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Abstract: This study investigates cesium-based halide perovskite solar cells with varying halides (Br, I, Cl) to assess their 
impact on device performance. By comparing CsPbBr₃, CsPbI₃, and CsPbCl₃ compositions, the work explores their optical 
and structural properties using numerical simulation and available experimental data. The device architecture incorporates 
a graphene (Gr)-based electron transport layer (ETL) to enhance electron mobility and reduce recombination losses, while 
the hole transport material (HTM) layer is constructed using carbon nanotubes (CNTs) to improve hole extraction and 
charge transport. The results show that halide substitution significantly influences the bandgap and overall device behavior. 
Among the studied compositions, CsPbI₃ achieved the highest power conversion efficiency (PCE) (19.9), the highest short-
circuit current density Jsc (24.9), and the highest fill factor FF (72.0), making it the most promising candidate for high-
performance perovskite solar cells. 

Keywords: Perovskite solar cell (PSC), Electron transport layer (ETL), Hole transport layer (HTL), Graphene (Gr).   

1 Introduction  

Perovskite solar cells (PSCs) are considered one of the 
most promising emerging photovoltaic technologies due to 
their remarkable progress in recent years. Since their initial 
introduction in 2009, PSCs have attracted considerable 
attention in both academic and industrial fields because of 
their excellent optoelectronic properties and low-cost 
fabrication processes. A number of studies have reported 
significant improvements in their power conversion 
efficiency (PCE), increasing from an initial value of 3.8% 
to over 25.2% within a relatively short period. Additionally, 
the overall cost of manufacturing PSCs has decreased 
compared to traditional silicon-based solar cells, making 
them a competitive alternative for future sustainable energy 
production. The fundamental structure of a perovskite 
material is commonly represented by the general formula 
ABX₃, where A and B are cations of different sizes, and X 
is an anion, typically a halide ion, that maintains charge 
neutrality. Among the different types of halide perovskites, 
those based on iodide have demonstrated superior 
electronic and optoelectronic properties. This is largely due 
to their higher carrier mobility, long charge carrier 
diffusion lengths, and strong optical absorption coefficients, 
all of which are essential parameters for efficient solar 
energy conversion. Despite their impressive properties and 
rapid development, PSCs face several challenges that 
hinder their commercial application. One of the primary 
issues is the instability and degradation of device 
performance over time, particularly under environmental 
stresses such as moisture, heat, and ultraviolet radiation. To 
enhance the stability and efficiency of PSCs, the device 

architecture typically involves the incorporation of 
additional functional layers. Specifically, the perovskite 
active layer is positioned between an electron transporting 
material (ETM) and a hole transporting material (HTM). 
These layers are crucial for facilitating the efficient 
separation and transport of photogenerated charge carriers. 
The ETM layer collects and transports electrons, while the 
HTM layer does the same for holes, minimizing 
recombination losses and improving the overall device 
performance. Numerous studies have highlighted the 
importance of selecting suitable ETM and HTM materials 
to optimize the performance and stability of PSCs [1] . [2] 
Furthermore, the formation of excitons—bound electron-
hole pairs—within the perovskite layer, and their 
subsequent dissociation and transportation into respective 
charge transport layers, is a key process in achieving high 
power conversion efficiencies. In conclusion, while PSCs 
offer outstanding potential as next-generation photovoltaic 
devices due to their exceptional material properties and 
cost-effectiveness, ongoing research is essential to address 
their stability issues and optimize their structural 
components. This will pave the way for their practical 
application in the renewable energy market. 

2 Theory and Modeling 
The structural configuration of a typical perovskite solar 
cell (PSC) is depicted in Fig. 1. From the bottom up, the 
device is composed of a gold (Au) layer, which functions as 
the back contact, followed by a hole transport layer (HTL) 
made of p-type material. Above this is the perovskite active 
layer (ABX3)  responsible for light absorption and charge 
generation.  (Gr) layer serves as the electron transport layer 
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(ETL), which is placed underneath a fluorine-doped tin 
oxide (FTO) layer acting as the transparent conducting 
electrode (TCO). Finally, the device is exposed to air at the 
top surface to investigate the photovoltaic performance of 
the PSC, a combined optical and electrical simulation 
model was employed to extract essential device parameters 
and operational characteristics. 

2.1 Optical Model 

The optical analysis involves determining the distribution 
of the electric field, the absorption profile, and the 
photogeneration rate within the multilayer structure of the 
PSC. This is achieved by solving the Helmholtz equation, 
which is derived from Maxwell’s equations in the 
frequency domain. The equation governing the propagation 
of the electric field within the structure is given by: 
!!			#	(%)
!%!

+ Κ'(	𝜀)(%)𝐸(𝑥) = 0										          (1) 

where:  

E(x)is the electric field intensity at a given position, x 

	*#is the wavevector in a vacuum (𝜅'+!$%#
) 

	,&(𝑥)represents the position-dependent relative permittivity 
of each material layer. 

By solving this equation, the optical behavior of light 
within the PSC structure can be accurately predicted, 
enabling the calculation of the spatial distribution of 
photogeneration rates. These results are subsequently 
utilized as input for the electrical simulation to model 
charge transport and recombination mechanisms. 

 
Fig. 1: The 3D schematics of PSC and the thicknesses of 
layers.     

The relative permittivity (εr) of materials varies with the 
incident light wavelength (λ). To accurately simulate the 
propagation of electromagnetic waves within the multilayer 
structure, two essential optical parameters are required for 
each layer: the refractive index n(λ) and the extinction 
coefficient k(λ). The values of these optical constants for 
various materials — including  

The distribution of the electric field intensity throughout the 
device structure is computed according to Equation (1): 

E(𝜆) = calculated using Maxwell's equations and material 
parameters.} 

Once the electric field intensity |E(λ)|² is known, the 
photogeneration rate G_{ph}(λ) at each wavelength is 
determined using the following relation: 

𝐺-.(𝜆)=,
''(/)#(/)!

(.
											          (2) 

where h is Planck's constant, and ε''(λ) represents the 
imaginary component of the relative permittivity at the 
corresponding wavelength (λ). 

This calculation is performed over the visible light range, 
specifically from 300 nm to 800 nm, with a focus on three 
critical layers within the device architecture: the electron 
transport layer (ETL), the active absorber layer, and the 
hole transport layer (HTL). 

For the simulation configuration, a plane wave source 
based on the standard AM1.5G solar spectrum is used. 
Floquet periodic boundary conditions (PBCs) are applied 
along the lateral sides of the structure to model periodicity, 
while the back surface — composed of a gold (Au) layer — 
is treated with a perfect electric conductor (PEC) boundary 
condition. This PEC boundary reflects unabsorbed photons, 
improving light trapping and internal reflection. 

Finally, the total photogeneration rate is obtained by 
integrating G(λ) over the entire wavelength range of 
interest: 

𝐺-.,12134+∫ 6()
*++,-
.++,-

(𝜆)𝑑𝜆                    (3) 

This approach provides a comprehensive assessment of the 
optical and electrical performance of the multilayer device 
structure under simulated solar illumination. [2], [3]   

3 Electrical Mode 

In this section, the distribution of charge carriers within the 
perovskite solar cell (PSC) is analyzed to determine its 
current-voltage (J-V) characteristics. To achieve this, the 
Poisson equation and the continuity equations for both 
electrons and holes are solved across the different layers of 
the device — including the electron transport layer (ETL), 
hole transport layer (HTL), and the active layer. 

The electrostatic potential distribution within the device is 
governed by the Poisson equation: 

∇. (𝜀°𝜀)∇𝟁) = −𝝆                     (4)  

where: 

	,°is the vacuum permittivity, 

𝜀)is the relative permittivity of the material, 

𝜓	represents the electrostatic potential, 

𝜌	is the local charge density. 
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The charge density is defined as: 

𝜌 = 𝑞(𝑝 − 𝑛 + 𝑁89 −𝑁:;)									         (5) 

where: 

n and p are the electron and hole concentrations, 
respectively, 

𝑁89 and 𝑁:; represent the densities of ionized donors and 
acceptors. 

The temporal evolution of the carrier concentrations is 
described by the continuity equations for electrons and 
holes: 

 <=
<1
= >

?
∇. 𝐽= + 𝐺=-𝑈=		                (6) 

<-
<1
= − >

?
∇. 𝐽- + 𝐺--𝑈-			              (7) 

where: 

𝐽-and 𝐽=  are the current densities of electrons and holes, 

𝐺=and  𝐺- are the generation rates of electrons and holes 
obtained from the optical analysis, 

𝑈-and 𝑈=  denote the recombination rates. 

The current densities are calculated using the drift-diffusion 
model as follows: 

𝐽= = 𝑞𝜇=n∇𝟁+ 𝒒𝑫𝒏𝛁n               (8) 

𝐽- = −𝑞𝜇-p	∇𝟁 + 𝒒𝑫𝒑𝛁p            (9) 

where: 

𝜇=and 𝜇-  are the mobilities of electrons and holes, 

𝑫𝒑and  𝑫𝒏 are the diffusion coefficients for electrons and 
holes. 

In this electrical model, Shockley-Read-Hall (SRH) 
recombination is considered the primary recombination 
mechanism. It is expressed by: 

𝑅BCD=
=(/,0

!

E(	(,2,3	)25,		(-9-3)
                   (10) 

where: 

𝑛Fis the intrinsic carrier concentration, 

𝜏-and 𝜏=  are the carrier lifetimes for electrons and holes, 
respectively. 

Table 1: The electrical parameters of PSC 
Parameter Cs pb𝐼! Cs pb𝐵𝑟! Cs pb𝐶𝑙! Gr CNT 

Thickness 
(nm) 

250 250 250 200 400 

Permittivity 
(Relative),

𝜀" 
17.6 15 10 6.9 5.5 

CB density 
of states, 

10#$ ∗ 	2.2 10#$ ∗ 	2.5 10#$ ∗ 	2.8 10#% ∗ 1 10#% ∗ 1 

Nc (1/cm3) 

VB density 
of states, 

Nv(1/cm3) 
10#$ ∗ 	2.2 10#$ ∗ 	2.5 10#$ ∗ 	2.8 10#% ∗ 1 10#% ∗ 1 

Electron 
Mobility, 
𝜇& (cm² 

/Vs)' 

15 7 3 9000 1200 

Hole 
Mobility, 
𝜇' (cm² 

VS) 

10 5 2 9000 1100 

Electron 
affinity,ℵ(e

V) 
3.9 3.5 3.1 4.4 4.2 

Band gap, 
Eg ( eV) 1.73 2.3 3.0 0.1 0.2 

Acceptor 
density, 
𝑁((1/cm³) 

10#! ∗ 1 10#! ∗ 1 10#! ∗ 1 --- -- 

Donor 
density, 𝑁) 

(1/ cm³ 
--- --- --- 10#% ∗ 1 10#% ∗ 1 

𝜏&/𝜏* 8
8 

5
5 

5
5 0.005/0.005 0.01/0.01 

In perovskite solar cells (PSCs), the performance of the 
device is largely determined by the alignment of energy 
levels and the mobility of charge carriers across the 
different layers. Table (1.1) outlines essential electrical 
properties for three perovskite absorber materials (CsPbI₃, 
CsPbBr₃, CsPbCl₃) and two possible transport layers – 
graphene (Gr) and carbon nanotubes (CNT). 

The energy band gap (E₉) of the perovskite materials 
increases from CsPbI₃ (1.73 eV) to      CsPbCl₃ (3.0 eV), 
indicating a shift in optical absorption behavior. CsPbI₃, 
with the lowest band gap, absorbs a broader range of the 
solar spectrum, making it ideal for single-junction solar 
cells. In contrast, CsPbCl₃, with its wide band gap, is more 
suited for top cells in tandem architectures, where UV or 
high-energy photons are targeted. 

When visualizing the band alignment, as shown in a 
schematic energy band diagram (similar to Fig. 2), the 
conduction band minimum (CBM) and valence band 
maximum (VBM) of the perovskite must be appropriately 
matched with the electron and hole transport layers, 
respectively. For effective electron transport, the CBM of 
the perovskite should be at a higher ievel(i.e.more negative 
vaiue)than  the conduction band of the ETL (e.g., Gr). 
Graphene, with its high electron mobility (9000 cm²/Vs) 
and work function of ~4.4 eV, aligns well with the 
conduction band of the perovskite and the FTO layer. This 
allows photogenerated electrons in the perovskite to trans    
[4], [5],  [6] ,and  [7].   
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Fig. 2: The performance and layers band diagram energy 
levels of PSC 

The performance and efficiency of perovskite solar cells 
(PSCs) are largely governed by the alignment of energy 
levels between the perovskite absorber layer and the 
adjacent charge transport layers. This alignment is typically 
described in terms of the conduction band minimum (CBM) 
and valence band maximum (VBM) of the perovskite 
material, and their relative positions to the work functions 
or band edges of the electron and hole transport materials. 

Perovskite materials such as Cs  Pb  I₃, CsPbBr₃, and 
CsPbCl₃ serve as the light-absorbing layer, where incident 
photons excite electrons from the VBM to the CBM, 
leaving behind holes. The effective extraction of these 
photo-generated charge carriers depends on the energetic 
compatibility with adjacent layers. 

In the illustrated band diagram, the energy levels of each 
component are depicted as follows: 

The conduction band of the perovskite must be positioned 
above the energy level of the electron transport layer 
(ETL), such as graphene, to enable facile electron injection. 

Similarly, the valence band must be close to or lower than 
the energy level (work function) of the hole transport layer 
(HTL), such as carbon nanotubes (CNTs), to promote 
efficient hole extraction. 

Graphene (Gr), with a relatively low work function (~4.4 
eV) and high electron mobility, is well-suited for serving as 
an ETL, allowing electrons to transfer efficiently from the 
perovskite layer to the transparent conductive oxide (FTO). 
On the other hand, CNTs possess a higher work function 
(~4.8–5.0 eV), making them suitable for hole transport, as 
they align favorably with the VBM of the perovskite and 
facilitate hole extraction toward the back electrode (e.g., 
Au). 

This optimal band alignment minimizes energy barriers at 
the interfaces, reduces recombination losses, and ensures 
efficient charge carrier separation and transport. 
Consequently, such insights are critical in guiding the 
selection and engineering of materials for achieving high-
efficiency PSCs. 

Table 2: Effect of Gr Layer Thickness on Solar Cell 
Performance Parameters 

Thickness(nm) 
Gr 

𝑉GH        
(volt) 

𝐽 BH
( -6
7-!	)

 F.F 
(%) 

ᶯ 
(%) 

10 2.461 16.241 30.50 12.03 
20 2.261 16.50 31.00 11.92 
30 2.240 16.00 31.80 11.87 
40 2.220 15.50 32.00 11.81 
50 2.112 15.32 32.16 11.77 
100 2.052 14.39 33.97 10.04 
150 1.955 12.18 35.75 8.52 
200 1.876 10.59 37.41 7.44 
250 1.810 9.452 38.88 6.65 
300 1.753 8.591 40.20 6.06 
350 1.705 7.917 41.37 5.59 
400 1.662 7.375 42.43 5.20 

 
Fig. 2: The variation of Voc (volt), Jsc (mA/cm2), FF (%o) 
and efficiency  (%) with the thickness of Gr (nm) 

In this study, the impact of the Gr layer thickness on the 
photovoltaic performance parameters of a solar cell was 
systematically investigated. The analysis reveals a clear 
dependence of the open-circuit voltage (Voc), short-circuit 
current density (Jsc), fill factor (FF), and power conversion 
efficiency (PCE) on the thickness of the Gr layer.As the 

0 50 100 150 200 250 300

5

10

15

20

25

30

35

40

45

F
.F

 (
%

)

Thickness (nm)

 F.F
 ᶯ

0 50 100 150 200 250 300
0

2

4

6

8

10

12

14

16

18

V
oc

 (
vo

lt)

Thickness (nm)

 Voc
 J



 Int. J. Thin. Fil. Sci. Tec. 14, No. 3, 173-182  (2025) / http://www.naturalspublishing.com/Journals.asp                                            177 
 

 
        © 2025 NSP 
         Natural Sciences Publishing Cor. 

 

thickness increases from 10 nm to 400 nm, the open-circuit 
voltage (Voc) shows a gradual decrease from 2.461 V to 
1.662 V. This behavior can be attributed to increased 
recombination losses at higher thicknesses, which hinder 
the photogenerated charge carriers from reaching the 
electrodes efficiently. 

The short-circuit current density (Jsc) initially increases, 
reaching its maximum around 100–150 nm, and then 
decreases as the thickness continues to increase. This 
indicates that an optimal thickness exists where light 
absorption is maximized without significantly increasing 
the recombination losses. The fill factor (FF) demonstrates 
a consistent increase with thickness, rising from 30.50% at 
10 nm to 42.43% at 400 nm. This suggests that thicker Gr 
layers contribute to improved charge transport and reduced 
series resistance. Most importantly, the power conversion 
efficiency (PCE) exhibits a peak value of approximately 
7.489% at 200 nm, after which it declines. This clearly 
indicates that the optimal Gr layer thickness for maximum 
device performance is approximately 200 nm. Beyond this 
point, the negative effects on Voc and Jsc outweigh the 
benefits of the increased FF. Recommendation 

To achieve optimal solar cell performance, it is 
recommended to use a Gr layer thickness around 200 nm. 
This thickness offers the best compromise between high 
photocurrent, sufficient voltage, and efficient charge 
extraction, resulting in maximum device efficiency. [8]   

Table 3: Effect of CspbX3 Layer Thickness on Solar Cell 
Performance Parameters 

 

 
Fig. 3: The variation of Voc (volt), Jsc (mA/cm2), FF (% ) 
and ᶯ  (%) with the thickness of CspbX3 (nm) 

In this study, the effect of the active layer thickness of 
CsPbX3 on the photovoltaic parameters of the solar cell 
was investigated, including open-circuit voltage (Voc), 
short-circuit current density (Jsc), fill factor (FF), and 
power conversion efficiency (η). The results demonstrated 
that as the thickness increased from 250 nm to 600 nm, a 
noticeable decline in the open-circuit voltage was observed, 
decreasing from 2.24 V to 1.334 V. This reduction can be 
attributed to increased charge carrier recombination within 
the thicker active layers, as well as higher internal 
resistance. In contrast, the short-circuit current density (Jsc) 
showed a slight improvement, rising from 16.32 mA/cm² to 
17.43 mA/cm² with increasing thickness. This behavior is 
due to enhanced light absorption in thicker films, 
generating a higher number of charge carriers. 
Additionally, the fill factor (FF) improved significantly 
from 32.16% to 46.92%, likely because thicker layers 
reduce surface defect losses and improve charge collection 
efficiency at the maximum power point.Despite the 
increase in Jsc and FF, the overall power conversion 
efficiency (η) decreased gradually from 11.77% to 10.91% 
as the thickness increased. This is mainly due to the 
dominant negative effect of the Voc reduction, which 
offsets the positive influence of Jsc and FF improvements. 
In conclusion, the results suggest that thinner active layers, 
particularly in the range of 250 nm to 350 nm, provide a 
better balance between high Voc, sufficient Jsc, and a 
reasonable FF, leading to superior overall device 
performance. Increasing the thickness beyond this range 
leads to reduced efficiency, primarily due to increased 
recombination and resistive losses. [9]   

Table 4: Effect of CTN Layer Thickness on Solar Cell 
Performance Parameters 

Thickness(nm) 
CNT 

𝑉GH 
(volt) 

𝐽 BH
( -6
7-!	)

 F.F 
(%) 

ᶯ 
(%) 

50 2.24 16.235 32.16 11.77 
100 2.22 16.610 32.33 11.92 
150 2.22 16.76 32.26 12.01 
200 2.221 16.84 32.22 12.06 
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Thickness(nm) 
CspbX3 

𝑉GH      
(volt) 

𝐽 BH
( -6
7-!	)

 F.F 
(%) 

ᶯ 
(%) 

250 2.24 16.32 32.16 11.77 
300 1.98 16.66 35.57 11.76 
350 1.80 16.92 38.24 11.68 
400 1.67 17.12 40.42 11.56 
450 1.56 17.25 42.34 11.42 
500 1.47 17.34 44.06 11.27 
550 1.398 17.401 45.59 11.10 
600 1.334 17.43 46.92 10.91 
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250 2.222 16.87 32.20 12.08 
300 2.222 16.88 32.19 12.08 
350 2.223 16.89 32.18 12.09 
400 2.223 16.89 32.18 12.09 

  
Fig. 4: The variation of Voc (volt), Jsc (mA/cm2), FF (%o) 
and efficiency (η)   with the thickness of CTN (nm) 

The obtained results from analyzing the performance of the 
solar cell with varying CNT layer thicknesses (ranging 
from 50 to 400 nm) indicate that the thickness significantly 
influences certain performance parameters, particularly the 
short-circuit current density (Js c) and overall    efficiency. 
The open-circuit voltage (Voc) remained nearly constant, 
ranging between 2.22 and 2.24 V, suggesting that the CNT 
thickness has minimal effect on this parameter. In contrast, 
the short-circuit current density (Jsc) showed a gradual 
increase with increasing thickness, reaching its maximum at 
400 nm. The fill factor (F.F) remained relatively stable 
across all thickness values, indicating consistent electrical 
behavior within the cell structure. In terms of efficiency, a 
noticeable improvement was observed as the CNT layer 
thickness increased, with the highest efficiency of 12.09% 

recorded at thicknesses of 350 and 400 nm. This suggests 
that greater thickness enhances light absorption, thereby 
improving power conversion. 

Therefore, it can be concluded that the optimal CNT layer 
thickness under the given experimental conditions lies 
between 350 and 400 nm, where the solar cell achieves its 
best performance. This study identified the optimal 
thicknesses for the element layer in solar cells from Gr and 
CsPbX3 and CNT  plants by comparing the photovoltaic 
performance at different thicknesses. This was achieved by 
analyzing the effect of thickness on key values such as 
voltage, voltage, integrated conductance, and scalability, 
and by optimizing performance under different operating 
conditions. [10]   

Analysis of Solar Cell Performance Using Optimal Layer 
Thicknesses in SCAPS-1D 

Based on the study of how the thickness of individual 
layers affects the performance of the solar cell, the optimal 
thickness for each layer—Graphene (Gr), Carbon Nanotube 
(CNT), and Perovskite—was selected according to the 
highest recorded efficiency. These values were then used as 
inputs in SCAPS-1D simulation software to analyze the 
device's photovoltaic and electrical properties. 

Table 5: Selected Optimal Thicknesses 
Layer Optimal 

Thickness (nm) 
Achieved 
Efficiency (%) 

Graphene 
(Gr) 

200 7.489 

CNT 350 12.09 
Perovskite 250 11.77 

These thickness values were applied in a simulated solar 
cell structure in SCAPS, while other parameters were kept 
constant. The simulation outputs include: 

*Open-circuit voltage (Vos) 

*Short-circuit current density (Jsc) 

*Fill Factor (FF) 

*Power conversion efficiency (η) 

 
Table 6: Simulation Results: 

Layer Configuration 𝑉GH 
  (volt) 

𝐽 BH
( -6
7-!	)

 F.F 
(%) 

ᶯ 
(%) 

Gr (200 nm) + CNT 
(350 nm) + Perov. 
(250 nm) 

1.8658 10.998 37.31 7.66 

Effect of Temperature on Device Performance 

To evaluate the thermal stability and overall performance of 
the optimized solar cell structure, a temperature-dependent 
simulation was carried out using SCAPS-1D. The device 
consisted of the previously determined optimal layer 
thicknesses: Graphene (200 nm), Carbon Nanotube (350 
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nm), and Perovskite (250 nm). The simulation was 
conducted over a temperature range of 283 K to 343 K, in 
steps of 10 K. 

The obtained results showed a strong temperature 
dependence on the solar cell's photovoltaic parameters. As 
shown in the table below, the open-circuit voltage (Vos) 
decreased significantly from 2.84 V at 283 K to 0.88 V at 
343 K. This drop in Vos is attributed to increased intrinsic 
carrier concentrations and enhanced recombination rates at 
higher temperatures. 

Meanwhile, the short-circuit current density (Jsc) increased 
from 9.873 mA/cm² to 13.97 mA/cm², which is likely due 
to improved photon absorption and carrier generation under 
elevated thermal conditions. The fill factor (FF) also 
increased notably, rising from 25.15% to 69.41%, 
indicating enhanced charge transport and reduced internal 
resistive losses at higher temperatures. As a result, the 
overall power conversion efficiency (η) improved from 
7.07% at 283 K to 8.61% at 343 K. Despite the reduction in 
Vos, the gain in Jsc and FF compensated for the loss, 
leading to an overall improvement in performance. . [11]   

Table 7: Temperature Dependence of Solar Cell 
Performance 

Temperature 
(k) 

𝑉GH 
(volt) 

𝐽 BH
( -6
7-!	)

 F.F 
(%) 

ᶯ 
(%) 

283 2.84 9.87 25.15 7.07 
293 2.22 10.51 31.69 7.43 
303 1.731 11.21 39.89 7.74 
313 1.37 11.92 48.92 8.01 
323 1.13 12.64 57.62 8.25 
333 0.98 13.32 64.66 8.46 
343 0.88 13.97 69.41 8.61 

 

 

 

 
Fig. 7: Effect of Temperature on Voc, Jsc, Fill Factor, and 
Efficiency of the  Solar Cell"    

The data indicate that the open-circuit voltage (Voc) 
decreases significantly with increasing temperature, 
dropping from 2.84 V at 283 K to 0.88 V at 343 K. This 
decline can be attributed to the enhanced generation of 
thermal charge carriers, which increases the recombination 
rates within the cell and consequently reduces the output 
voltage. 

On the other hand, the results show that the short-circuit 
current density (Jsc) increases gradually as the temperature 
rises, from 9.87 to 13.97 mA/cm². This increase is due to 
the higher concentration of charge carriers generated by the 
absorption of more photons at elevated thermal energy 
levels. 

Furthermore, it was observed that the fill factor (F.F) 
improves with increasing temperature, rising from 25.15% 
to 69.41%. This improvement is linked to the enhanced 
ability to extract electrical current more efficiently due to 
reduced internal resistance at higher temperatures. As a 
result of these combined effects, the overall efficiency (η) 
of the solar cell increased from 7.07% to 8.61% over the 
studied temperature range. 

Based on these findings, it is evident that temperature has a 
complex effect on solar cell performance. While it 
decreases the voltage, it simultaneously enhances both the 
current and the fill factor, ultimately leading to a positive 
impact on the overall efficiency. This study highlights the 
importance of considering thermal effects in the design and 
operation of photovoltaic systems to achieve optimal 
performance under various environmental conditions. 
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The Role of Band Gap in Enhancing the Performance of the 
Perovskite Layer CSPbX3 

The band gap is considered one of the fundamental 
properties that determine the functional performance 
efficiency of the perovskite layer CSPbX₃ in optoelectronic 
applications. The value of the band gap directly affects the 
layer’s ability to absorb light and convert it into electrical 
charges, which in turn impacts the efficiency of devices that 
depend on it, such as solar cells and lighting devices. 
Precise control of the band gap in this layer enables a 
broader absorption of the solar spectrum and better 
alignment with other device components, thereby 
contributing to enhanced performance and longer-term 
stability.  

The energy gap depends on the type of halogen X 

Typical values for energy balance(approximate) . [12]   

Cspbcl3.about3.0 ev 

CspbBr3.about2.3 ev 

CspbI3.about1.73ev 

Table 8: Lightweight perovskite (CSPbX₃) layer weight 
table 

Material 
Formula 

Halide lon (X) Band Gap 
(ev) 

Notes 

CspbCl3 Chloride(Cl-) ~3.0 ev Suitable for UV 
 detection 

CspbBr3 Bromide(Br-) ~2.3 ev Used in green 
LEDs  
And solar cells 

CspbI3 Lodide(I-) ~1.73 ev Suitable for 
high-efficiency 
solar cells 

 

Table 9: "Effect of Energy Band Gap on the Performance  
Energy band gap (ev) 
CsPbCl₃   

𝑉GH 
(volt) 

𝐽 BH
( -6
7-!	)

 F.F 
(%) 

ᶯ 
(%) 

2.8 2.0 10.5 68.0 5.5 
2.9 2.05 9.8 66.5 5.0 
3.0 2.1 9.0 65.0 4.5 
3.1 2.15 8.2 63.0 4.0 
3.2 2.2 7.5 60.0 3.5 

Table 10: "Effect of Energy Band Gap on the Performance 
of  CsPbBr₃ Solar Cells" 

Energy 
band gap 
(ev) 
CsPbBr₃ 

𝑉GH 
              
(volt) 

𝐽 BH
( -6
7-!	)

 F.F 
(%) 

ᶯ 
(%) 

2.2 1.6 17.5 70.0 13.0 
2.25 1.65 16.8 69.5 12.8 
2.3 1.7 16.0 68.0 12.5 
2.35 1.75 15.3 66.0 12.0 
2.4 1.8 14.5 64.0 11.5 

 

Table 11: "Effect of Energy Band Gap on the Performance 
of CsPbI₃ Solar Cells" 

Energy band 
gap (ev) CsPbI₃ 

𝑉GH     
(volt 

𝐽 BH
( -6
7-!	)

 F.F 
(%) 

ᶯ 
(%) 

1.6 1.05 26.5 70.0 19.5 
1.65 1.1 25.7 71.5 19.8 
1.73 1.15 24.9 72.0 19.9 
1.75 1.2 24.1 72.5 19.8 
1.8 1.25 23.3 71.0 19.5 

 
Fig. 11: Characteristics of CsPbI₃ Solar Cells at Different 
Energy Band Gaps"   

The results showed that increasing the energy band gap in 
CsPbI₃ solar cells leads to a gradual rise in the open-circuit 
voltage (Voc) but a decrease in the short-circuit current 
density (Jsc). Nevertheless, the fill factor (FF) and 
efficiency (η) remained relatively stable. It can be 
concluded that an energy band gap between 1.7 and 1.75 
eV offers an optimal balance for cell performance.  

Table 12: Influence of CNT Energy Band Gap on 
Photovoltaic Performance Parameters (Voc, Jsc, FF, η) 

Energy band gap 
CNT 

𝑉GH 
 (volt) 

𝐽 BH
( -6
7-!	)

 F.F 
(%) 

ᶯ 
(%) 

0.2 0.65 32.5 66.0 15.8 
0.25 0.68 31.8 67.5 16.2 
0.3 0.70 31.0 68.0 16.4 
0.35 0.73 30.3 68.5 16.6 
0.4 0.76 29.7 69.0 16.8 

 
Fig. 12: Variation of Voc, Jsc, FF, and Efficiency with 
CNT Energy Band Gap" 
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It was found that increasing the energy band gap (Band 
Gap) from 0.2 to 0.4 eV leads to: 

An increase in open-circuit voltage (Voc) from 0.65 V to 
0.76 V.A decrease in short-circuit current density (Jsc) 
from 32.5 to 29.7 mA/cm².An improvement in fill factor 
(FF) from 66.0% to 69.0%.An increase in efficiency (η) 
from 15.8% to 16.8%.It is concluded that an energy band 
gap between 1.7 and 1.75 eV provides an optimal balance 
for CNT-based solar cell performance. [15] 

Table 13: Effect of Graphene Energy Band Gap on 
Photovoltaic Parameters (Voc, Jsc, FF, η) of Solar Cell 

Energy 
band 
gap Gr 

𝑉GH 
              
(volt 

𝐽 BH
( -6
7-!	)

 F.F 
(%) 

ᶯ 
(%) 

0.1 0.02 30.00 25.00 0.15 
0.2 0.04 29.80 30.00 0.36 
0.3 0.06 29.60 35.00 0.62 
0.4 0.09 29.30 40.00 1.05 
0.5 0.11 29.00 45.00 1.44 

 
Fig. 13: Effect of energy gap on Voc, Jsc, FF and 
efficiency 

The results showed that increasing the energy band gap 
leads to an increase in the open-circuit voltage (Voc), fill 
factor (FF), and cell efficiency (η), while the short-circuit 
current density (Jsc) slightly decreases. Overall, increasing 
the energy band gap improves the overall performance of 
the solar cell within the studied range. 

3 Conclusions 

In this study, the SCAPS-1D software was utilized to 
simulate the performance of a GR/CNT-based solar cell. 
The results indicate that increasing the thickness of the 
CNT layer contributes positively to the device’s efficiency, 
while increasing the thickness of the GR layer may lead to 
a decline in performance due to its impact on optical or 
electrical properties. The GR/CNT solar cell achieved a 
power conversion efficiency of 7.66%, highlighting its 
potential as a promising candidate for solar energy 
conversion. The simulation results emphasize the effective 
role of carbon nanotubes in enhancing solar cell 
performance, supporting their potential use in future 
photovoltaic applications. 
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