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This study investigates the performance of a non-fullerene thin-film organic solar cell 
(TFOSC) with the device configuration FTO/PDINO/PBDB-T:ITIC/CFTS/Al using numerical 
simulations. The Solar Cell Capacitance Simulator (SCAPS-1D) software was employed to model 
the device, focusing on the impact of CFTS kesterite as a hole transport layer (HTL) as an alter-
native to conventional materials. The simulations were conducted under AM 1.5G illumination, 
and the temperature dependence of key performance parameters was analyzed within the range 
of 273K to 373K. The simulation results demonstrate the viability of CFTS as an effective HTL 
in TFOSCs. The influence of temperature on photovoltaic performance parameters, as well as 
on charge transport and recombination dynamics within the device, is discussed. This study 
provides valuable insights into the potential of CFTS to contribute to the development of high-
performance and thermally stable TFOSCs, offering a pathway towards more sustainable and 
efficient solar energy technologies. The findings highlight the importance of materials selection 
and device simulation in optimizing TFOSC performance.
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Аналіз температурної стабільності тонкоплівкового органічного сонячного 
елемента без фулерену з кестеритом як дірковим транспортним шаром. AS Mathur, 
Amita, BP Singh

У цьому дослідженні досліджується продуктивність тонкоплівкового органічного 
сонячного елемента (ТПНП) з конфігурацією пристрою FTO/PDINO/PBDB-T:ITIC/CFTS/
Al за допомогою числового моделювання. Для моделювання пристрою було використано 
програмне забезпечення Solar Cell Capacitance Simulator (SCAPS-1D), зосереджуючись на 
впливі кестериту CFTS як дірково-транспортного шару (ДШШ) як альтернативи традиційним 
матеріалам. Моделювання проводилося за умов AM 1.5G освітлення, а температурна 
залежність ключових параметрів продуктивності аналізувалася в діапазоні від 273K до 
373K. Результати моделювання демонструють життєздатність CFTS як ефективного ДШШ 
у ТПНП. Обговорюється вплив температури на параметри фотоелектричної продуктивності, 
а також на динаміку переносу заряду та рекомбінації всередині пристрою. Це дослідження 
надає цінну інформацію про потенціал CFTS для сприяння розробці високопродуктивних та 
термічно стабільних TFOSC, пропонуючи шлях до більш сталих та ефективних технологій 
сонячної енергетики. Результати дослідження підкреслюють важливість вибору матеріалів 
та моделювання пристроїв для оптимізації продуктивності TFOSC.
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1. Introduction
The escalating global challenges of climate 

change and environmental pollution, largely driv-
en by the unsustainable consumption of fossil fu-
els, necessitate a rapid transition to clean and re-
newable energy sources. Solar energy stands out 
as a promising alternative, offering an abundant 
and inexhaustible resource capable of meeting 
increasing energy demands while mitigating the 
detrimental environmental impact of fossil fuels. 
The appeal of solar energy is further amplified by 
its decreasing production costs and wide availabil-
ity, positioning it as a key solution to the global 
energy crisis. While traditional silicon-based so-
lar cells have dominated the market, thin-film 
organic solar cells (TFOSCs) are emerging as a 
compelling alternative due to their potential for 
lightweight, flexible, eco-friendly, and cost-effec-
tive energy generation, alongside their tunable 
absorption [1-4].

Despite the promise of TFOSCs, significant 
challenges remain in achieving widespread 
commercialization. Ongoing research focuses 
on developing novel materials to enhance effi-
ciency and long-term stability while reducing 
production cost [5]. A critical area of investi-
gation is the replacement of conventional hole 
transport layers (HTLs), such as PEDOT:PSS, 
which often suffer from limitations like poor 
stability and high cost [6], [7]. This study ad-
dresses this challenge by exploring the use of 
CFTS kesterite as a potential alternative HTL 
material in TFOSCs [8], [9], [10]. CFTS offers 
a unique combination of advantages, includ-
ing earth abundance, low cost, environmental 
friendliness, and favorable electronic proper-
ties, making it a promising candidate to over-
come the limitations of existing HTLs.

To efficiently analyze and optimize TFOSC 
device performance, numerical simulations 
have become an invaluable tool. The Solar Cell 
Capacitance Simulator (SCAPS-1D), a widely 
used one-dimensional simulation program de-
veloped at the University of Ghent, Belgium, 
provides a robust platform for modeling and 
predicting solar cell behavior [11], [12], [13], 
[14]. This paper presents a numerical simula-
tion study using SCAPS-1D to investigate the 
performance of a TFOSC device with the config-
uration: FTO/PDINO/PBDB-T:ITIC/CFTS/Al. 
The study examines the impact of key param-
eters on device performance, aiming to provide 
valuable insights for the design and optimiza-
tion of high-performance and stable TFOSCs 
based on CFTS HTLs.

2. Experimental
The numerical simulations in this study 

were performed using the one-dimensional So-
lar Cell Capacitance Simulator (SCAPS-1D) 
software, developed at the University of Gent, 
Belgium. SCAPS-1D is a widely used tool for 
the simulation of various types of solar cells. 
The simulated device architecture, as shown in 
Figure 1, consists of the following layers:   FTO 
(Fluorine-doped Tin Oxide) as the front contact/
PDINO (2,9-Bis[3-(dimethyloxidoamino)propy
l]anthra[2,1,9-def:6,5,10-d’e’f’]diisoquinoline-
1,3,8,10(2H,9H)-tetrone) as the electron trans-
port layer (ETL)/PBDB-T/ITIC (poly[(2,6-(4,8-
bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b:4,5-b]dithiophene)-co-(1,3-di(5-thiophene-
2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-
c]dithiophene-4,8-dione)]/3,9-bis(2-methy-
lene-(3-(1,1-dicyanomethylene)-indanone)-
5,5,11,11-tetraki(4-hexylphenyl)-dithieno[2,3-
d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene)) 
blend as the absorber layer/CFTS (Cu2​FeSnS4​
) kesterite as the hole transport layer (HTL)/
Aluminium (Al) as the back contact. The simu-
lation requires the input of various material 
parameters for each layer. These parameters 
were primarily obtained from experimental 
data and literature values, as listed in Table 1   
[15], [16], [17], [18].   

The simulations were conducted under AM 
1.5G illumination, which is the standard condi-
tion for solar cell characterization. The temper-
ature was varied from 273K to 373K to analyze 
the temperature dependence of the solar cell 
performance. The specific simulation param-
eters are listed in Table 2.   

SCAPS-1D solves the semiconductor equa-
tions to simulate the solar cell’s electrical be-
havior. The key equations solved by SCAPS-1D 
include the Poisson’s Equation:
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Figure 1: Solar cell structure used in the simu-
lation, illustrating the different layers (FTO, 
PDINO, PBDB-T:ITIC, CFTS, Al).
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Where ψ  is the electrostatic potential, e  is 
the electrical charge, εr  is the relative permit-
tivity, ε0 is the vacuum permittivity, ND  is the 
charged impurities of donor, NA  is the accep-
tor charge impurities, ρp is the holes distribu-
tion, ρn is the electrons distribution, Continu-
ity Equations:

dJ dx dJ dx G Rn p/ /= = -

where  Jn ​ and J p ​ are the electron and hole cur-
rent densities, R ​ and G  are the recombination 
rates and the generation rates for electrons and 
holes, and Current Density Equations:
	 J Dndn dx nd dxn n= +  /   /  µ φ 		
	 J Dpdp dx pd dxp p= +  /   /µ φ 	
where Jp and Jn   are current densities of holes 
and electrons. These equations are solved self-
consistently within SCAPS-1D to obtain the 
various solar cell characteristics. The simula-
tion process involves several steps within the 
SCAPS-1D environment:   

i.	 Device Structure Definition: The 
device structure was defined by inputting the 
materials, thickness, and doping profiles of 
each layer using the SCAPS-1D graphical user 
interface.   

ii.	 Working Point Conditions: The tem-
perature was set as the primary variable, rang-
ing from 273K to 373K, while maintaining AM 
1.5G illumination.   

iii.	 Measurement Selection: Simula-
tions were performed to obtain J-V character-
istics, quantum efficiency (QE), capacitance-
voltage (C-V) characteristics, and impedance  
characteristics.   

iv.	 Calculations: The “batch” calculation 
mode in SCAPS-1D was used to solve the semi-
conductor equations.   

v.	 Data Analysis: The simulated data 
was extracted and analyzed to evaluate the 
impact of temperature on the solar cell perfor-
mance parameters.   

3. Results and discussion
Band Diagram
The band diagram (Figure 2) shows several 

distinct regions, indicating multiple layers. The 
abrupt changes in band positions at around 
2.6 µm and 3.2 µm suggest interfaces between 
different materials. There’s noticeable band 
bending at the interfaces, particularly at the 
2.6 µm interface. This indicates the formation 
of a built-in electric field, crucial for separat-
ing electron-hole pairs[19]. The Fermi level is 
relatively flat throughout the device, suggest-
ing a consistent doping profile. However, there 
are slight shifts at the interfaces, indicating 
changes in doping or material properties. 

Table 1: Material Parameters Used in the Simulation [15], [16], [17], [18]

Parameter FTO PDINO PBDB-T/ITIC CFTS Unit

Thickness 0.050 0.020 0.700 2.400 µm

Bandgap (Eg​) 3.50 3.70 1.57 1.50 eV

Electron Affinity (χ) 4.50 3.80 3.90 4.50 eV

Dielectric Permittivity (εr) 9.70 3.20 3.00 12.00

Electron Mobility (µn) 200.00 1.0×10−5 5.0×10−4 20.00 cm2V−1s−1

Hole Mobility (µp) 200.00 1.0×10−5 1.0×10−3 25.00 cm2V−1s−1

Donor Density (ND) 1.0×1020 1.0×1018 1.0×1016 1.0×1016 cm−3

Acceptor Density (NA) 1.00 1.00 1.0×1016 1.0×1018 cm−3

Thermal Velocity (Vthn) 1.0×107 1.0×107 1.0×107 1.0×107 cm/s

Thermal Velocity (Vthp) 1.0×107 1.0×107 1.0×107 1.0×107 cm/s

Table 2: Simulation Parameters

Parameter Value Unit

Illumination AM1.5G

Temperature Range 273-373 K

Number of Mesh Points [TBD]

Boundary Conditions Ohmic

Simulation Type Steady
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The generation rate (green curve) shown in 
Figure 3 (a) is highest at the front of the device 
(0 µm) and decreases as light penetrates deeper 
into the device. This is expected, as light inten-
sity decreases with depth due to absorption. 
The generation rate shows a jump at around 
2.6 µm and then decreases again, indicating the 
boundary between different layers of the solar 
cell. The region between 2.6 µm and 3.2 µm is 
the absorber layer, where most of the light is 
absorbed. The overall magnitude of the genera-
tion rate indicates the amount of light absorbed 

and the number of electron-hole pairs created. 
A higher generation rate is generally better for 
device performance. The recombination rate 
(purple curve) is relatively low in most of the 
device but shows a significant peak at around 
2.6 µm. This suggests that there is a high re-
combination rate at the interface between two 
layers. This could be due to interface defects or 
poor band alignment [20], [21]. The recombina-
tion rate is also slightly higher at the back of 
the device (3.2 µm), which could be due to back 
contact recombination.

Current Density Profile
This current density profile shown in Figure 

3 (b) & (c) indicates that the simulated solar cell 
is operating efficiently with good charge collec-
tion and low recombination. The constant total 
current density confirms that the simulation is 
consistent and that charge is being conserved. 
The red and blue lines show that both holes 
and electrons are being efficiently collected in 
the absorber layer.

The total current density phase as shown in 
Figure 3 (b) is constant. This indicates a consis-
tent phase relationship between the voltage and 
the total current in this region. There is a sharp 
change in the current density phase at around 
2.4 µm, followed by a fluctuating behavior in the 
region between 2.4 µm and 2.8 µm. This indicates 

Figure 2: Energy band diagram of the simulated 
solar cell device as a function of position across 
the layer stack. The diagram illustrates band 
alignment, band bending at material interfaces, 
and the built-in electric field across the device. 
Abrupt changes in energy levels indicate hetero-
junction interfaces between layers.

Figure 3: (a) Generation–recombination profiles as a function of device thickness, where the green line 
represents the generation rate (G) and the purple line represents the recombination rate (R). (b) Current 
density phase profile showing electron current (blue), hole current (red), and total current (black). (c) Cur-
rent density amplitude profile with electron (blue), hole (red), and total current (black) components. (d) 
Electrostatic potential and quasi-Fermi levels, where the black line represents electrostatic potential, blue 
line represents electron quasi-Fermi level, and red line represents hole quasi-Fermi level. 
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a change in the electrical behavior of the device 
in this region. The fluctuations in the current 
density phase in the region between 2.4 µm and 
2.8 µm. The hole and electron current density 
phases are significantly different in the region 
between 2.4 µm and 2.8 µm. This indicates that 
the flow of holes and electrons is not in phase in 
this region. The sharp changes and fluctuations 
in the hole and electron current density phases 
in the region between 2.4 µm and 2.8 µm sug-
gest that there may be some complex charge 
transport mechanisms occurring in this region 
[22], [23]. This could be due to factors such as: 
interface defects, charge trapping and detrap-
ping, space charge effects [24]. The complex 
charge transport mechanisms indicated by the 
phase fluctuations could lead to reduced device 
performance, such as Lower fill factor, Lower 
efficiency [22], [24].

Electrostatic potential (Psi) and the 
quasi-Fermi levels

The sharp increase in the electrostatic po-
tential between 2.4 µm and 2.8 µm, shown in 
Figure 3 (d),  indicates a strong built-in elec-
tric field, which is essential for efficient charge 
separation and collection [25], [26].  The split-
ting of the quasi-Fermi levels (if present) in the 
region between 2.4 µm and 2.8 µm is directly 
related to the photovoltage generated in the de-

vice. A larger splitting indicates a higher pho-
tovoltage [27]. The behavior of the quasi-Fermi 
levels indicates how charge carriers move with-
in the device. The closer the quasi-Fermi lev-
els are to the band edges, the better the charge 
transport.

C-V profile
All curves exhibit a typical C-V profile (Fig-

ure 4(a)) for a semiconductor device. At nega-
tive voltages (reverse bias), the capacitance is 
relatively low and constant. As the voltage in-
creases towards positive values (forward bias), 
the capacitance increases significantly. In Re-
verse Bias Region (-0.8V to 0V) region, the ca-
pacitance is relatively low and shows minimal 
variation with both voltage and temperature. 
This is expected as the depletion region is wide, 
and the device behaves more like an insulator. 
The slight increase in capacitance with temper-
ature could be attributed to increased thermal 
generation of charge carriers [28], [29], but the 
effect is small. In the Forward Bias Region (0V 
to 0.8V)  the temperature dependence becomes 
more pronounced. As the temperature increas-
es, the capacitance in the forward bias region 
increases significantly. Higher temperatures 
provide more thermal energy, enabling more 
charge carriers to overcome the potential bar-
rier and be injected into the device. This leads 

Figure 4: Temperature-dependent electrical characteristics of the simulated solar cell for 273 K to 373 
K (in steps of 20 K), where curves progress from red (273 K) to purple (373 K). (a) Capacitance–voltage 
(C–V) characteristics. (b) Mott–Schottky plots showing inverse capacitance behavior. (c) Doping profile 
as a function of depletion width, illustrating apparent carrier concentration. (d) Conductance–frequency 
(G–f) characteristics. Each curve corresponds to a specific temperature as indicated by the color gradient, 
with higher temperatures shifting toward purple.
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to a higher capacitance [30], [31]. Higher tem-
peratures also increase recombination rates. 
However, the dominant effect in this region is 
the increased carrier injection. The increased 
carrier injection narrows the depletion region, 
leading to a higher capacitance.

The significant temperature dependence 
of the C-V characteristics suggests that the 
device’s performance will be affected by tem-
perature variations. At higher temperatures, 
the increased carrier injection can also lead to 
higher leakage currents, which can reduce the 
device’s efficiency. Understanding the temper-
ature dependence is crucial for optimizing the 
device’s performance under different operating 
conditions.

Mott-Schottky

Mott-Schottky plot is used to analyze the 
electronic properties of semiconductor materi-
als and interfaces [32]. Temperature signifi-
cantly influences the electronic properties of 
semiconductors and the behavior of solar cell 
devices. The plot in Figure 4(b)  shows the ex-
pected Mott-Schottky behavior with a linear 
region in reverse bias and a non-linear region 
in forward bias for all temperatures. This in-
dicates that the simulated junction behaves 
reasonably like a Schottky or p-n junction. The 
non-linear region, particularly at higher volt-
ages, shows more pronounced temperature de-
pendence. This is expected as forward bias be-
havior is more sensitive to carrier injection, re-
combination, and series resistance, all of which 
are temperature-dependent. The increased de-
viation from linearity at higher temperatures 
indicate that interface states or defects become 
more active in trapping or releasing charge car-
riers, affecting the capacitance [33], [34]. High-
er temperatures increase recombination rates, 
which can alter the capacitance response, espe-
cially in the forward bias region.

Doping Profile
Doping Profile represents the apparent dop-

ing concentration within the device, as a func-
tion of depletion width. The different coloured 
curves shown in Figure 4(c) represent the dop-
ing profile at various temperatures, increasing 
from red (273K) to purple (373K). All curves 
exhibit a U-shaped profile. This is typical for 
organic solar cells, indicating a non-uniform 
doping distribution across the depletion re-
gion. The lowest doping concentration (around 
1E+15 /cm3) is observed in the middle of the 
depletion region, while it increases towards 

the edges (reaching around 1E+18 /cm3). Over-
all, the temperature variation has a relatively 
small impact on the doping profile. The curves 
are closely clustered, suggesting that the dop-
ing concentration is not strongly affected by 
temperature changes in this range. There are 
some minor variations at the edges of the de-
pletion region, particularly at higher tempera-
tures. This could be due to increased Thermal 
Ionization. Higher temperatures might lead to 
slightly increased ionization of dopants, result-
ing in a higher apparent doping concentration 
[35]. Temperature can affect the behaviour of 
defects, which can influence the apparent dop-
ing concentration measured [36]. The doping 
concentration spans a wide range (1E+15 to 
1E+18 /cm3). This is likely due to the device 
structure and the need for efficient charge ex-
traction. The high doping at the edges is likely 
to facilitate good ohmic contacts, minimizing 
contact resistance. The depletion width ranges 
from approximately 0.49 µm to 0.76 µm. 

Gf Curves
This graph in Figure 4(d) depicts the con-

ductance (G) as a function of frequency (f) for an 
organic solar cell at different temperatures, in-
creasing from 273K to 373K. At low frequencies 
(102 Hz to 104 Hz), the conductance is relatively 
high and varies significantly with temperature. 
As the frequency increases (104 Hz to 105 Hz), 
the conductance decreases significantly, and 
the temperature dependence becomes more pro-
nounced. At high frequencies (105 Hz to 106 Hz), 
the conductance tends to level off and shows less 
temperature dependence. At low frequencies, 
higher temperatures generally lead to higher 
conductance. This indicates that thermal energy 
facilitates charge transport at lower frequencies. 
In the mid-range of frequencies (around 104 Hz 
to 105 Hz), there is a significant drop in conduc-
tance, and the temperature dependence is most 
prominent. Higher temperatures lead to a more 
pronounced dip in conductance. This dip is likely 
related to charge trapping and detrapping pro-
cesses [37]. At high frequencies, the conductance 
becomes less sensitive to temperature varia-
tions. This suggests that the charge transport 
mechanisms dominating at high frequencies are 
less affected by temperature.

The prominent dip in conductance around 
104 Hz to 105 Hz is associated with the presence 
of traps or defects in the organic semiconductor 
materials. The temperature dependence of this 
dip suggests that the trap states are thermally 
activated. Higher temperatures provide more 
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energy for charge carriers to be trapped and re-
leased, affecting the conductance [24]. The con-
ductance dip indicates the presence of charge 
trapping and detrapping processes, which can 
limit the device’s performance. The tempera-
ture dependence of the conductance suggests 
that the device’s performance will be affected 
by temperature variations.

GV Curves
This graph in Figure 5(a) depicts the con-

ductance (S/cm2) as a function of voltage (V) for 
an organic solar cell at different temperatures, 
increasing from red (273K) to purple (373K). 
There is a slight increase in conductance with 
increasing temperature across the entire volt-
age range. This indicates that higher tempera-
tures enhance the conductivity of the organic 
solar cell [38]. The temperature dependence 
is more pronounced in the forward bias region 
(positive voltages). This suggests that the tem-
perature has a greater impact on the charge in-
jection and transport mechanisms when the de-
vice is forward biased. At reverse bias (negative 
voltages), the conductance is relatively low and 

shows minimal temperature dependence. This 
is expected as the device is in a non-conduct-
ing state in this region. The increase in con-
ductance with temperature, especially in the 
forward bias region, suggests that the leakage 
current of the device may increase at higher 
temperatures [39]. This can reduce the device’s 
efficiency. The slight temperature dependence 
indicates that the device’s performance may be 
affected by temperature variations, although 
the effect is not very significant in this case. 
The increase in conductance with temperature 
suggests that higher temperatures enhance 
charge transport within the device. 

Nyquist plot
The graph shown in Figure 5(b) depicts a 

Nyquist plot for an organic solar cell at differ-
ent temperatures, increasing from red (273K) to 
purple (373K). The Nyquist plots show a combi-
nation of a semicircle or a distorted semicircle 
at higher frequencies (left side of the graph) and 
a linear or near-linear region at lower frequen-
cies (right side of the graph). The semicircle is 
associated with charge transfer resistance and 

Figure 5: Temperature-dependent performance characteristics of the simulated solar cell for 273 K to 
373 K, where curves are color-coded from red (273 K) to purple (373 K). (a) Conductance–voltage (G–V) 
characteristics showing variation in conductivity with applied bias. (b) Impedance spectra (Nyquist plot), 
where semicircle diameter corresponds to charge transfer resistance at different temperatures. (c) Quan-
tum efficiency (QE) spectra as a function of wavelength, illustrating temperature-induced spectral shifts. 
(d) Current density–voltage (J–V) characteristics under illumination, showing temperature dependence of 
photovoltaic performance. Each curve is identified by its corresponding temperature using the consistent 
color scale.
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capacitance at the interfaces, while the linear 
region is associated with diffusion processes. 
The diameter of the semicircle decreases with 
increasing temperature (from red to purple). 
This indicates a decrease in charge transfer re-
sistance at higher temperatures. The slope of 
the linear region at low frequencies also changes 
with temperature. This suggests that the diffu-
sion processes are affected by temperature. The 
semicircle at higher frequencies is related to the 
charge transfer resistance (Rct) and the capaci-
tance (C) at the interfaces. The decrease in the 
semicircle diameter with increasing temperature 
indicates that the charge transfer resistance de-
creases at higher temperatures. This is expected 
as higher temperatures provide more thermal 
energy for charge carriers to overcome the po-
tential barriers at the interfaces. The peak fre-
quency of the semicircle can be used to estimate 
the time constant (τ = Rct*C) associated with 
the charge transfer process. The linear region at 
low frequencies is related to diffusion processes 
within the device. The slope of this region is re-
lated to the diffusion impedance. The change in 
the slope with temperature suggests that the 
diffusion coefficient and the diffusion length are 
affected by temperature. The decrease in charge 
transfer resistance with increasing temperature 
indicates that the device’s performance may im-
prove at higher temperatures [40]. The tempera-
ture dependence of the diffusion processes sug-
gests that the device’s efficiency may be affected 
by temperature variations. 

Quantum Efficiency
The quantum efficiency increases with in-

creasing wavelength, reaching a peak and then 
decreasing again is clearly observed from Fig-
ure 5(c). This shape is typical for organic so-
lar cells due to the absorption spectrum of the 
materials used. The overall quantum efficiency 
increases with increasing temperature, indicat-
ing that the device becomes more efficient at 
higher temperatures. The peak wavelength of 
the quantum efficiency shifts slightly towards 
longer wavelengths with increasing tempera-
ture. This suggests a change in the absorption 
properties of the materials at higher tempera-
tures [41]. The overall increase in quantum ef-
ficiency with temperature indicates that higher 
temperatures enhance the ability of the solar 
cell to convert light into electricity. This could 
be due to several factors, including increased 
charge carrier mobility and reduced recombi-
nation rates at higher temperatures. The tem-
perature dependence of the quantum efficiency 

suggests that the optimal operating tempera-
ture for the solar cell may be slightly higher 
than room temperature. The shift in the peak 
wavelength with temperature suggests that 
the choice of materials can influence the opti-
mal operating temperature range.

JV Curves
Figure 5(d) shows that, the current density 

increases (becomes less negative) with increas-
ing voltage. The curves are in the negative cur-
rent region, indicating that this is a plot of the 
current under illumination (photocurrent). The 
magnitude of the current density increases (be-
comes less negative) with increasing tempera-
ture across the entire voltage range. This indi-
cates that the solar cell produces more current at 
higher temperatures [42], [43]. The temperature 
dependence is more pronounced in the forward 
bias region (higher voltages). This suggests that 
temperature has a greater impact on the charge 
extraction and transport mechanisms when the 
device is forward biased. Jsc increases with in-
creasing temperature. This indicates that more 
charge carriers are generated and collected at 
higher temperatures. The increase in current 
density with temperature suggests that the so-
lar cell’s efficiency may improve at higher tem-
peratures. The increase in current density with 
temperature suggests that higher temperatures 
enhance charge transport within the device.

4. Conclusion
This study successfully simulated a non-

fullerene thin-film organic solar cell (TFOSC) 
with the configuration FTO/PDINO/PBDB-T:
ITIC/CFTS/Al using the SCAPS-1D software. 
The simulation utilized CFTS kesterite as a 
promising alternative hole transport layer 
(HTL) to address the limitations of convention-
al HTLs. The results demonstrate the poten-
tial of CFTS to contribute to the development 
of high-performance, stable, and cost-effective 
TFOSCs, which are crucial for advancing sus-
tainable energy technologies. 

The simulation process involved a detailed 
analysis of the device’s performance under AM 
1.5G illumination and varying temperatures, 
providing insights into its operational char-
acteristics and stability. The temperature de-
pendence of the device’s performance was also 
evaluated, showing how changes in tempera-
ture affect the solar cell’s efficiency and other 
parameters [42], [44], [45]. The findings of this 
study contribute valuable knowledge to the on-
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going efforts to optimize TFOSC technology. By 
demonstrating the effectiveness of CFTS as an 
HTL and providing a comprehensive simula-
tion-based analysis, this research supports the 
development of more efficient and reliable so-
lar energy solutions. Further research could ex-
plore the long-term stability and environmen-
tal impact of these devices which will also be 
critical for their successful commercialization.   
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