction solar cell, characterized by its
unique material interfaces and advanced design, has been receiving considerable attention
due to its impressive efficiency and adaptability [11-13].

In this context, materials such as SnO, (tin—tin oxide), ZnSe (zinc selenide), CdS
(cadmium sulfide), and TiO, (titanium dioxide) are a key factor in the manufacture of
high-performance, long-lasting solar cells, with their particular qualities and affinity with
modern photovoltaic technologies. Each material contributes to the enhancement of solar
cells. SnO; tin oxide is a transparent material that can be deposited as a thin layer on
solar cells to allow sunlight to be transmitted to the active layers [14-17]. In addition, it
is a good electrical conductor, making it easier to collect the electrons generated by the
light [18,19]. ZnSe (Zinc Selenide) has an adequate energy gap for use as a buffer layer
material or as a junction material in solar cells based in thin-film [20-23]. It can improve
the effective conversion of sunlight to power. On the other hand, CdS is widely employed
as a buffer layer in solar cells, as it allows a smooth transition between the absorber layer
and the contact layer. It can also help to minimize the reflection of light from the cell
surface [24-26]. TiO, is commonly employed as a material for the front electrodes of solar
cells, most notably in perovskite and dye-sensitized (DSSCs) solar cells. It promotes the
transport of electrons generated by sunlight and can improve conversion efficiency [27-29].
However, P_Si and P+_Si layers are crucial for charge carrier transport, surface passivation,
and energy band alignment, influencing key parameters such as open circuit voltage
(Voe), and power conversion efficiency [30-32]. An understanding and optimization of
these materials is fundamental to achieving greater energy conversion efficiency and
advancing the capabilities of photovoltaic technology. These materials are selected based
on their specific properties, such as their band gap, electrical conductivity, transparency,
chemical stability, and availability. Their appropriate use in solar cell design optimizes light
absorption, charge collection, efficient carrier separation, and overall device durability.

However, the durability, as well as the efficiency, of solar cells are central to their
mainstream adoption. It is in this context that research into the optimization of solar
cell performance is particularly crucial. Among the many parameters influencing solar
cell performance, back surface field (BSF) thickness, doping concentration, operating
temperature, back contact work function, and series resistance (R;) are key factors.

Given the diversity of materials and device architectures available, a comparative
study of multiple heterojunction configurations is essential to identify optimal structures
for enhanced performance. The four selected configurations—SnO,/ZnSe/p_Si/p*_Si,
SnO,/CdS/p_Si/p*_Si, TiO,/ZnSe/p_Si/p*_Si, and TiO, /CdS/p_Si/p*_Si—were chosen
based on their favorable band alignments, complementary optical and electrical properties,
and their proven potential in prior literature for integration in thin-film and silicon-based
solar cells. These structures allow for a comprehensive evaluation of how front contact
materials (SnO; vs. TiO,) and buffer layers (ZnSe vs. CdS) interact with the silicon absorber
and BSF layers. This targeted approach enables the identification of material combinations
that yield the highest photovoltaic performance and supports the rational design of next-
generation solar cells.

In this paper, we investigate the impact of these parameters on the performance
of four different solar cell structures: SnO,/ZnSe/p_Si/p*_Si, SnO,/CdS/p_Si/p*_Si,
TiO,/ZnSe/p_Si/p*_Si, and TiO,/CdS/p_Si/p*_Si. The aim is to evaluate how these
parameters can be adjusted to improve open-circuit voltage (Voc), short-circuit current
density (Js), fill factor (FF), power conversion efficiency, and quantum efficiency, which
can have a significant impact on the overall efficiency of solar cells. The results obtained
show that the SnO,/ZnSe/p_Si/p*_Si configuration, with a back surface field thickness
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of 2 um and a doping concentration of 10! cm~3, proved to be the most favorable.
This configuration showed a clear increase in open-circuit voltage, short-circuit current
density, and fill factor. In parallel, the energy conversion efficiency was significantly
improved compared with the other configurations examined. Furthermore, the quantum
efficiency was also favorable for this configuration, confirming its potential for advanced
photovoltaic applications.

2. Device Architecture

Figure 1a shows an illustration of the heterojunction device structures employed in
the simulation. Figure 1b illustrates the energy band diagrams of the materials used in the
construction of the solar device.
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Figure 1. (a) Schematic of the device layered structure, and (b) energy band diagrams of the materials
used in the construction of the solar device.

3. Numerical Simulation and Parameters of Materials

In the framework of this research, SCAPS-1D v3.3.11 software [33-36], has been
employed as a valuable and very effective numerical simulation tool for researching and
explaining the physical events that occur within photovoltaic devices [37-39]. SCAPS is
able to solve Poisson’s equations as well as continuity equations for electrons and holes at
every point along the device [40,41]. It achieves this through the use of boundary conditions,
and the results from these simulations show strong agreement with experimental data [42].
We aimed to simulate and determine the performance of the inorganic solar cells. We took
our analysis a step further by examining how the thicknesses and concentrations of carriers
in the absorber and window layers affect the fundamental parameters of the solar cell. To
do this, we explored various values of the input variables to determine the optimal values
for achieving maximum performance for our solar cell devices.

Tables 1-3 provide a list of the properties of the solar device and the material collected
from theory, research, and experimentation, defect parameters of the used materials, and
Interface defect parameters.

Table 1. Material parameters used in our simulations [43-51].

SnO, TiO, ZnSe Cds p-Si p*-Si

Thickness (um)

0.10 0.10 0.10 0.10 0.05 -

Bandgap (eV)

3.50 2.26 2.90 2.40 1.12 1.12

Electron affinity (eV)

4.50 4.20 4.06 4 4.05 4.05

Relative dielectric permittivity

9.00 9.00 10 10 11.90 11.90
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Table 1. Cont.
Sn0O, TiO, ZnSe Cds p-Si p*-Si
CB effective density of states (1/cm?) 22 x 107 2 x 10 15x 1018 22 x10% 282x10 2.82x 10
VB effective density of states (1/cm?) 22x 10 6x107  1.8x 108 1.8 x 10 1.04 x 10  1.04 x 10¥
Electron thermal velocity (cm/s) 1 x 1017 1 x 10%7 1 x 107 1 x 10Y7 1 x 107 1 x 10Y7
Hole thermal velocity (cm/s) 1 x 107 1x107  1x107 1x107  1x107 1 x 10"
Electron mobility (cm?/ Vs) 20 100 50 100 1.041 x 10> 2.02 x 10%
Hole mobility (cm?/Vs) 10 250 10 25 412 x 102 77
Shallow uniform donor density ND (1/cm3)  2.42 x 10 1 x 10V 9 x 1018 1.1 x 1018 1 x 106 0
Shallow uniform acceptor density NA (1/cm3) 0 0 0 0 1 x 1010 1 x 10"
Table 2. Defect parameter [42,52].
TiO, SnO, ZnSe CdS p-Si
Defect type Neutral Neutral Neutral Neutral Neutral
Capture cross section of 1015 1, 10-15 11017 1x10°7 1 x 1015
electrons (cm?)
Capture cross section of 1 415 1 1915 141013 1x10°1 1x 1015
holes (cm*)
Reference for the defect Above the highest Ev
energy level E;
Energy with respect to 06 06 01 01 0.6
reference (eV)
total density (1/cm3) 1x10% 1x10% 1x10% 1x10% 1x104
Table 3. Interface defect parameter [53,54].
Interface
CdS/SnO,; CdS/TiOy; . . .
ZnSe/SnOy; ZnSe/TiO, p-Si/CdS; p-Si/ZnSe
Defect type neutral neutral
Capture crosszsectlon of 1% 10-19 1% 10-19
electrons (cm*)
Capture C;'OSS section of 1% 1019 1% 1019
holes (cm*)
Reference for the defect Above the highest Ev Above the highest Ev
energy level E;
Energy with respect to 06 06
reference (eV)
Total density (1/cm?) 1 x 1010 1 x 1010

4. Results and Discussion
4.1. Influence of Back Surface Field Thickness P*-Si (BSF)

Based on the information provided in Tables 1-3, simulations were conducted to

analyze how varying the thickness of the surface field layer influences key performance
metrics, including open-circuit voltage, short-circuit current density, fill factor, and overall
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efficiency. These simulations were carried out under standard conditions at 300 K using the

AM1.5G solar spectrum.

Figure 2 presents the ]_V characteristics of the four heterojunction solar cells studied
by varying the back surface field thickness. From the J_V curves, it can be observed that
the voltage and current increase as a function of the back surface field thickness. This
could be attributed to the augmentation of the back surface field thickness in heterojunction
structures, which improves charge carrier collection, reduces recombination, and changes
the potential gradients, increasing the voltage and output current of the device. The
resulting increase in output current and voltage can make the device more efficient as a

photovoltaic cell or in other electronic applications [55-57].
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Figure 2. J-V characteristics of the proposed heterojunctions as a function of the thick-
ness of the back surface field layer of (a) TiO,/ZnSe/P_Si/P*_Si, (b) SnO,/ZnSe/P_Si/P*_Si,

(¢) SnO, /CdS/P_Si/P*_Si, and (d) TiO,/CdS/P_Si/P*_Si.

In this work, the BSF thickness was varied up to 2.5 pm, which was chosen as an
upper limit based on a trade-off between performance gain and practical considerations
such as fabrication feasibility and material consumption. Increasing the thickness beyond
this value was found to provide marginal improvement in efficiency while potentially
introducing higher series resistance and processing complexity. Further increases could
also affect the device’s structural integrity or lead to diminishing electrical benefits.

Figure 3 illustrates the quantum efficiency as a function of wavelength for different
BSF thicknesses, varying from 0.01 to 2.5 pm. Quantum efficiency indicates the ability
of a solar cell to capture charge carriers generated by photons of a certain energy [58].
One notable observation is that as the thickness of the back surface field decreases, the
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absorption of photons with longer wavelengths decreases. Moreover, at wavelengths
greater than 1100 nm, the quantum efficiency drops to zero. This could be caused by the
light with longer wavelengths and lower energy cannot be absorbed due to the material’s
band gap, which prevents the excitation of charge carriers at these longer wavelengths. In
another way, light with too long a wavelength does not have the energy to excite electrons
across the band gap, resulting in zero quantum efficiency in this spectral range.
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Figure 3. Quantum efficiency as a function of wavelength for different back surface field thick-
nesses of (a) TiO, /ZnSe/P_Si/P*_Si, (b) SnO, /ZnSe/P_Si/P*_Si, (c) SnO, /CdS/P_Si/P*_Si, and
(d) TiO, /CdS/P_Si/P*_Si.

A significant observation is that for all four solar cells. All solar cell performance
parameters improve significantly as the thickness of the BSF layer increases as it is presented
in Figure 4. The initial gains in parameters such as short-circuit current density, open-circuit
voltage, efficiency, and fill factor were significant as the thickness of the back surface
field (BSF) layer increased. However, after a certain point, typically around 2.0 um, the
improvements started to reach a point of optimization. The maximum efficiencies of
the cells were approximately 25.2%, 24.8%, 24%, and 23.6% for SnO,/ZnSe/p_Si/p*_Si,
SnO,/CdS/p_Si/p*_Si, TiO,/ZnSe/p_Si/p*_Si, and TiO, /CdS/p_Si/p*_Si, respectively.
These findings highlight the significance of accuracy in determining the optimal BSF
thickness for reaching the best possible solar cell performance. The delicate balance between
thickness and performance highlights the need for careful optimization and characterization
to ensure the solar cells are operating at their peak efficiency. For the next work, a BSF
thickness of 2 um will be taken as the principle, as this thickness represents the point where
the performance of solar cell is typically optimized, based on the previous findings.
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Figure 4. Influence of the back surface field thickness layer on output parameters
of (a) TiO,/ZnSe/P_Si/P*_Si, (b) TiO,/CdS/P_Si/P*_Si, (¢) SnO,/CdS/P_Si/P*_Si, and
(d) SnO,/ZnSe/P_Si/P*_Si.
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4.2. Influence of Doping Concentration of Back Surface Field Thickness (BSF)

The impact of the doping concentration in the back surface field layer was also ex-
amined. Figure 5 illustrates the evolution of V., Js., FF, and the efficiency of photovoltaic
cells as a function of the doping density in this layer. At first, it is important to note that

3 as

all results remained relatively constant until the doping density reached 10'* cm™
shown in Figure 5. Thereafter, we observed an increase in V,, with doping density rang-
ing from 10 em~—3 to 10 ecm 3, reaching 0.74 V for SnO,/ZnSe/p_Si/p*_Si, 0.7 V for
SnO,/CdS/p_Si/p*_Siand 0.74 V for TiO, /CdS/p_Si/p*_Si and TiO, /ZnSe/p_Si/p*_Si
at 10! ecm 3. The observed behavior of the Ji is inversely associated with that of V,

demonstrating a decrease by increasing the doping density of the BSE.

SnO,/ZnSe/P_Si/P*_Si SnO,/CdS/P_Si/P’_Si

(a) TS — T T
— v ]
| 8400 r o /O/ ] 84.00 [ W/V/ 1
<8160 [ o 1 [E] 8160 v~ §
I ~
ka| 7920 /o . . 79.20 | V/ ]
(.

76.80 Q_Q_Q/Q 1 1 1 1 1 76.80 Y_f—f__A ! 1 L L !
F| 2| ¢ 1 /% 7T \A\
3 AN 2| 4235 | A a
E 41.80 [ 3 | E \
2 \ 2| 4158 \ B

4085 |- @ 4 \
x4 e R K1 i A—p ]

3990 1 1 1 1 1 1 1 1 4081 1 1 1 1 1 1 1 1 é
— 074 | o 1 _ -

o 0.67 | _©
=| o065 | P 4 |- o
Z o 2| 058} o ]
§ 0.56 |- /@ - %’ 648 O/
047 [ 1 @7 e—e—e—0— ]
! L L L 0.38 1 1 1 1 1 1 1 1 1
_ /. _ |

23.10 _° 7] 24.50 [ -/ ]
2| 19.80 | _° 4 [E[21.00 F l/ .
§ /‘ £ /./
| 16.50 |- @ - al 17.50 | -
: —e—e—8 (= —u |
u Bl O—¢——¢ = doo W—m—m—8" 0 0,

10 10 102 108 10™ 10 10 107 10" 10 10*° 10 10" 10" 10% 10™ 10" 10' 107 10" 10" 10%
Acceptor density of P*-Si (cm™) Acceptor density of P*-Si (cm™)
© + (@) TiO,/ZnSe/P_SV/P*_Si
TiO,/CdS/P_SV/P"_Si i ! : X 2 - .e = _Il :
— 858 F T T T T T T T |/| = 85.00 [ O/é ]
832k Py 1 8250 o ]
& <>/
g 80.6 | 0/0 1 80.00 <>/ ]
$ 78.0 [ o 1 750} "
g 1 1 1 1 1 1 L L L e L L L L L L L —
OO e —te——k OB s,
g 39.13 AN 39.56 [ e
EEXS *\ 4 386t *\ .
43731 * 1 wnf I -
,*L | 1 1 1 1 1 1 ?N? 1 1 1 1 1 1 1 ?‘*
[ o74p 1 0741 b
A "

0.65 /A 4 065 F P B
 os6l }} 1 ose | o N
4l 047 047 o

. - X - >
ﬂ A—A—A'—Z} L | . § N '_'_—.—_’ 1 1 1 1 1

24.00 [F 7 2400 ]
21.00 [ > 1 2100 < ]
b/ </
_|18.00 | ~ 9 18.00F = a
g /[§ /<
2/ 15.00 |- b 1 1500} g
é 1 1 1 ? 1 1 1 1 1 ‘|_<|__<| 1 1 1 1 1 1
10 10" 10" 10% 10" 10" 10' 107 10 10" 10°  1x10  1x102 1x10%  1x10 1x10% 1x10%
Acceptor density of P*-Si (cm™) Acceptor density of P*-Si (cm™)

Figure 5. Influence of the doping density of the back surface field layer on photovoltaic perfor-
mance of (a) SnO,/ZnSe/P_Si/P*_Si, (b) SnO,/CdS/P_Si/P*_Si, (c) TiO,/CdS/P_Si/P*_Si, and
(d) TiO,/ZnSe/P_Si/P*_Si.
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The fill factor remained almost constant up to 10'® cm~3 and then significantly in-
creased for all the configurations. At 10' cm~3 the conversion efficiency reached 24.94%
for SnO,/ZnS/p_Si/p*_Si, 25.67% for SnO, /CdS/p_Si/p*_Si, 22.77% for TiO, /CdS/p_Si/
p*_Si, and 22.96% for TiO, /ZnSe/p_Si/p*_Si.

Increasing the doping concentration in BSF layer reduces the electrical resistance at
the interface between this layer and the p*_Si region. A reduced resistance means less
voltage loss across this interface, resulting in a higher open circuit voltage. Increasing the
doping concentration in the BSF layer can also increase the Schottky barrier at the interface
between the layer and the p+-5i silicon. This helps to reduce carrier recombination at the
interface and to create greater separation of charge carriers, which also contributes to an
increase in V¢, and also a reduction in contact resistance; better separation of charge carriers
generally leads to an enhancement of the fill factor [59,60]. The FF measures how closely the
solar cell curve approximates the shape of a rectangle in the current-voltage (I-V) diagram.
A higher FF indicates better solar cell performance. In this work, a minimum doping density
of 10! cm~3 in the back surface field layer was chosen for optimum photovoltaic performance.

4.3. Effect of Thickness and Acceptor Density of the Absorber Layers

The relationship between the acceptor density, the thickness of the absorber layer, and
the efficiency of a solar cell is complex and can vary depending on the specific materials and
cell architecture used. Figure 6 provides information on these parameters in the absorber
layer (CdS and ZnSe). The thickness of the absorber layer was evaluated in the interval of
50 nm to 2200 nm, and the dopant concentration (acceptor density) was evaluated in the
interval of 10" cm ™3 to 10% cm~3. The founding displays that decreasing the thickness
of the absorber layer increases the efficiency of the solar cell. This can be clarified by the
fact that when the absorber layer is thinner, it reduces the distance that charge carriers
need to travel to reach the interfaces where they can be collected and contribute to the
electrical current, resulting in less recombination of charge carriers and improving the
overall efficiency of the solar cell. This phenomenon is particularly observed in solar cells
based on thin films, such as those based on technologies like cadmium telluride (CdTe)
or copper indium gallium selenide (CIGS). The acceptor density in the absorber layer
also shows a central role in the efficiency of the solar cell, as it can affect the electric field
distribution and the recombination rate of charge carriers. Optimizing the acceptor density
in the absorber layer is an important aspect of solar cell design and can be tailored to the
specific materials and cell architecture used to increase the solar cell performance.

The acceptor density of the absorber displays a dependency on both the thickness and
the type of the absorber. In structures using CdS as absorbers, it is observed that higher
efficiencies are reached with thinner layers and lower donor densities. Nevertheless, as
the thickness increases, the donor density is required to increase as well to attain higher
efficiency. Conversely, in structures employing ZnSe, the highest efficiency is attained with
thin layers and low donor densities; increasing these two parameters leads to a decrease
in efficiency.

The search results indicate that both CdTe and ZnSe have been explored as absorber
materials for multi-junction solar cells. Both materials demonstrated good efficiencies, but
since CdS is considered more toxic than ZnSe, ZnSe was chosen as the absorber layer in the
subsequent work. The ZnSe absorber layer had a thickness of 80 nm and a donor density
of 10'® em 3.
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Figure 6. Contour graphs of heterojunction solar cell performance parameter dependency on
defect density and thickness of ETL for (a) SnO,/CdS/P_Si/P*_Si, (b) SnO,/ZnSe/P_Si/P*_Si,
(c) TiO, /ZnSe/P_Si/P*_Si, and (d) TiO,/CdS/P_Si/P*_Si.

4.4. Effect of Thickness and Donor Density of the Electron Transport Layers

The performance of solar cells is significantly induced by both the thickness and
donor density of the electron transport layer (ETL). Through meticulous adjustment of
these parameters, researchers can maintain charge transport efficiency, curtail losses, and
strengthen the overall performance and stability of t electronic devices. In purpose of this,
the thickness and donor density of the ETL were examined across various configurations.
Figure 7 depicts the efficiency of two configurations as functions of the thickness and donor
density of different ETLs. The results highlight that higher efficiencies are obtained with
smaller thicknesses; conversely, as thickness increases, efficiency diminishes. This trend
can be explained by the correlation between the thickness of the ETL and enhanced effi-
ciency in electronic devices. A reduction in thickness lowers carrier transit time, promotes
more effective charge extraction, and enhances light absorption in optoelectronic devices
such as solar cells. Additionally, thinner ETLs contribute to lower series resistance and
optimized interface properties, thereby increasing charge transport efficiency and general
device performance.

The donor density displays a dependency on both the thickness and the type of
electron transport layer (ETL). In structures using SnO; as the ETL, it is observed that
higher efficiencies are reached with thinner layers and lower donor densities. Nevertheless,
as the thickness increases, the donor density is required to increase as well to attain higher
efficiency. Conversely, in structures employing TiO,, the highest efficiency is attained with
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Figure 7. Contour graphs of heterojunction solar cell performance parameter dependency on defect
density and thickness of ETL for: (a) TiO, /ZnSe/P_Si/P*_Si and (b) SnO,/ZnSe/P_Si/P*_Si.

4.5. Influence the Interface Defects

Numerous studies have studied the influence of interface defects on the performance
of solar cell devices. Defects at the junction interface can notably impact the optical and
the electrical characteristics of the solar cells. Particularly, these defects can escalate the
recombination of photo-generated carriers, thereby diminishing the open-circuit voltage,
short-circuit current, and overall conversion efficiency. In this study, interface defects
between SnO,/ZnSe and ZnSe/P_Si were investigated across a range from 10'° cm~3 to
10'® cm~3, as depicted in Figure 8.
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Figure 8. Influence of interface defects.
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The findings demonstrated that interface defects between ZnSe/P_Si exert a lesser
influence on the solar cell’s performance, unlike the SnO, /ZnSe interface, where there is a
considerable impact. A rise in interface defects between SnO, /ZnSe results in a decline
in efficiency. In the subsequent investigation, values of 104 cm~2 and 10'®> cm 3 were
considered interface defect densities for ZnSe/P_Si and SnO, /ZnSe, respectively.

4.6. Influence of Back Contact Work Function, Series Resistance (Rs), and Shunt Resistance (Rsh)

The optimization of the performance of solar photovoltaic devices is of crucial impor-
tance, and one of the key factors affecting this performance is the presence of series resistors
and shunt resistors [61,62]. Understanding the effect of these resistors is important for
maximizing the energy efficiency of solar cells. Resistance Rs is a measure of the sum of the
resistances present between the cell terminals, including the electrical contacts at the front
and rear of the cell. Rsh, on the other hand, is the result of the reverse saturation current
generated at the active junction of the cell, generally due to imperfections or manufacturing
faults. Both types of resistance have a major impact on solar cell performance.

To assess the influence of Rs and Rsh on critical parameters such as open-circuit
voltage, short-circuit current, fill factor, and conversion efficiency, simulations were carried
out. Figure 9 displays the variations in Vj, Js., FF, and efficiency as a function of Rs and
Rgp, for the selected configuration. For this analysis, Rs was progressively varied from 0 to
6 Ohm-cm?, while keeping Ry}, is systematically varied over a range of 0 to 107 Ohm-cm?.
These results are essential for understanding how series resistances and shunt resistors
affect solar cell functioning, which can guide the design and optimization of photovoltaic
devices for maximum efficiency.

The increase in Rs had a significant influence on the performance of the solar cells, as
shown in Figure 9. V,, and [, remained relatively stable throughout the R variations for
Ry, values higher than 10° Ohm-cm?. However, fill factor and efficiency were significantly
reduced as Rs increased. The FF decreased significantly from 84.6% when Rs was aug-
mented from 0 to 6 Ohm-cm? and Ry, from 10° Ohm-cm? to 7 x 10° Ohm-cm?. Similarly,
there was a substantial drop in conversion efficiency, illustrated by the following values:
from 25.10% to 16.42 as Rs increased from 0 to 6 Ohm-cm? for Ry, = 10° Ohm-cm?. This
tendency highlights the fact that the increase in series resistance generates a significant
power deficit within the solar cell, which inevitably leads to a marked deterioration in the
cell’s overall performance. Optimizing and minimizing Rs therefore remain crucial aspects
in the design and manufacture of photovoltaic devices to ensure maximum efficiency in
converting solar energy into electricity. These observations underline that the conversion
efficiency is strongly influenced by the small value of Ry, while the efficiency reaches a
maximum when Ry}, increases to a higher value. This study shows conclusively that the
photovoltaic performance of the solar cell differs significantly on the two resistances, R
and Rgy,. It is therefore crucial to take these parameters into consideration in the design and
manufacture of photovoltaic cells to optimize their overall efficiency.

The photovoltaic parameters of the suggested cell are analyzed as a function of the
work function of the back contact, as shown in Figure 10. The purpose of this analysis is to
comprehend the practicality of a back contact in the selected device. Indeed, to generate a
modest integrated potential at the rear contact, it is imperative to use a material with an
appropriate work function at this location.

The photovoltaic parameters of the proposed cell are influenced by the variation of the
work function of the back contact, which ranges from 4.6 to 5.6 eV, as presented in Figure 10.
The observation reveals that all parameters, except Js, increase as the work function rises
from 4.6 to 4.8 eV, then plateau up to 5.2 eV, before reaching their maximum value at
5.6 eV. In contrast, J; remains constant as the work function is varied until 5.2 eV and
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then it increases until it reaches its maximum value for the maximum work function of
5.5 eV. This observation indicates that the transport of holes from the absorber to the back
contact is limited due to the high barrier formed by materials with a lower work function
at the back, leading to reduced solar efficiency [63,64]. It is therefore clear that the work
function of the back contact has a significant impact on solar cell performance. In light of
current simulation results, it is strongly recommended to use a back contact material with
a work function greater than 4.8 eV to ensure sufficient photovoltaic performance. In the
coming work, 5.1 eV was selected as the work function, and Rsh =4 x 10° Ohm-cm? and
Rs = 1.5 Ohm-cm? as values for the shunt and series resistances.
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Figure 9. Influence of series and shunt resistances on photovoltaic performance: (a) Vy, (b) FF,
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4.7. Influence of Operating Temperature

In this comprehensive study of the effect of operating temperature on the performance
of photovoltaic heterojunctions, significant findings have emerged. Overall, as the tempera-
ture increases in the range of 300 to 420 K, all photovoltaic parameters studied, such as open
circuit voltage, short circuit current, and conversion efficiency, show a decreasing tendency,
as Figure 11 presents. This can be credited to numerous reasons. At higher temperatures,
thermal agitation increases, which can promote charge carrier recombination, reducing
the global efficiency of photovoltaic conversion. In addition, the intrinsic properties of
the materials used in heterojunctions, such as charge carrier mobility, can be negatively
affected by temperature, resulting in reduced photovoltaic performance.
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Figure 11. Influence of temperature of the back surface field layer on (a) J_V and (b) QE.

4.8. Optimized Device Performance

The provided Tables 4 and 5 outline the optimized parameters for the SnO, /ZnSe/
P_Si/p+_Si structure, a critical configuration for enhancing the performance of photovoltaic
devices. In this section, gold (Au), characterized by a work function value of 5.1 eV,
was considered as a back contact material for simulation. Simultaneously, Figure 12
illustrates the J-V and quantum efficiency (QE) curves. The QE curve visually represents
the device’s maximum photon-to-electron conversion efficiency across the electromagnetic
spectrum. Notably, the peak QE values occur within the 300 to 1100 nm wavelength range,
underscoring the device’s effectiveness in capturing solar energy.

Table 4. Device parameters for optimized SnO, /ZnSe/P_Si/p*_Si.

SnO, ZnSe p-Si pt-Si
Thickness (um) 0.050 0.08 0.05 2
Bandgap (eV) 3.50 2.90 112 112
Electron affinity (eV) 450 4.06 4.05 4.05
Relative dielectric permittivity 9.00 10 11.90 11.90
CB effective density of states (1/cm?) 2.2 x 10Y7 1.5 x 1018 2.82 x 1017 2.82 x 1017
VB effective density of states (1/cm?) 22 x 101 1.8 x 1018 1.04 x 10" 1.04 x 10"
Electron thermal velocity (cm/s) 1 x 107 1 x 10%7 1 x 107 1 x 107
Hole thermal velocity (cm/s) 1 x 10V 1 x 107 1 x 107 1 x 107
Electron mobility (cm?/ Vs) 20 50 1.041 x 10% 2.02 x 102
Hole mobility (cm?/Vs) 10 10 4.12 x 102 77
Shallow uniform donor density ND (1/ cm?) 1018 1018 1 x 1016 0
Shallow uniform acceptor density NA (1/cm?®) 0 0 1 x 1016 1 x 101
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Table 5. Defect and interface defect parameters for optimized SnO,/ZnSe/P_Si/p*_Si.
510 Interface
n ZnSe P-Si
2 ! ZnSelp_Si SnO,/ZnSe
Defect type Neutral Neutral Neutral neutral neutral
Capture cross sectionof 15 1% 10717 1% 10715 1% 10719 1% 10719
electrons (cm*)
Capture cross sectionof ;1415 1% 10713 1% 10715 1% 10719 1% 10719
holes (cm*)
Reference for the defect Above the Above the Above the Above the Above the
energy level Et highest Ev highest Ev highest Ev highest Ev highest Ev
Energy with respect to 06 01 06 06 06
reference (eV)
Total density (1/cm?) 1 x 10 1 x 108 8 x 104 1 x 10 1 x 10
(a) 45 T T T T T T T b) 110
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Figure 12. (a) J-V characteristics, (b) QE curves, and (c) baseline structure solar cell for the

final device.

The paramount PSC device parameters achieved through optimization of the electron
transport layer (ETL), the absorber layer, series resistance Rs = 1.5 Ohm-cm?, and shunt
Rsh = 4 x 10° Ohm-cm? resistance are as follows: Vo, = 0.734 V, Jsc = 40.33 mA/cm?,
FF =77.05%, and 1 = 22.82%. These combined parameters signify the excellence of this pho-
tovoltaic device, demonstrating high efficiency and optimal performance in the conversion
of sunlight into electricity.

5. Conclusions

In this work, a comprehensive analysis of the performance of various solar cell config-
urations, including SnO,/ZnSe/p_Si/p*_Si, SnO,/CdS/p_Si/p*_Si, TiOp/ZnSe/p_Si/
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p*_Si, and TiO,/CdS/p_Si/p*_Si were conducted. We highlighted the importance of key
factors such as the back surface field thickness, doping concentration of BSF, operating
temperature, back contact work function, defect density, and series and shunt resistance on
the performance parameters of open-circuit voltage, short-circuit current density, fill factor
and quantum efficiency.

Our results conclusively indicate that each of these parameters shows an essential role
in determining the overall efficiency of solar cells, and their optimization is crucial to maxi-
mize the conversion of solar energy into electricity. Among the configurations examined,
two of them stood out: SnO,/ZnSe/p_Si/p*_Si and SnO,/CdS/p_Si/p*_Si. While both
configurations demonstrated promising performance, the environmental impact of CdS, a
toxic material, merits attention. Substituting CdS with ZnSe in the SnO,/ZnSe/p_Si/p*_Si
configuration resulted in significant performance improvements and a more environmen-
tally responsible approach. Our study revealed that this substitution is not only environ-
mentally responsible but also led to a significant improvement in performance. Specifically,
the SnO,/ZnSe/p_Si/p*_Si configuration, with a back surface field thickness of 2 um
and a doping concentration of 10! cm~3, emerged as the most favorable configuration.
It exhibited a marked increase in open-circuit voltage, short-circuit current density, and
fill factor. Energy conversion efficiency was substantially improved compared to other
configurations studied. Furthermore, the quantum efficiency was also favorable for this
configuration, confirming its potential for advanced photovoltaic applications.
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