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Article info Abstract
Keywords This study presents a highly efficient heterostructure solar cell
Single-walled carbon model using single-walled carbon nanotubes (SWCNTSs) as the
nanotube absorber layer, tungsten di-sulfide (WS;) as BSF layer and
Composite solar cell platinum (Pt) as the back contact. Using the SCAPS-1D
structure software, the research focuses on optimizing critical design
Back Surface Field parameters such as the thickness (W) and acceptor
SCAPS-1D concentration (N) of the absorber layer, along with the impact
of as the BSF series-shunt resistance, temperature and defect
densities  across  different  layers.  The = model,

ITO/CdS/SWCNT/WS, configurations, aims to achieve
superior PV performances. Key innovations include the
incorporation of minotity carriers to simulate defects and
interfaces defect coefficients depicted through contour plots.
The optimized parameters for the ITO/CdS/SWCNT/WS;
model are established at a thickness of 1.5 um, an acceptor
concentration of 4X10Yecm™ and a defect density of
1x10%cm=3, resulting in an efficiency of 30.01% with Voc =
0.86V, Jsc = 4142mA/cm? and FF = 83.84% achieved at
3000K  temperature. These discoveries underscore  the
considerable promise of SWCNTSs functioning as the absorber
layer in a heterostructure solar cell, offering promising outcomes
for environmental sustainability and global enetgy solutions
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1. Introduction

The quest for high-efficiency solar cells is a pivotal aspect of advancing
renewable energy technologies, addressing the escalating demand for
sustainable energy sources (Parida, Iniyan, & Goic, 2011; Ray &
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Chakraborty, 2021; Scheer, 2004). In the past few years, the development
of heterostructure PV cells has received notable interest because of their
potential to surpass the efficiency limits of traditional photovoltaic cells
(Andreev, 1999; Idisi & Mwakikunga, 2023; Niu et al., 2022; Wang, Liu,
Konik, Misewich, & Wong, 2013). This study delves into the innovative
design of a heterostructure solar cell model, leveraging the distinct
characteristics of single-walled carbon nanotubes (SWCNTSs) as the
absorber layer (Gotji & Houshmand, 2013; Hata et al., 2004; Daniel D.
Tune et al,, 2013), tungsten disulfide (WSz) as the BSF layer, and platinum
(Pt) as the back contact. The incorporation of SWCNTs as the absorber
layer is particularly noteworthy, given their exceptional electronic
properties (Batl et al., 2019), including high electron mobility and tunable
band gaps (Aitola et al. 2016; Barbero and Stranks 20106), which are
conducive to enhanced photovoltaic performance. The use of WS, as the
BSF layer introduces further advantages as it can be used as a p-type layer
in the solar cell (Khatun, Sunny, & Ahmed, 2021), such as improved
charge separation and reduced recombination losses, contributing to the
entire performance of the photovoltaic cell. Regrettably, the photovoltaic
performance of traditional WS»-based solar cells rarely matches the
effectiveness of commercially available thin-film solar cells (TFSCs). This
limitation is likely due to Fermi level pinning limits the attainment of a
high Voc (Nazif, Kumar, Menezes, & Saraswat, 2019). Therefore, this
work opens up with this opportunity to use tungsten di-sulfide as BSF
with a single-walled carbon nanotube (SWCNT) absorber as it shows
higher efficiency by using it at the absorber in the previous studies
(Subash & Chowdhury, 2009).

Single-walled carbon nanotubes with semiconducting properties (s-
SWCNTs) are considered excellent prospects for the photo-absorptive
component in cost-efficient, flexible solar panels due to their effective
absorption in the near-infrared (NIR) spectrum and superior electron
mobility (Arnold et al.,, 2013; Dirkop, Getty, Cobas, & Fuhrer, 2004;
Schéppler et al., 2011). Adjusting the diameter of these nanotubes enables
the fine-tuning of their bandgaps, facilitating precise alignment with
specific segments of the solar spectrum (Bachilo et al., 2002). For
example, sophisticated simulations involving solar cells composed of four
varied diameters of SWCNTSs indicate an anticipated efficiency in solar
energy conversion between 19% and 28%. This range depends on the size
of the bandgap, with larger bandgaps capturing up to 28% efficiency
predominantly in the visible spectrum, and smaller ones achieving 19% in
the NIR spectrum (Daniel David Tune & Shapter, 2013). This
customizable optical characteristic is especially valuable for emerging
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technologies like photovoltaic windows integrated into buildings, which
demand both significant NIR absorption and substantial transparency in
the visible spectrum. This research aims to address the challenges related
to solar cell efficiency by optimizing the specified parameters to attain
improved petformance mettics, such as Voc (V), Jsc (mA/cm?), FF (%)
and n (%). Previously a few researchers Xosrovashvili and Gortji, (2014),
Uddin, Rafi, Islam, Mominuzzaman, and Nath, (2022), Islam, Al Rafi, and
Uddin, (2023), Oublal, Ait Abdelkadir, and Sahal, (2022) introduced
SWCNT based heterostructure solar cell with a remarkable outcome. But
in those studies investigation for solar cell by numerically were limited and
the defects level were maintained below from this study. The design
parameters, including the absorber layetr's thickness and acceptor
concentration, alongside series-shunt resistance, temperature effects, and
defect densities, are meticulously optimized using the SCAPS-1D
software.

In this study, the optimized ITO/CdS/SWCNT/WS; solar cell model
demonstrates a remarkable efficiency of 30.01%, with Voc = 0.86V, Jsc =
41.42mA/cm?, and FF = 83.84% at an operational temperature of 300K,
thickness of 1.5 pum, an acceptor concentration of 4X10Y%cm=3, and a
defect density of 1x10'cm™. These findings underscore the significant
likelihood of SWCNTs in heterostructure solar cells, facilitating the way
for future research and development in nanostructured photovoltaic
materials. The promising outcomes of this study highlight the role of
advanced material engineering in achieving environmental sustainability
and addressing global energy challenges through innovative solar cell
technologies. This research utilizes tungsten disulfide (WS;) as a BSF
layer, which is notable for improving charge separation and reducing
recombination losses. The potential use of WS, as a p-type layer in solar
cells opens new avenues for enhancing the effectiveness of hybrid cells.
The detailed simulation using SCAPS-1D software to optimize critical
design parameters like thickness, acceptor concentration, series-shunt
resistance, temperature effects, and defect densities represents a
comprehensive approach to maximizing solar cell efficiency. The literature
and comparative studies have been discussed with similar previous works
for better understanding of the improvement in this relevant field. In a
physical experiment, the structure with the same parameters might show a
less outcome than simulation for the actual defects and the materials with
their individual minorities. As for this structure individual defects and
interface defects were tried to keep higher than previous studies, still it's
showing the better outcomes. The focus on minority carriers to simulate
defects and interfaces, along with the detailed contour plots provided,
adds depth to the understanding of material behavior under operational
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conditions. This aspect of this research enhances the physical realism and
predictive accuracy of your simulations.

2. Computational device modeling and simulation specifications
The structure proposed in this study, Al/ITO/CdS/SWCNT/WS,/Pt,
was evaluated using numerical simulations conducted with the SCAPS-1D
(a Solar Cell Capacitance Simulator) simulator. SCAPS-1D is a one-
dimensional simulator based on the steady-state solution of three
fundamental equations governing semiconductor devices: Poisson's
equation and the equations governing the flow of free holes and electrons.
(Burgelman, Nollet, & Degrave, 2000). Poisson's  equation
considers charge distribution and electric field, showing the solar cell's
electrostatic potential, whereas the continuity equation links the processes
of carrier creation, recombination, and transport.

The Poisson equation is given by:

div(eF¥) = —p (§))]
The continuity equation for free electrons is expressed as:

én 1

ﬁ=E|:ff:',?jn +6y — Ry @
The continuity equation for free holes is defined as:

dp 1 5

Ezadtl:jp+6p_gp A3

This computer-based simulator operates by inputting the electrical and
optical parameters for each defined layer. It enables the modeling of
physical and electronic structures of heterojunctions, homojunctions,
multi-junctions, and Schottky barriers. The simulator allows for the
adjustment of individual input parameters for each layer. The final planar
device structure of the solar cell is illustrated in Fig. 1. This substrate-type
structure is chosen due to its technological feasibility and proven success
in SWCNT-based solar cells.
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Figure. 1

Device Structural model of the proposed model (Al/ITO/ CdS|SWCNT/ W2/ Ps).

Table. I

Nid
_.!

Light

Parameters Utilized for Simulating the ITO/CdS | SWCNT/ WS> Heterostructure Cell (Khatun et al.,
2021; Oublal et al., 2022; Rabman, 2021; Xosrovashvili &> Gorji, 2014)

Parameters ITO CdS SWCNT WS,
Thickness (um) 0.05 0.05 0.5-3.0 1.0
Bandgap E, (eV) 3.6 2.4 1.10 1.29
Electron Affinity, y (¢V) 4.5 4.3 4.27 4.05
Dielectric Permittivity 8.9 8.73 3.40 13.6
(Cciif)femve density of states | 5 pxqois  22x108 50101 2.2x1018
glfgfewve density of states | 4 gqom 1.8x100  6.0x107 181019
Electron Thermal Velocity 10x107  1.0x107 1.0x107 1.0x107
(cms™1)

Hole Thermal Velocity (cms=")| 1.0x107 1.0x107 1.0x107 1.0x107
Electron mobility, pn "

VI 50 160 8.0x10 100
Hole mobility, p, (cm2V-1s71) 10 15 2.0x103 100
Dorior concentration, Np 1.0x1016 1.0x1017 0.0 0.0
(em™)

Acceptor concentration, Na 4.0x1015— .
(cm™) 0.0 0.0 4.0%102 1.0x10

The key input parameters for the simulation representing physical aspects
are detailed in Table I. The donor concentration (Np) in the first layer
(ITO) is kept lower (less than 1X10'7cm™) to facilitate thermionic
emission (TE). When Np exceeds 1x10', tunneling occurs within the
layer, leading to ohmic contact (Schroder & Meier, 1984). The thickness
and acceptor concentration of the absorber layer (SWCNT) have been
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adjusted between 0.5 to 3.0 um and 4.0X10"> cm™ to 4.0X1020 cm™3,
respectively, to determine optimal results.

Table. IT

Font and Back contact parameters.

Back contact electrical  Font contact electrical

Parameters properties properties
Pt Al

Surface recombination velocity of 1.00E+5 1.00E+7

electrons (cms)

Surface recombination velocity of 1.00E+7 1.00E+5

holes (cms1)

Work Function (V) 5.65 4.26

Table 11 delineates the parameters governing the front and back contacts
utilized in this research. Notably, the surface recombination velocity
parameter is inversely applied for electrons and holes, a concept
elucidated in prior published research (Atowar Rahman, 2021). Moreover,
specific work functions are assigned to each contact.

2.1 Defects analysis

Table. III

Parameters pertaining to defects at three interfaces.

Parameters ITO/CdS CdS/SWCNT SWCNT/WS,
Defect type Neutral Neutral Neutral
Capture cross-section of electrons (cm?) 1.0x10-12 1.0x10-12 1.0x10-12
Capture cross-section of holes (cm?) 1.0x10-12 1.0x10-12 1.0x10-12
Energetic distribution Single Gaussian Single
Total defect density(cm2) 1.0x1016 1.0x1016 1.0x1016

To physically model a heterostructure cell, a composite comprising
suitable semiconductors is essential. Semiconductors typically require
minority and crystal defects to establish a junction. Table III displays the
interface defect parameters for three interfaces formed with: i. n-type/n-

type, ii. n-type/p-type, and iii. p-type/p-type.

Table. IV

Defect parameters of individual layers

Parameters At each layer (ITO, CdS, SWCNT & WS;)
Defect type Neutral

Capture cross section electrons (cm?) 1.0%10-15

Capture cross section holes (cm?) 1.0x10-15

Energetic distribution Single

Reference for defect energy level Et ~ Above EV (SCAPS < 2.7)

Total density (cm~3): uniform 1.0%x1016

Meanwhile, Table IV presents the defect parameters for individual
semiconductor layers, representing a combined function of minority and
crystal defects. The range of defects varies from 1.0X10" to
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1.0X107 cm™ to ensure a comprehensive evaluation and draw more
reliable conclusions.

3. Simulated results and discussion
3.1 Band diagram analysis
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Figure. 2
Energy band diagram of the beterostructure cell comprising ITO/ CdS/SWCNT/ WS 2.

A band diagram, a graphical representation that illustrates various electron
energy levels influenced by the PV thickness, facilitates understanding of
device characteristics. Fig. 2 presents the energy band diagram of the
proposed heterostructure model, with particular emphasis on the SWCNT
absorber layer, which is the primary focus of this study. The band diagram
depicted in this figure is optimized based on the conditions established in
this research.
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3.2 Combined effects of absorber layers acceptor concentration and
thickness on PV outputs

s 1.0 15 20 25 08 1.0 15 20 25
Thickness (um) Thickness (um)

Figure. 3
Combined effects of absorber layers acceptor concentration and thickness on the performance of swent-based
solar cells: (a) VOC, (b) ]SC, (¢) FF, and (d) Efficiency (%)

The primary design factors influencing solar cell performance are the
acceptor concentration and the thickness of the absorber layer. To
achieve optimal solar cell efficiency, it is crucial to adjust these parameters
appropriately. In this study, the acceptor concentration (NA) for
SWCNTSs was varied from 4X1015cm-3 to 4X1020cm-3 and the thickness
was adjusted from 0.5pm to 3.0um. Fig. 3 illustrates the combined effects
of acceptor concentration and absorber layer thickness on the
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photovoltaic parameters VOC, JSC, FF, and efficiency (%on) for the
Al/TTO/CdS/SWCNT/WS2/Pt structure. The results indicate that the
absorber layet's concentration significantly influences cell performance
and that the efficiency (%) can be modified by altering the acceptor
concentration in the SWCNT absorber layer. Figures 3(a) to 3(d) display
the effects on open circuit voltage, short circuit current, fill factor, and
overall efficiency respectively. In Fig. 3(a), the open circuit voltage (VOC)
remains relatively stable with changes in the acceptor concentration but
varies with the absorber layer's thickness. Higher VOC values ate
observed while the NA exceeds 4X1018 cm—3. Notably, increasing the
carrier density in the SWCNT layer from 4X1017 to 4x1020cm—3 results
in a significant rise in VOC, which can be attributed to the reduction in
reverse saturation current with increased carrier concentrations. In Fig.
3(b), JSC falling down with increase of acceptor concentration but rises
with greater absorber layer’s thickness (W). Beyond a W= 1.0pm, JSC
shows significant improvement, likely due to the enhanced absorption of
longer wavelength photons within the thicker SWCNT layer. The fill
factor (FF) in Fig. 3(c) exhibits a pattern similar to VOC, with significant
variation after an acceptor concentration of 4x1017cm—3. At lower
concentrations, FF is slightly higher, indicating that it does not follow a
synchronized trend from the lowest to the highest values. The major
output, efficiency (%on) in Fig. 3(d) peaks when the acceptor concentration
is around 4x1019cm—3 and the thickness is approximately 1.5pm. At
lower acceptor concentrations, FF shows a minor decrease with increasing
SWCNT thickness, mainly due to the rise in the device's series resistance.
Although achieving high doping levels across all materials is challenging,
higher doping in SWCNT results in better efficiency. In summary, optimal
performance for most parameters is achieved at a thickness of 1.5 um.
Except for JSC, the other three outputs reach their maximum values at an
acceptor concentration of 1X1018cm—3. Although efficiencies above
32% can be obtained with an acceptor concentration as high as
1x1022cm—3, concentrations beyond 4X1019cm—3 are unsuitable due to
the declining JSC.

Table. V
Ideal input parameters (thickness & acceptor concentration) and corresponding outputs under optimal
conditions

Optimum Input Conditions Outputs Parameters at Optimizing Input
W(um) NA (cm—3) VOC (V) JSC (mA/cm?2) FF (%) n (%)
1.5 4x1019 0.86 41.42 83.84 30.01

Table V provides a comprehensive summary of the optimal input
conditions and the resulting output parameters for the proposed structure.

Photovoltaic efficacy of solar cell SWCNT as absorber) by SCAPS-1D (Muhammad Athar Uddin)
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These output parameters demonstrate a significant improvement over
those reported in previous SWCNT-based studies.

S —
(a) (b)
1,00 -

085 =

B oas

o
B
L

MNormalized value
=
g
MNormalized value
(=]
&

L1111

0.75 4

0.7 062 4

065 T T T T T y T T
15 16 17 18 ‘ 0s 1.0 15 20 i

Acceptor concentration (cm Thickness {um)

Figure. 4
Normalized plots of ontput parameters in relation to (a) Acceptor Concentration and (b) Absorber Layer
Thickness.

Fig. 4 illustrates the normalized values of four outputs (VOC, JSC, FF,
and efficiency (%o)), each plotted in relation to acceptor concentration in
Fig. 4(a) and thickness in Fig. 4(b). These normalized values are calculated
relative to the maximum values of their respective outputs. The optimum
values were considered where highest efficiency (%on) is achieved while
maintaining the other outputs (VOC, JSC, and FF) at relatively high levels.
Under optimal input conditions (thickness W = 1.5um and acceptor
concentration NA = 4X1019cm-3, the normalized value of efficiency
(%on) is near to the 1.0, and the other normalized outputs are 0.90 or
higher.
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3.3 Influence of defects density of the cell on PV performance
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Figure. 5
Influence of defect density and absorber layer thickness on photovoltaic performance metrics ((a) 170C, (b)
JSC, (¢) FF, and (d) 1 (%)) of SWCNT-based solar cells.

To evaluate the device performance, Figure 5 illustrates the combined
effects of absorber layer thickness and defect density on solar cell
performance, with the acceptor concentration held constant at its optimal
level. The analysis examines defect densities ranging from 1x1014cm—3
to 1X1017cm—3 and thicknesses from 0.5um to 3.0um. As shown in Fig.
5(a), the open circuit voltage (VOC) experiences minimal variation with
changes in both thickness and defect density, ranging narrowly from
0.86V to 0.87V. This small variation indicates that VOC is relatively
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stable, peaking at lower concentrations of both parameters and decreasing
slightly but exponentially within this range. Figures 5(b) and 5(d)
demonstrate that the short circuit current (JSC) and efficiency exhibit
similar patterns in response to changes in thickness and defect density.
Both JSC and efficiency are lower at higher defect densities and thinner
absorber layers. Conversely, as defect density decreases and thickness
increases, these outputs improve significantly, reaching higher values at
low defect densities and greater thicknesses. Notably, both parameters
achieve considerable performance at an absorber thickness of 1.5 pm. In
Fig. 5(c), the fill factor (FF) follows a pattern akin to VOC, with only
minor changes observed, fluctuating slightly from 83.45 mA/cm2 to 84.36
mA/cm?2. This indicates that both VOC and FF are relatively unaffected
by variations in defect density. Augmenting the thickness of the absorber
layer has the potential to partially mitigate the negative impact of higher
defect densities on performance. However, the presence of defects
remains a limiting factor that cannot be entirely compensated by thickness
alone.
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3.4 Effects of series and shunt resistance
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Figure. 6

Effect of series and shunt resistance on PV performace (17OC, |SC, FF, and PCE)

The efficiency of solar cells is significantly impacted by shunt resistance
(RSh) and series resistance (RS), primarily arising from the connections
between layers within the solar cell structure, metal contacts on either
side, and defects from manufacturing (Hossain et al.,, 2022). Fig. 6(a)
shows that Rs was varied from 0 to 6 Q cm?, whereas the shunt resistance
was held constant at 105 Q cm? for the Al/TTO/CdS/SWCNT/WS2/Pt
structure. In Fig. 6(a), though it’s showing ascending and descending
curve in the output VOC and JSC, still the changes of this both outputs
are very small, which can be ignored. In VOC, which varies the value
from 0.8649V to 0.8653V and at JSC, the value varies from 41mA/cm?2 to
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41.30mA/cm2. In PSCs, series resistance (RS) arises from internal
resistances, interface barriers, charge-collecting interlayers, and metal-
based electrodes, while shunt resistance (RSh) is attributed to leakage
pathways such as pinholes in the photoactive layer and recombination
losses (Tvingstedt et al., 2017). Figure 6(b) illustrates the impact of varying
RSh on VOC, JSC, FF, and PCE values, with RSh ranging from 0 to 1500
Q cm?® The performance parameters, including VOC, JSC, FF, and PCE,
exhibit a similar trend as shunt resistance increases. All performance
metrics increase rapidly from 0 € cm? to 600  cm? and then stabilize as
RSh continues to rise.

3.5 Effects of Temperature
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Figure. 7

Impact of temperature on performance metrics ((a) open circuit voltage (V'oc), (b) short circuit current (]sc),
(c) fill factor (FF), and (d) efficiency (N%))

Understanding solar cell performance at elevated temperatures is vital for
determining their stability. Many solar cell designs suffer from instability
due to layer distortion at high temperatures. However, recent research in
perovskite-based optoelectronics has shown improved stability and
performance under these high-temperature conditions (Ma et al., 2020;
Shi et al,, 2018; Tvingstedt et al., 2017). To examine the impact of
temperature on solar cell efficiency, the temperature range was varied
from 275 K to 475 K. Fig. 7(a), Fig. 7(c), and Fig. 7(d) illustrate that as the
temperature increases, the power conversion efficiency (PCE), fill factor
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(FF), and open circuit voltage (VOC) decrease for nearly all optimal solar
cell configurations. In Fig. 7(b) short circuit current has been decreasing
slightly till the temperature 330 K then it’s rapidly falling down with the
increase of temperature.

3.6 QE Characteristics
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Figure. 8

QOF curve of the proposed solar cell structure.

Figure 8 depicts the quantum efficiency (QE) curve across various
wavelengths. The proposed configuration exhibited peak QE at 97.75%
when the wavelength was 300 nm. And this structure showing its
minimum value almost 95% at wavelength 900 nm. That means this
structure showing the almost maximum QE at all over the wavelength.
Nevertheless, recombination, where charge carriers are unable to enter an
external circuit, reduces the quantum efficiency (QE) of most solar cells.
The factors that influence collection probability also affect QE. For
example, changes to the front surface can impact carriers generated near
the surface. Moreover, highly doped front surface layers can lead to free
carrier absorption, decreasing QE at longer wavelengths (Baker-Finch,
Mclntosh, Yan, Fong, & Kho, 2014).
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3.7 Result comparison

Table. VI

Comparison of input conditions and obtained output parameters with previously published SWCNT-based
work.

Optimum Input Parameters | Output Parameters
Structures Accep tor_ Thickness Defe.c t Voc Jsc FF PCE References
Concentration (wm) Density ) (mA/c ) )
(cm) P (emy) m) Y
(Uddin, Rafi,
ITO/TiO,/SW . Y 69.0 30.8 Islam,
CNT/SnS 10 L5 DAO®IL08 4115 75" "4 Mominuzzaman
, & Nath, 2022)
ITO/TiO,/SW ” 6 67.2 29.1
CNT/S$nS 4x10 1.5 1x1016 [1.08 40.13 4 9
ZnO/TiO,/SW - . 72.1 315 (Islam, Al Rafi,
CNT/SnS 4x10 1.5 1Xx1015 {1.04 41.91 5 7 & Uddin, 2023)
ZnO/TiO,/SW . y 70.0 29.7
CNT/SnS 4Xx10 1.5 1x1016 {1.03 41.04 3 7
ITO/CdS/SWC 10 6 83.8 30.0 .
NT/WS, 4x10 1.5 1x1016 [0.86 41.42 4 1 This work

Table VI shows the comparison of optimum input conditions and outputs
of previous SWCNT-based solar cell structure with the newly proposed
structure within this work. In this research, this work assessed the
performance by modifying the absorber layer parameters and defect
densities, while keeping other factors, including the electron transport
material (ETM) and hole transport material (HTM) layers, consistent with
those in prior simulation studies. The only exception was the donor
concentration (Np) of ITO, which was altered to enable thermionic
emission. Also, another exceptional part of this work is visible in this
table. The interesting part is that, as this work tried to keep higher defect
density, so that higher defect densty also tried on the previous structures.
And found those previously published published works, whose authors
claim the higher efficiency that falls below 30%.

4. Conclusion

This research investigated and simulated the functionality of a hybrid
heterojunction solar cell using a one-dimensional solar cell capacitance
simulator (SCAPS-1D). The structure studied was
ITO/CdS/SWCNT/WS,. The outcomes of this study indicated that the
lower thickness of the absorber layer substantially affects the device's core
output- efficiency, with an optimal thickness identified at 1.5um. The
solar cell's efficiency improved with higher acceptor concentrations,
reaching an optimal value at 4X10' cm™. The model maintained a
consistent defect density set at 1X10'¢ cm=3. Additionally, it was observed
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that increasing the operating temperature negatively impacts efficiency,
with the best performance at 300°K. Under these optimal conditions, the
solar cell achieved an efficiency of 30.01%, with an open circuit voltage of
0.86V, a short-circuit current of 41.42mA/cm?2, and a fill factor of 83.84%.
The input parameters were chosen based on actual reported data from the
literature, ensuring that the simulation outcomes were closely aligned with
real-world conditions. This study demonstrates the significant potential of
single-walled carbon nanotubes (SWCNTs) as absorber layers in
heterostructure solar cells, providing a foundation for future studies on
CNT-based solar cell configurations. The results underscore the
importance of optimizing absorber layer properties to enhance the
efficiency of solar cells using nanostructured materials.
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