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Abstract

In this study, we introduce and optimize a novel semiconductor-insulator-semiconductor (SIS) solar cell using SCAPS-1D simulations. 

The Pt/Si/TiO2/ZnSe/ fluorine-doped tin oxide (FTO), structure employs Pt and FTO as back/front contacts. TiO2 serves as a critical 

insulating layer between p-Si and n-ZnSe, enhancing electrical isolation while boosting stability and efficiency through reduced 

recombination and improved charge transport. Results demonstrate TiO2 as an insulating material significantly improves the fill 

factor (FF) and power conversion efficiency (PCE) of the device, compared to conventional structures. Key optimized parameters 

include: Si 1300 nm, ZnSe 100 nm, and TiO2 insulating layer to 10 nm; defect densities of 1015 cm−3 for both Si and ZnSe, and 1012 cm−3 

for the interfaces. This optimized cell demonstrates the following performance results: a VOC of 0.84 V, a JSC of 42.09 mA cm−2, 

an FF of 86.42%, and a PCE of 30.65%. These results were achieved under standard test conditions (AM1.5G, temperature of 300 K). 

Our simulations focus on enhancing electrical parameters, particularly efficiency. This study will provide valuable parameters for 

any future experimental work on SIS solar cells.
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1 Introduction
For several decades, climate change and global warming 
have presented significant challenges. These issues have 
perpetuated serious economic, social, and environmental 
problems, with human health being particularly at risk. 
Experts contend that human activities are detrimental to 
the environment [1, 2].

The primary sources of energy around the globe are fos-
sil fuels, including oil, natural gas, and coal. This reliance 
greatly contributes to greenhouse gas emissions, which 
subsequently result because greenhouse gas emissions in 
global warming. Among renewable energy options, solar 
energy is particularly advantageous and can be harnessed 
through photovoltaic or thermal methods [3, 4].

Solar energy is globally abundant in potential, though 
its accessibility varies significantly by geography, climate, 

infrastructure, and socioeconomic factors. The  sun gen-
erates an enormous amount of energy, making it a nearly 
infinite resource. In contrast to finite fossil fuels that are 
depleting, solar power provides a dependable and sustainable 
energy option. Furthermore, solar energy can be harnessed 
in almost any location on Earth that receives sunlight. This 
broad geographical availability allows solar energy to reach 
many areas, including remote and off-grid regions where 
traditional power systems may be difficult and expensive 
to establish. By utilizing solar energy, we can significantly 
reduce our carbon emissions and contribute to combating 
climate change. It also helps decrease air and water pollu-
tion, protecting both the environment and public health [5].

In 1883, Fritts  [6] introduced an unconventional solar 
cell that exhibited very poor efficiency, approximately 1%. 
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This design replaced the traditional silicon homo-junction 
with a metal-semiconductor Schottky junction [6].

In the subsequent years, researchers made substantial 
strides in enhancing the efficiency of Schottky barrier solar 
cells. This progress was achieved by optimizing the thick-
ness of the metal layer and incorporating an insulating layer 
between the metal and the semiconductor. These modifica-
tions help minimize crystal defects at the junction interface, 
resulting in a significant improvement in performance [7, 8].

Semiconductor-insulator-semiconductor (SIS) solar 
cells are gaining increasing interest due to their potential 
to enhance energy efficiency and simplify manufacturing 
processes.

First introduced in the 1970s, this concept was explored 
through studies on indium tin oxide (ITO)/p-Si cells, high-
lighting the critical role of the ITO-silicon interface in 
maximizing conversion efficiency [9]. Since then, signif-
icant advancements have been made, particularly with the 
integration of metal oxides as tunneling barriers in com-
posite structures. For instance, Bethge et al. [10] demon-
strated the efficiency of metal oxide films deposited via 
atomic layer deposition (ALD), such as Al2O3 , ZrO2 , and 
La2O3 , in SIS structures. They reported that the rare-earth 
oxide La2O3 enabled a conversion efficiency of 8% on a 
1.4  cm2 cell  [10]. However, certain oxides exhibit unde-
sirable chemical reactivity, affecting device performance. 
Kobayashi et al. [11] also showed enhanced performance 
in Si/ITO cells with the addition of a silicon oxide layer 
at the interface, which facilitated charge carrier transport 
via tunneling.

More recently, Dasgupta et al. [12] developed a model 
for an SIS cell with an interdigitated back contact (IBC). 
They demonstrated that a thin thermally deposited silicon 
oxide layer between ZnO and Si reduced interface defects 
and improved overall cell performance [12]. Additionally, 
the integration of ZnO formed an efficient p-n or hetero-
junction, which improved charge transport and reduced 
losses, thereby boosting conversion efficiency  [13,  14]. 
In another study, Dasgupta et  al.  [15] explored an ITO-
Al2O3-Si cell, where an Al2O3 layer served as a tunneling 
barrier, reducing carrier recombination while enhancing 
conductivity. Furthermore, the integration of nanoparti-
cles in solar cells has opened new possibilities. Shameli 
et al. [16] investigated thin-film solar cells incorporating 
silicon nanospheres for light trapping and confinement. 
This approach increased light absorption and photogene-
rated current, achieving up to three times the performance 
of conventional cells [16].

In this study, we propose a novel SIS architecture: 
Pt/p-Si/TiO2 /n-ZnSe/fluorine-doped tin oxide (FTO), 
incorporating TiO2 as the tunneling barrier. Although 
TiO2 is a semiconductor material, it is employed here as 
an insulating layer due to its specific properties [17]. With 
its wide bandgap (~3.2 eV), TiO2 acts as an energy barrier, 
facilitating effective carrier transport through tunneling 
while blocking undesirable recombination. Moreover, its 
passivation properties reduce surface states and interface 
defects, thereby minimizing carrier losses. Compared to 
conventional oxides like SiO2 or Al2O3 , TiO2 offers better 
chemical stability and increased compatibility with mod-
ern deposition techniques, ensuring a stable and high-per-
formance interface  [18–20]. This structure strategically 
combines materials with complementary properties. Pt is 
chosen as the back contact for its chemical stability and 
favorable energy level alignment with p-Si, ensuring effi-
cient hole extraction. The p-type silicon acts as the pri-
mary absorber due to its indirect bandgap of 1.12  eV, 
making it ideal for capturing a wide spectrum of solar 
energy  [21,  22]. The n-type zinc selenide serves as the 
electron transport layer because of its direct bandgap of 
2.81 eV and high electron mobility, both of which improve 
carrier collection efficiency [23, 24]. 

FTO functions as the transparent front contact [23, 25]. 
In a recent study, El-Naggar et al. [26] utilizes FTO as the 
transparent front contact in a simulated BaZrS3 /CuO het-
erojunction solar cell. FTO's high electrical conductivity 
and superior optical transparency maximize light transmis-
sion into the cell's active layers, enhancing photon absorp-
tion and minimizing optical/electrical losses at the front 
interface. These properties improve charge collection effi-
ciency and overall performance by reducing resistive losses 
and ensuring uniform illumination, leading to optimized 
solar cell functionality [26]. The structure of this cell and 
the associated band diagram are presented in Fig. 1.

The primary objective of this research is to enhance 
the performance of SIS cells by optimizing the Pt/p-Si/
TiO2 /n-ZnSe/FTO configuration. Our strategy aims to 
improve light absorption, minimize carrier recombina-
tion, and promote efficient charge extraction. We utilize 
the SCAPS-1D simulator  [27] to fine-tune key parame-
ters, such as layer thickness, defect densities in the p-Si, 
TiO2 , and n-ZnSe layers, as well as defect densities at the 
interfaces. This study will evaluate recombination rates 
and examine the conduction and valence band structures. 
Additionally, we will explore the impact of temperature. 
The results of this research are expected to provide a solid 
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foundation for experimental progress and the development 
of high-performance SIS cells.

2 Parameters and simulation software
In this study, we employed the SCAPS-1D (Solar Cell 
Capacitance Simulator in 1  Dimension) software  [27], 
a sophisticated tool specifically created for simulating the 
performance of solar cells. Developed by the University 
of Ghent, SCAPS-1D allows for the study of the optoelec-
tronic behavior of multilayer photovoltaic devices by solv-
ing the fundamental semiconductor equations in a one-di-
mensional structure [17, 26, 28–31]. 

The performance of the solar cells simulated in 
SCAPS-1D is evaluated by solving the following three 
fundamental equations.

2.1 Poisson equation
The Poisson equation describes the distribution of the 
electric potential V(x) in a semiconductor, as a function 
of the free carrier densities (electrons and holes), dopants, 
and fixed charges [32]:
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where 
•	 ε(x): permittivity of the material,
•	 p(x), n(x): concentrations of holes and free electrons, 

respectively,
•	 ND

+ (x), NA
− (x): concentrations of ionized donors and 

acceptors,
•	 pt (x), nt (x): concentrations of hole and electron traps,
•	 q: elementary charge.

2.2 Hole continuity equation
The hole continuity equation describes the temporal evo-
lution of the hole density pt (x), in terms of hole generation 
and recombination, as well as carrier transport [25, 32]:
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where: 
•	 JP : hole current density,
•	 GP : hole generation rate,
•	 RP : hole recombination rate.

2.3 Electron continuity equation
The electron continuity equation describes the evolution 
of the electron density nt (x), taking into account the gen-
eration, recombination, and transport of electrons [25, 32]:
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where: 
•	 Jn : electron current density,
•	 Gn : electron generation rate,
•	 Rn : electron recombination rate.

2.4 Hole and electron current density
The hole and electron currents are modeled by the carrier 
transport relations, which include carrier mobility and the 
diffusion term:

•	 for holes [25] 

J qp E D dp
dxP p p� �� 	 (4)

•	 for electrons [23] 

J qp E D dn
dxn n n� �� ,	 (5)

Fig. 1 (a) The structure of Pt/Si/TiO2 /ZnSe/FTO, (b) The energy band diagram
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where: 
•	 μp , μn : mobilities of holes and electrons,
•	 Dp , Dn : diffusion coefficients for holes and electrons,
•	 E: electric field.

2.5 Steady-state conditions
Under the assumption of steady-state conditions (where 
∂n/∂t = 0 and ∂p/∂t = 0), the electron and hole continuity 
equations simplify to

•	 for electrons [25, 33] 
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•	 for holes [23, 30] 
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2.6 Complete electron and hole current equations in 
steady-state
By substituting the expressions for JP and Jn into the continu-
ity equations, relations for the variations in the electric field 
and carrier concentrations within the device are obtained:

•	 for electrons [25, 33] 
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•	 for holes [25, 33] 
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The simulations were performed using SCAPS-1D 
software (version 3.3.10)  [27], with the input parameters 
detailed in Tables  1 and  2. The analysis was conducted 
under standard test conditions, which include an Air Mass 
1.5 Global (AM1.5G) solar spectrum, an ambient tempera-
ture of 300 K, and a power density of 1000 W/m2. These 
parameters enable a consistent and realistic assessment of 
solar cell performance [34].

3 Results and discussion
3.1 Optimization of the silicon layer thickness
The absorber layer is crucial for the efficiency of SIS solar 
cells because it directly participates in photon absorption 
and the generation of electron-hole pairs, both of which 
are essential for photovoltaic conversion [35, 36]. 

The thickness of this layer is vital for the cell's effi-
ciency, influencing the generation, lifespan, and diffusion 
length of charge carriers. An ideal absorber layer thickness 
improves photon absorption and minimizes losses due to 
charge carrier recombination. If the layer is too thin, it 
may not capture enough light, while excessively thick lay-
ers can lead to increased recombination and reduced over-
all cell performance [37].

In this section, we explored the impact of the absorber 
layer thickness (Si) on the cell's output parameters, vary-
ing the thickness from 100 to 1900  nm. The results are 
illustrated in Fig. 2. Modifying the thickness of the p-Si 
layer in the Pt/p-Si/TiO2 /n-ZnSe/FTO structure signifi-
cantly boosts performance, reaching its peak at a thickness 
of 1300 nm. As the thickness increases, the short-circuit 
current density ( Jsc ) rises from 20.91 to 42.52 mA cm−2, 

Table 1 Material parameters used in the cell simulation

Parameters FTO ZnSe TiO2 Si

Thickness (nm) 100 100 10 500

Band gap (eV) 3.5 2.81 3.2 1.12

Electron affinity (eV) 4.0 4.09 4.26 4.05

Dielectric permittivity 9.0 8.6 9 11.9

CB effective density of states (cm−3) 2.2 × 1018 2.2 × 1018 2 × 1018 2.8 × 1019

VB effective density of states (cm−3) 1.8 × 1019 1.9 × 1019 1.8 × 1019 2.65 × 1019

Electron thermal velocity (cm s−1) 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107

Hole thermal velocity (cm s−1) 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107

Electron mobility (cm2 V−1 s−1) 20 400 20 1.45 × 103

Hole mobility (cm2 V−1 s−1) 10 110 10 5.0 × 102

Shallow uniform donor density ND (cm−3) 2 × 1019 1.0 × 1021 1.0 × 1016 0

Shallow uniform acceptor density NA (cm−3) 0 0 1.0 × 1016 1.0 × 1020

Nt (cm−3) total 1.0 × 1016 1.0 × 1014 1.0 × 1015 1.0 × 1014

Reference [23, 25] [23, 24] [17] [21, 22]
CB: conduction band, VB: valence band
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which is attributed to better photon absorption. In con-
trast, the open-circuit voltage ( Voc ) slightly decreases 
from 0.95 V to 0.897 V, primarily due to increased recom-
bination within the p-Si layer. The power conversion effi-
ciency (PCE) reaches its maximum of 33.37% at 1300 nm 
before declining, indicating optimal light absorption. This 
pattern is associated with improved absorption of lon-
ger-wavelength photons as the thickness grows. Initially, 
the enhancements in Jsc , Voc , and PCE are due to the 
increased generation of photocarriers [38].

To better understand how the thickness of the p-Si layer 
affects the device's internal mechanisms, we investigated 
the correlation between thickness (spanning from 100 to 
1900 nm) and impedance. The results are presented in Fig. 3. 
The changes in the arcs of the Nyquist plots at different thick-
nesses show an increase in both Z' and Z" values, indicating 
an improvement in internal resistances. This improvement 
is associated with a higher generation of charge carriers in 
thicker layers, along with better light absorption.

The impedance arcs demonstrate that the best perfor-
mance occurs at a thickness of 1300 nm. At this thickness, 
there is an optimal balance between reduced recombina-
tion losses and improved charge collection, resulting in 
the highest PCE values. However, the continued increase 
in impedance beyond 1300 nm indicates a rise in recombi-
nation and a decline in charge carrier transport efficiency, 
ultimately leading to a decrease in PCE. The selected opti-
mal thickness for the silicon absorber layer is 1300 nm. This 
thickness results in a Voc of 0.907 V, a Jsc of 42.16 mA cm−2, 
a fill factor (FF) of 87.31%, and a PCE of 33.37%.

Table 2 The input parameters for the Si/TiO2 ; TiO2 /ZnSe and ZnSe/FTO interfaces

Interface layer Si/TiO2 TiO2 /ZnSe ZnSe/FTO

Type of defect neutral neutral neutral

Electrons capture cross-section (cm2) 1.0 × 10−19 1.0 × 10−19 1.0 × 10−19

Hole capture cross-section (cm2) 1.0 × 10−19 1.0 × 10−19 1.0 × 10−19

Energy distribution single single single

Defect energy level reference ( Et ) above the highest EV above the highest EV above the highest EV

Energy level related to reference (eV) 0.6 0.6 0.6

Total density integrated over all energies (cm−3) 1.0 × 1010 1.0 × 1010 1.0 × 1010

EV: energy valence

Fig. 2 The effect of silicon layer thickness on photovoltaic parameters

Fig. 3 Nyquist plot showing the evolution of impedance as a function of 
silicon thickness
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3.2 Optimization of the zinc selenide layer thickness
Optimizing the thickness of the ZnSe layer is crucial for 
efficient electron transport and the absorption of incoming 
photons [39]. To evaluate how the thickness of this layer 
influences our solar cell, we varied it from 100 to 700 nm, 
and the results are shown in Fig. 4.

At a thickness of 100 nm, the cell achieves its optimal 
performance, boasting a PCE of 33.37%, a remarkable Jsc 
of 42.16 mA cm−2, and a stable FF of 87.31%. This reflects 
efficient carrier collection with minimal losses due to 
recombination or absorption in the ZnSe layer. However, 
as the thickness of the ZnSe layer increases, both Jsc and 
efficiency experience a gradual decline, with Jsc decreas-
ing from 42.16 to 40.47  mA  cm−2 and PCE falling from 
33.37% to 31.99%. 

The reduction can be attributed to improved light 
absorption in the ZnSe layer, which limits the amount 
of light that reaches the p-Si layer, the main area for car-
rier generation. Additionally, increasing the thickness of 
the ZnSe layer may lead to higher recombination losses; 
however, these losses remain relatively minor, as evi-
denced by the minimal variation in Voc [40]. Nyquist plots 

(Fig. 5) clearly illustrate this trend, showing an increase 
in resistance coupled with a decrease in charge transport 
efficiency. The ideal thickness for the n-ZnSe layer was 
found to be 100 nm, resulting in a Voc of 0.907 V, a Jsc of 
42.16 mA cm−2, an FF of 87.31%, and a PCE of 33.37%.

3.3 Optimization of the titanium dioxide ( TiO2 ) layer 
thickness
The analysis of photovoltaic performance in relation to the 
thickness of the TiO2 layer within the Pt/p-Si/TiO2 /n-ZnSe/
FTO configuration highlights its crucial role in improving 
solar cell efficiency. As shown in Fig. 6, the results demon-
strate a steady improvement in electrical performance as 
the TiO2 thickness is increased from 2 nm to 10 nm. With 
a minimum thickness of 2 nm, the cell achieves a PCE of 
33.29%, along with Voc of 0.906 V, Jsc of 42.168 mA cm−2, 
and a FF of 87.15%. These values suggest effective car-
rier extraction; however, a thinner TiO2 layer could lead to 
losses due to insufficient electric field effects or recombi-
nation at the interfaces [41].

As the thickness of TiO2 is increased to 10 nm, a signif-
icant improvement in all electrical parameters is observed. 
Notably, the efficiency reaches a maximum of 33.36% at 
this thickness, while the FF experiences a slight increase 
to 87.31%. In contrast, Voc and Jsc exhibit only minor vari-
ations, remaining fairly stable. These results suggest that 
a thicker TiO2 layer enhances its role as an insulating bar-
rier, which reduces interfacial recombination and improves 
the separation of charge carriers. As the thickness of TiO2 
increases, the improvements in parameters like Voc , Jsc , 
and FF start to diminish. For instance, the efficiency only 

Fig. 4 The effect of ZnSe layer thickness on photovoltaic parameters
Fig. 5 Nyquist plot showing the evolution of impedance as a function of 

ZnSe thickness
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increases by 0.005% when comparing thicknesses of 6 nm 
and 10 nm, indicating that performance levels off beyond 
this thickness. This trend can be attributed to the fact that 
a thicker TiO2 layer does not significantly improve electri-
cal isolation or charge separation, and it may even slightly 
increase series resistance, which limits further enhance-
ments in overall performance [42].

Fig.  7 displays the impedance results for different 
TiO2 thicknesses. The Nyquist plots show that resistance 
increases as the TiO2 thickness grows, indicating improved 
electrical performance attributed to better insulation [43].

A thickness of 10 nm has been determined to be opti-
mal for the TiO2 layer in this setup, as it improves photo-
voltaic efficiency by minimizing recombination losses and 
resistive effects. This thickness yields a Voc of 0.907 V, a Jsc 
of 42.16 mA cm−2, an FF of 87.31%, and a PCE of 33.37%.

3.4 Optimization of the silicon (Si) defect density
The concentration of defects in the silicon (Si) layer is 
crucial for the performance of SIS cells, affecting charge 
carrier recombination, minority carrier lifetime, and 
charge transport processes. Higher defect densities result 

in increased non-radiative recombination, which subse-
quently reduces both Voc and Jsc  [44]. At the Si/insulator 
interface, like in the case of TiO2 , these defects impede 
charge separation. Therefore, it is essential to keep the 
defect density low in order to minimize losses and improve 
the overall efficiency of SIS solar cells.

In this study, we examined the effects of defect density 
in the silicon layer, which varied from 1010 to 1018  cm−3. 
The results are depicted in Fig. 8. At a defect density of 
1010  cm−3, the cell achieves optimal performance, with a 
Voc of 1.03 V, a Jsc of 42.16 mA cm−2, a FF of 86.7%, and 
a maximum PCE of 37.6%. However, reaching such a low 
defect density poses significant technological challenges 
due to limitations in the fabrication process and issues 
related to material quality.

An ideal defect density of 1015  cm−3 was identified. 
At  this density, the photovoltaic parameters remain 
high, with a Voc of 0.85 V, a Jsc of 42.12 mA cm−2, an FF 
of 86.59%, and a conversion efficiency of 30.9%. When 
the defect density surpasses 1015  cm−3, performance sig-
nificantly deteriorates. At a defect density of 1018  cm−3, 
the efficiency drops to 13.16%, mainly due to increased 
non-radiative recombination. High defect densities dras-
tically reduce the minority carrier lifetime, which affects 
Voc and limits the effective collection of charge carriers. 
Fig.  9 illustrates the recombination rates linked to dif-
ferent defect densities in the silicon layer. An increase in 
defect density leads to a marked rise in recombination at 
the interface, underscoring its negative impact on photo-
voltaic efficiency.

Fig. 6 The effect of TiO2 layer thickness on photovoltaic parameters

Fig. 7 Nyquist plot showing the evolution of impedance as a function of 
TiO2 thickness
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3.5 Optimization of the zinc selenide (ZnSe) defect 
density
The concentration of defects in the ZnSe layer impacts the 
recombination processes, which in turn affects the overall 

efficiency of the solar cells. Fig. 10 illustrates the varia-
tion of photovoltaic parameters as a function of the defect 
density in ZnSe, ranging from 1010  cm−3 to 1018  cm−3. 
The results show that photovoltaic parameters, including 
Voc, Jsc, FF, and PCE, tend to remain fairly stable despite 
an increase in defect density. However, a slight decrease 
in performance is observed, particularly in open-circuit 
voltage and conversion efficiency, when defect density 
reaches high levels. This decline is associated with a rise 
in recombination events occurring within the active layer 
and at the interfaces.

Fig. 11 illustrates this increased recombination rate in 
areas near the interfaces at the highest defect densities. 
This degradation is still minimal, suggesting that the con-
figuration under investigation, especially the ZnSe layer, 
demonstrates a degree of tolerance to defects [45].

The results suggest that the Pt/p-Si/TiO2 /n-ZnSe/
FTO configuration exhibits consistent photovoltaic per-
formance, even in the presence of moderate defect den-
sities affecting material quality. This makes it a promis-
ing choice for practical applications, where achieving total 
defect control remains a considerable technical challenge. 
We have chosen a defect density of 1015 cm−3 as optimal for 

Fig. 8 The effect of silicon (Si) layer defect density on photovoltaic 
parameters

Fig. 9 Recombination rate variation with cell thickness for various 
defect densities in the silicon (Si) layer

Fig. 10 The effect of ZnSe layer defect density on photovoltaic parameters
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the ZnSe layer, corresponding to a Voc of 0.85 V, a Jsc of 
42.09 mA cm−2, an FF of 86.59%, and a PCE of 30.88%.

3.6 Optimization of the defect density at the Si/TiO2 
interface
Improving the interfaces in solar cell structures, especially 
at the Si/TiO2 junction, is crucial for increasing the overall 
efficiency of the devices. In an SIS solar cell, the interac-
tions among different layers play a key role in charge car-
rier transport, recombination processes, and energy con-
version efficiency. Poor management of these interfaces, 
particularly when they have a high defect density, can lead 
to increased rates of electron-hole recombination, which 
ultimately reduces the solar cell's performance [46].

Fig. 12 illustrates the effect of defect density at the Si/
TiO2 interface on the solar cell's output parameters. When 
the defect density is low (1010 cm−2), the cell achieves a PCE 
of 30.88%, with Voc of 0.85 V, Jsc of 42.09 mA cm−2, and a FF 
of 86.59%. These values indicate a comparatively low rate 
of charge carrier recombination, which enhances the collec-
tion and extraction of charges generated by illumination.

However, as the defect density increases (from 1012 cm−2 
to 1016 cm−2), a slight decline in performance is observed. 
Although Voc remains relatively high (around 0.84  V), 
it begins to decrease with higher defect densities. This 
decrease can be attributed to increased carrier recombi-
nation at the Si/TiO2 interface, which reduces the cell's 
ability to sustain a high voltage. Although the short-cir-
cuit current density remains stable across this range of 
defect density, there is a minor decline in the FF, indicat-
ing a decrease in the efficiency of charge extraction.

When the defect density reaches very high values, 
such as 1018  cm−2, the solar cell's performance drops 

significantly. Voc declines sharply, reaching only 0.5  V, 
while Jsc decreases to 16.74 mA cm−2. The reduction is due 
to significant electron-hole recombination happening at 
the interface, which reduces the collection of charge car-
riers. Consequently, the FF drops to 77.12%, resulting in 
an overall cell efficiency of 6.36%, reflecting a significant 
decline in performance.

To better understand the effect of defect density on SIS 
cell performance, we plotted the conduction and valence 
bands as a function of the device thickness Fig. 13. These 
bands reveal how the energy potential is affected by vari-
ations in defect density at the Si/TiO2 interface. At a low 
defect density (1010 cm−2), the bands exhibit a regular and 
continuous distribution, facilitating efficient charge car-
rier transport. As defect density increases, the bands pro-
gressively flatten. This flattening signifies an increase in 
trap states, which impedes the separation and movement 
of charge carriers. As a result, there is a gradual decrease 
in both Voc and FF. At extremely high defect density lev-
els (1018  cm−2), the band flattening becomes pronounced, 
resulting in a significant reduction in Jsc and, consequently, 
a drastic decline in the cell's overall efficiency.

Based on our analysis, we selected a defect density 
of 1012  cm−2 as optimal for the Si/TiO2 interface. The 

Fig. 11 Recombination rate variation with cell thickness for various 
defect densities in the ZnSe layer

Fig. 12 The effect of Si/TiO2 interface defect density on photovoltaic 
parameters
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corresponding parameters for this defect density are a Voc 
of 0.85 V, a Jsc of 42.09 mA cm−2, an FF of 86.42%, and 
a PCE of 30.65%.

3.7 Optimization of the defect density at the TiO2 /ZnSe 
interface
Inside SIS solar cell, the TiO2 /ZnSe interface plays a sig-
nificant role in the transport and separation of charge car-
riers. Unlike the Si/TiO2 interface, the cell's performance 
remains remarkably stable with variations in defect den-
sity at this interface, as shown in Fig. 14. Output param-
eters such as Voc , Jsc , FF, and PCE exhibit negligible 
changes even when the defect density at the TiO2 /ZnSe 
interface varies from 1010 cm−2 to 1018 cm−2.

At a defect density of 1010 cm−2, the cell achieves a Voc 
of 0.842 V, a Jsc of 42.094 mA cm−2, an FF of 86.419%, and 
a PCE of 30.65%. These values remain almost unchanged 
as the defect density increases. For example, at 1018 cm−2, 
the cell exhibits similar performance, with a Voc of 0.842 V, 
a Jsc of 42.090 mA cm−2, an FF of 86.419%, and a PCE of 
30.64%. These results indicate that the TiO2 /ZnSe interface 
demonstrates high resilience to variations in defect density, 
in contrast to the Si/TiO2 interface, which is more sensitive.

To enhance the understanding of this phenomenon, 
the conduction and valence bands were plotted against 
the device thickness, as illustrated in Fig. 15. Unlike the 
Si/TiO2 interface, the conduction and valence bands at 
the TiO2 /ZnSe interface demonstrate significant stabil-
ity, regardless of defect density. This stability indicates 
that defects have little impact on the transport of charge 
carriers at this interface. Additionally, it underscores the 

effective control of trap states, ensuring that the cell's per-
formance remains unaffected by significant variations in 
defect density [47].

Fig. 13 Diagram of conduction and valence bands for different defect 
densities at the Si/TiO2 interface as a function of cell position

Fig. 14 The Effect of TiO2 /ZnSe interface defect density on 
photovoltaic parameters

Fig. 15 Diagram of conduction and valence bands for different defect 
densities at the TiO2 /ZnSe interface as a function of cell position
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The impressive stability of the TiO2 /ZnSe interface, 
even with variations in defect density, means that the over-
all performance of the cell remains largely unchanged by 
this factor. This reliable behavior contributes to the dura-
bility and reliability of SIS solar cells, particularly in envi-
ronments where manufacturing or operational conditions 
may introduce defects at this interface. Based on our anal-
ysis, we selected a defect density of 1012 cm−2 as optimal 
for the TiO2 /ZnSe interface. The corresponding param-
eters for this defect density are a Voc of 0.84  V, a Jsc of 
42.09 mA cm−2, an FF of 86.42%, and a PCE of 30.65%.

3.8 Optimization of the defect density at the ZnSe/FTO 
interface
The ZnSe/FTO interface is essential for the movement 
of charge carriers produced within the SIS cell. Like the 
TiO2 /ZnSe interface, the findings indicate that the cell's 
overall performance remains significantly stable, despite 
fluctuations in defect density at the ZnSe/FTO interface, 
which varies from 1010 to 1018 cm−2, as illustrated in Fig. 16.

The output parameters of the cell show minimal vari-
ation across the specified range of defect densities. At  a 

defect density of 1010  cm−2, the cell achieves a Voc of 
0.842 V, a Jsc of 42.092 mA cm−2, a FF of 86.419%, and 
a PCE of 30.648%. These performance metrics remain 
largely consistent as the defect density increases. At a 
defect density of 1018 cm−2, the recorded parameters are a 
Voc of 0.842 V, a Jsc of 42.090 mA cm−2, an FF of 86.419%, 
and a PCE of 30.647%.

This exceptional stability can be attributed to the lim-
ited impact of ZnSe/FTO interface defects on the recom-
bination of charge carriers. In contrast to other interfaces, 
like Si/TiO2 , this particular interface seems to be effec-
tively controlled regarding traps and recombination pro-
cesses, which guarantees reliable performance even in the 
presence of fluctuating defect states. The conduction and 
valence bands shown in Fig. 17 support this observation.

They exhibit a consistent and stable nature, remaining 
unchanged by the defect density at the ZnSe/FTO inter-
face. This indicates that there are no major disruptions in 
charge carrier transport in this area.

The ZnSe/FTO interface demonstrates remarkable sta-
bility despite variations in defect density, which helps 
maintain consistent performance of the cell. This stabil-
ity provides considerable benefits for SIS cells, improving 
their reliability in scenarios where defect density might 
change during manufacturing or operation. We have cho-
sen a defect density of 1012 cm−2 as optimal for the ZnSe/
FTO interface. The parameters corresponding to this 
value are a Voc of 0.84 V, a Jsc of 42.09 mA cm−2, an FF of 
86.42%, and a PCE of 30.65%.

Fig. 16 The effect of ZnSe/FTO interface defect density on photovoltaic 
parameters

Fig. 17 Diagram of conduction and valence bands for different defect 
densities at the ZnSe/FTO interface as a function of cell position
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3.9 Influence of temperature on device performance
Temperature plays a vital role in the efficiency of solar 
cells, as it directly affects the movement of charge car-
riers, the rates of recombination, and associated thermal 
losses [48]. We investigated how temperature fluctuations 
ranging from 300 K to 440 K influence the output charac-
teristics of the SIS cell, specifically focusing on Voc, Jsc, FF, 
and PCE, as illustrated in Fig. 18.

At a standard ambient temperature of 300 K, the cell 
demonstrates peak performance, achieving a Voc of 0.84 V, 
a Jsc of 42.09 mA cm−2, an FF of 86.42%, and a PCE of 
30.65%. However, as the temperature rises, there is a 
notable decrease in Voc , FF, and the overall efficiency of 
the cell, while Jsc remains relatively stable with a slight 
increase. The reduction in Voc with increasing temperature 
is mainly due to the decrease in the energy bandgap ( Eg ) 
of the active materials, which leads to an increase in the 
reverse saturation current ( Jsc ) and subsequently lowers 
the open-circuit voltage [49].

At a temperature of 440 K, Voc decreases to 0.67 V, rep-
resenting a decline of about 20.6% from its original value 
at 300 K. Conversely, Jsc experiences a modest rise with 

increasing temperature, increasing from 42.092 mA cm−2 
to 42.421  mA  cm−2 as the temperature transitions from 
300 K to 440 K. This slight enhancement is likely due to 
better charge carrier generation at elevated temperatures, 
although the change is not substantial.

The FF decreases with increasing temperature, decreas-
ing from 86.42% to 78.96%. This decline indicates a deteri-
oration in charge carrier extraction and a rise in ohmic losses 
within the cell. While the overall PCE experiences a notable 
reduction with increasing temperature, it still exceeds 22% 
at 440 K, showcasing the SIS cell's remarkable thermal sta-
bility. This feature is especially advantageous for use in 
high-temperature settings. Raising the temperature results 
in a gradual decline in Voc , FF, and overall cell efficiency, 
even though there is a minor rise in Jsc . Nevertheless, the 
cell's capacity to sustain efficiency exceeding 22% under 
severe thermal conditions underscores its exceptional ther-
mal stability, which is a significant advantage for consistent 
performance in challenging environments.

4 Conclusion
In this study, we developed and optimized a new SIS 
solar cell architecture using SCAPS-1D simulation soft-
ware  [27] to improve its efficiency. By optimizing sev-
eral critical parameters such as layer thickness, defect 
densities, interface defect densities, and temperature, 
we successfully attained exceptional performance. 
The improved Pt/Si/TiO2 /ZnSe/FTO setup achieved a Voc 
of 0.84 V, a Jsc of 42.09 mA cm−2, a FF of 86.42%, and a 
PCE of 30.65%. The results were achieved under standard 
testing conditions (AM1.5G, at a temperature of 300 K). 
The optimized parameters consist of a Si layer thickness 
of 1300  nm, a  ZnSe layer thickness of 100  nm, and an 
insulating TiO2 layer thickness of 10  nm. Additionally, 
a defect density of 1015  cm−3 was chosen for the Si and 
ZnSe layers, while the defect density at the interfaces 
was optimized to 1012 cm−3. The modifications made led 
to a notable enhancement in the efficiency of the cells, 
especially through the reduction of charge recombination 
and the optimization of charge transport. This research 
offers essential parameters for the future advancement of 
SIS solar cells and sets the stage for experimental efforts 
aimed at validating these improvements. Additionally, it 
underscores the significance of refining material proper-
ties and the design of solar cells to achieve superior per-
formance and further the progress of solar technology.

Fig. 18 Effect of temperature on photovoltaic parameters
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