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i investigated. Furthermore, the influence of nanotube

i chirality and the optimization of the SWCNT layer
i thickness were analyzed to enhance solar cell efficiency.
: Simulation results show that the incorporation of the
: SWCNT layer increases the conduction band slope in the
: perovskite layer, facilitating more efficient electron
i extraction and reducing recombination in this layer.
i Optically, the added layer reduces surface reflection and
: enhances light absorption within the perovskite layer
i thereby the short circuit current density (Jsc) is increased.
i As aresult, the power conversion efficiency (PCE) of the
i proposed structure increased by 0.99% compared with the
: conventional PSC, reaching 20.39%.
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: Abstract:

i In this paper, a novel perovskite solar cell (PSC) structure
i incorporating a single-walled carbon nanotube (SWCNT)
: layer as a secondary electron transport layer (ETL)
i between the primary ETL and the top electrode is proposed
: and simulated. The electrical and optical effects of this

additional layer on the PSC performance were
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1. INTRODUCTION

In today's world, the demand for energy in the industrial and residential sectors
is very high. As non-renewable energy sources are being rapidly consumed, it is
essential to utilize renewable energy sources as much as possible. Among the
various renewable energy options, solar energy is a sustainable choice for global
consumption planning [1]. Solar cells are promising devices that provide the
possibility of meeting humanity's increasing energy needs by converting solar
energy into electrical energy [2]. One of the materials that has recently entered
this technology is perovskite. The beneficial optical and electronic properties that
perovskite possesses, including high absorption coefficient, suitable carrier
diffusion length, charge carrier mobility, and low production and manufacturing
costs, have paved the way for the entry of perovskite solar cells (PSCs) as a
promising technology for future generations of photovoltaics [3]. According to
the “Best Research-Cell Efficiencies” chart published by the National Renewable
Energy Laboratory (NREL), PSCs have achieved certified power conversion
efficiencies exceeding 26% in recent years [4]. This remarkable progress has
placed perovskites among the leading photovoltaic technologies, alongside
crystalline silicon, CdTe, and CIGS, highlighting their strong potential for next-
generation solar energy conversion.

In regular PSC structures, electron transport layers (ETLS) play an important
role in the cell's efficiency because they prevent charge carrier recombination at
the interface and improve cell performance. TiO, and SnO; are suitable options
for ETLs because, in addition to having high mobility, they also have a suitable
bandgap and provide good light transmission to the perovskite absorber layer [5,
6].

One novel approach to improve the performance of PSCs is to use a bilayer
ETL instead of a single-layer structure. In such architectures, two different
materials with complementary properties are sequentially positioned between the
perovskite layer and the electrode[7].The goal of this design is to simultaneously
optimize several key factors, including increasing electron extraction, reducing
carrier recombination, improving energy band alignment, and enhancing cell
stability [8]. The use of dual ETLs results in a cascade-like conduction band
alignment, which minimizes the energy mismatch between the perovskite layer
and the electrode, leading to more efficient charge extraction and smoother
electron flow [9]. Huang et al. discussed the use of Nb,Os/ZnO films as double
ETLs in PSCs, enhancing power conversion efficiency and stability of the
perovskite film through improved energy band matching and electron extraction
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[10]. Lemos et al. explored the use of Nb2Os-TisC, MXene/TiO; as an ETL in
PSCs, highlighting its effective band alignment and stability, which enhance solar
cell efficiency [11]. Sun et al. demonstrated that employing a bilayer ETL
composed of TiO2 and SnO: can significantly enhance the performance of PSCs.
Their results showed an increase in power conversion efficiency by approximately
1.48% compared to mono-layer ETL device [8]. Table 1 presents some studies on
bilayer ETL structures and their corresponding power conversion efficiencies in
PSCs.

TABLE 1
Reported bilayer ETL structures and power conversion efficiency in PSCs
Device Structure Efficiency | Reference

FTO/ZnO/Nb,Os/ CHsNH3Pbls/ Spiro-OMeTAD/Ag 13.8 [10]
FTO/GQDs/TiO2/ CH3NHsPbls/ Spiro-OMeTAD/Au 15.6 [12]
FTO/T'OZ/S“OZ/ CSo.osFAo_54MAo_41Pb(Io‘ggBro‘oz)g / Sper' 1764 [13]
OMeTAD/Au
ITO/TiO2/SnO,/ CH3NH3Pbls/ Spiro-OMeTAD/Au 18.04 [14]
FTO/ TiO2/ZnO/ FAPbIs/ Spiro-OMeTAD/Ag 18.24 [15]
FTO/szOs-Ti3C2/TiOz/CSO.17FAo,g3Pb(|o.gsBl’o,ﬂ)g/SpiI’O- 19.46 [11]
OMeTAD/Au

Among various nanomaterials investigated for improving the performance of
PSCs, carbon nanotubes (CNTSs) have attracted significant attention due to their
exceptional electrical conductivity, excellent charge carrier mobility, and
chemical stability [16, 17]. These unique properties make CNTs promising
candidates for multiple roles in photovoltaic architectures, such as electrodes,
charge transport layers, or even additive materials to improve interfacial contact
and stability [18]. Several studies have demonstrated that incorporating CNTs into
solar cell structures can enhance charge extraction, suppress recombination
losses, and improve the efficiency [19, 20].

In this study, a novel PSC structure with bilayer ETLs is proposed. A single-
walled carbon nanotube (SWCNT) layer is employed as the second ETL in the
device structure. The energy level alignment between this layer and the primary
ETL facilitates more efficient electron extraction. The simulation is performed
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using the Silvaco TCAD software to analyze the optical and electrical behavior
of the proposed structure. Simulation results indicate that the incorporation of the
SWCNT layer contributes to the enhancement of the performance parameters of
the PSC. In addition, the effect of nanotube thickness and chirality on the
performance parameters of the solar cell was also investigated. Several
experimental studies have demonstrated the effectiveness of incorporating carbon
nanotubes into the ETLs of PSCs. For example, Arjmand et al. [21] reported a
device employing a mesoporous TiOz2 ETL combined with MWCNT/Zn(COO)a,
which improved charge extraction and reduced interfacial recombination. In
addition, Bati et al. [22] showed that the inclusion of SWCNTs into the ETL can
effectively enhance the photovoltaic performance of PSCs. These findings
suggest that the incorporation of CNTs into ETL design can yield promising
results not only in theory but also in experimental studies, thereby providing a
suitable basis for the development of novel architectures such as CNT-based
bilayer ETLs.

To outline the overall structure of the paper, section 2 provides description of
the theoretical modeling. Section 3 presents the structure of the proposed PSC
with the incorporated SWCNT layer. Simulation results and performance
analysis, including the investigation of electrical and optical effects, optimization
of the carbon nanotube layer thickness, and the impact of nanotube chirality, are
provided in Section 4 and finally, the conclusions are summarized in Section 5.

2. THEORETICAL MODELING

Years of research in semiconductor device physics have led to the development
of a mathematical model that serves as a foundation for analyzing the electrical
behavior of semiconductors. This model is applicable to various types of
semiconductor devices such as solar cells. It consists of a set of fundamental
equations that relate the electrostatic potential and the charge carrier densities
within a defined simulation region. The electrical modeling is based on three main
sets of equations. These equations include the Poisson equation, continuity
equations, and drift-diffusion equations. Equation (1) represents the Poisson
equation, which relates the electrostatic potential distribution to the total charge
density [23].

Y™ _ a4 o _
9x2 - £0Er (n p) (l)
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Where ¢, and ¢, represent the vacuum permittivity and relative dielectric

constant, respectively. P and n denote the hole and electron concentrations, while
q is the elementary charge.

Equations (2) and (3) describe the continuity equations for electrons and holes, while
Equations (4) and (5) correspond to the drift and diffusion equations respectively [23].

on _ 100 _
g ox R+G 2
o _ 10y _

3t = 30x R+G 3)

Where R is recombination rate and G is generation rate.

oY (x) on(x)

Jn(@) = —qn(u, 22 + D, X (4)
oY (x) dp(x)

Jp () = —qp(0), 222 - gD, BX (5)

Where D,, and D,, are the diffusion coefficients of electrons and holes.

The above set of equations provides the necessary framework for simulating
the electrical behavior of semiconductor devices, such as PSCs, and enables the
analysis of the device’s performance parameters.

3. PROPOSED PEROVSKITE SOLAR CELL AND SIMULATION
PARAMETERS

The architecture of PSCs is relatively simple, typically consisting of a
perovskite light-absorbing layer sandwiched between an ETL and a hole transport
layer (HTL). Energy band alignment ensures that light-generated electrons are
selectively transported towards the ETL, while hole transport in the same
direction is energetically unfavorable. Conversely, the HTL facilitates the
movement of holes towards the electrode and prevents electron passage. In
common PSC structures, TiO: is usually used as the ETL and Spiro-OMeTAD as
the HTL.

Fig. 1 shows a typical energy band diagram of a PSC. The conduction band
offset (CBO), also indicated in the figure, refers to the energy difference between
the conduction bands of the perovskite and ETL. A smaller CBO generally leads
to better solar cell performance [23]. Additionally, the ® value represents the
energy difference between the conduction band of the ETL and the work function
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of the cathode. An increase in @ results in a decrease in device performance [23].
This performance loss is associated with the conduction band slope of the
perovskite, as illustrated in Fig. 2. As ® increases, the internal electric field across
the perovskite layer weakens, the conduction band becomes flatter, and charge
carrier recombination within the perovskite layer increases. Consequently, the
overall efficiency of the solar cell declines with increasing ®.

cBO|
(p I HTL

Perovskite

Cathode | 1L Anode

Fig. 1. Energy band diagram of a typical PSC

Electron

HT|

Perovskite

Fig. 2. Conduction band bending in the perovskite absorber layer

As explained earlier, improving the performance of PSCs requires minimizing
both the CBO and the ® value, but Fig. 1 shows that reducing CBO leads to
increase in ®. achieving an optimal balance between these two parameters is
challenging, as changes in one affect the other. An effective strategy to reduce the
® value while maintaining a desirable CBO level is the use of two ETLS, which
leads to more efficient carrier extraction [23]. This structure is shown in Fig. 3.

6 Journal of Optoelectronical Nanostructures. 2025; 11 (1): 48- 57



Mansureh Roohollahi et al

cBo|

HTL

q!') .
Perovskite
Cathode Anode

ETL1

ETL2]

Fig. 3. The bilayer ETL structure and its effect on reducing the @ value

Graphene consists of carbon atoms arranged in a honeycomb (hexagonal)
lattice. When this two-dimensional sheet is rolled into a cylinder, a carbon
nanotube is formed. Carbon nanotubes can be classified into two main types:
single-walled and multi-walled nanotubes. Single-walled carbon nanotubes
(SWCNTSs) are composed of a single layer of graphene rolled into a cylindrical
shape, whereas multi-walled carbon nanotubes (MWCNTS) consist of multiple
concentric graphene layers rolled similarly.

To describe the geometric structure of a carbon nanotube, a vector called the
chiral vector is defined. The chiral vector is determined by two integers, n and m,
which represent the number of unit vectors along the two directions a; and a; in
the hexagonal graphene lattice. This vector, defined by Equation (6), plays a key
role in determining the electronic properties of the nanotube, such as whether it
behaves as a metal or a semiconductor.

Cp = nay + ma, (6)

SWCNTs and MWCNTSs differ in diameter, and this difference significantly
affects their electrical and mechanical properties. Equation (7) defines the
relationship between the indices n and m and the diameter of the carbon nanotube
[24].

Dent = %\/nz +m?+mn @)
where ao is represents the carbon-carbon bond length in the graphene lattice.

Additionally, Equation 8 describes the correlation between the nanotube diameter
and its bandgap energy [25].

__ 2a0Epi
E‘g "~ Dent ®)
where Eyi is carbon bond tight binding energy parameter.
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To enhance the performance of the PSC, we propose a novel structure by
incorporating a SWCNT layer as a secondary ETL. The proposed structure is
shown in Fig. 4. TiO; is the first ETL and the perovskite used in this study is
methylammonium lead iodide (CH3NH3Pbls). Figure 4b shows the energy level
diagram of this propose structure. Details of the physical parameters used in
numerical simulation for the various layers in this structure are listed in Table 2
[26, 27]. In this work, the numerical simulations were carried out using a steady-
state drift-diffusion model that does not explicitly account for mobile ionic
species or slow-response traps. As a result, the model is inherently time-
independent and does not reproduce the scan-direction dependence (hysteresis)
typically observed in experimental perovskite solar cells. It is well established in
the literature that hysteresis mainly arises from ion migration and/or slow trapping
phenomena, and a more explicit representation of this effect would require the
inclusion of mobile ionic species or dynamic elements such as ionic capacitors or
time-dependent trap-assisted recombination[28], which are beyond the scope of
the present study. Nevertheless, it should be noted that in some experimental
studies with similar structures incorporating SWCNT and TiO-, a remarkable
suppression of hysteresis has been reported [22, 29], which supports the
plausibility of minimized hysteresis in the present architecture.

“N@39ev
ITO CBO ’ A. 4.0eV CH,NH,Pbl,

SWCNT h /' Ti0, )
TiO2 5. ¢
“~ / » " Au
i) [ dn . ) Spiro ®-5.1ev
Perovskit e Perovskite OMeTAD .
— -54¢
mo .'5.‘59\/ 1 . g
- -4.8ev N
Splro-lngeTAD 726V E
(a) (b)

Fig. 4. (a) Proposed structure of the solar cell; (b) Corresponding energy level diagram
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TABLE 2
Physical parameters of device layers used in numerical simulation
Parameter | Layer ETL1 ETL2 Absorber HTL
Material SWCNT TiO; CH3NH3Pbl; Spiro-
OMeTAD
Thickness 0.2 0.1 0.5 0.2
(Hm)
Dielectric permittivity 34 19 100 3
Valance band
effective density of 5e16 2e19 2e19 1.9e19
states
(cm?)
Conduction band
effective density of 6el7 2el18 2el18 2.2e18
states
(cm?)
Hole mobility
Hp 2e3 0.1 1 2e-4
(cm?/v.sec)
Electron mobility
Hn 8e3 0.2 1 2e-4
(cm?/v.sec)

4. SIMULATION AND RESULTS

The aim of this study is to propose a bilayer ETL structure for PSCs, in which
the second ETL is composed of SWCNT layer with a chirality of (6,5). To
evaluate the effectiveness of this layer, both its electrical and optical effects are
investigated. Moreover, the impact of the carbon nanotube chirality on the device
performance is also presented. The simulation was carried out under AM1.5
illumination conditions.

1) Evaluation of the Electrical Effectiveness of SWCNT layer

This section investigates the electrical effects of the carbon nanotube layer and
its contribution to enhanced electron transport and improved solar cell
performance. As shown in Fig 4b, after the addition SWCNT layer, the value of
® decreases from 0.8 to 0.53 eV. This reduction leads to an increase in the
conduction band slope within the perovskite layer. A steeper conduction band
facilitates electron transport. Consequently, as electrons are extracted more
rapidly from the absorber layer, their recombination rate within the perovskite is
reduced. As a result, more charge carriers reach the electrodes, leading to
improved device performance. Figures 5 and 6 respectively present the simulation
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results before and after incorporating carbon nanotubes, highlighting the changes
in the conduction band slope and the carrier recombination rate within the
perovskite layer.

As shown in Fig. 5, the addition of the SWCNT layer leads to an increase in the
conduction band slope in the perovskite layer. In fact, the addition of this layer
causes a change in the charge density in the cell layers, and according to Poisson's
equation, any change in charge leads to a change in the electric field and a change
in the slope of the energy bands.

Fig. 6 compares the carrier recombination rate in the perovskite layer. As
observed, after adding the SWCNT layer, the recombination rate significantly
decreased. The reason for this is that the improved conduction band slope
accelerates electron transfer and reduces their presence time in the perovskite
layer. In fact, SWCNT guides electrons faster towards the electrode, and their
probability of recombination with holes in the perovskite becomes lower. This
reduction in recombination directly leads to an increase in current density and an
improvement in solar cell efficiency.

ITO/ SWCNT/TiO2/Perovskite/Spiro-OMeTAD.Au ITO/TiO2/Perovskite/Spiro-OMeTAD/Au

N i T
0.30 |><—>< Conduction Band Energy (eV) 0.30— *— Conduction Band Energy (eV)
0.25 _ 0.25 —
0.20 — 0.20 —
0.15 — 0.15 —
0.10 — 0.10 —
0.05 —| 0.05 —
0.00 | 0.00 ]

A e B A HSN S s m e L L B s s
03 04 05 06 0.7 0.8 0.2 03 0.4 0.5 0.6
The Perovskite layer position in the device(Microns) The Perovskite layer position in the device{Microns)

Fig. 5. Conduction band slope in the perovskite layer before and after incorporation of
the SWCNT layer
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ITO/ SWCNT/TiO2/Perovskite/Spiro-OMeTAD.Au ITO/TiO2/Perovskite/Spiro-OMeTAD/Au
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Fig. 6. Recombination rate in the perovskite layer before and after incorporation of
the SWCNT layer

2) Evaluation of the optical Effectiveness of SWCNT layer

The operation of anti-reflective coatings is based on the physical principles of
constructive and destructive interference of light waves, which arise from
variations in the optical constants, such as the refractive indices of the layers [30].
When incident light strikes a multilayer surface with different refractive indices,
a portion of the light is reflected at each interface between layers, while the
remainder transmits into the next layer. The goal is to reduce the overall light
reflection, which occurs over a specific wavelength range. In double-layer anti-
reflective coatings, this process is achieved using two layers to broaden the
effective wavelength range and enhance the reduction of reflection [31]. This
design enhances light transmittance, making it particularly beneficial for
applications in optics and photovoltaics [32].

Since PSCs have a multilayered structure, controlling light reflection at the
interfaces between layers is of great importance. The incident light can be
reflected at each interface between the layers before reaching the perovskite layer.
Therefore, the selection of electron transport materials is crucial from an optical
perspective, as the optical constants of these layers significantly affect the
absorption and reflection of light [33].
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The performed simulations present the light reflectance from the surface of the
PSC before and after the incorporation of the carbon nanotube layer across various
wavelengths, as shown in Fig. 7. The optical constants of the layers used in the
proposed structure for simulation were extracted from references [34-37].

As can be seen in Fig. 7, the addition of the SWCNT layer reduces reflection in
the visible wavelength range, particularly in the 0.4-0.8 pm region. This behavior
can be explained by the principle of constructive and destructive interference in
multilayer structures with different refractive indices. The presence of the
SWCNT layer between the ITO and TiO:2 layers gradually changes the refractive
index contrast, thereby reducing the sudden optical discontinuity and
consequently lowering the reflection intensity from the cell surface. In fact, the
SWCNT layer acts as an anti-reflection coating, enhancing light transmission into
the perovskite absorber. The reduction in reflection within this spectral region is
particularly significant because it overlaps well with the main absorption band of
perovskite, and thus is expected to improve the photovoltaic conversion efficiency
of the solar cell.

ATLAS OVERLAY
Data from multiple files

7] | =< ITO/SWCNT/Ti02/Perovskite/Spiro-OMeTAD/Au X—xX Reﬂectivity7‘
_ ITO/Ti02/Perovskite/Spiro-OMeTAD/Au
0.6 —
0.5 —
04 —
Z 4
32 -
=4
g 4
% 0.3 — i
-4 i A
- 1
0.2 -] j WORES 2
01—
0.0 |
—m——— ' 77 7 T T T T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Optical wavelength (pm)

Fig. 7. Light reflection from the solar cell surface before and after incorporation of
the SWCNT layer
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Fig. 8. Enhancement of photon absorption in the perovskite layer due to incorporation of
the SWCNT layer

Furthermore, Fig. 8 shows the photon absorption in the perovskite layer after
the incorporation of the SWCNT layer. The use of the SWCNT layer reduces the
reflectance of light from the TiO: layer, allowing more light to be transmitted
through this layer and absorbed by the perovskite layer.

The performance parameters of the proposed PSC compared to the simple
structure-including open-circuit voltage (Voc), short-circuit current density (Jsc),
fill factor (FF), and power conversion efficiency (PCE)—are presented in Table
3.

TABLE 3
Comparison of performance parameters of PSC with and without SWCNT layer
Solar Cell Voe (V) | Jsc (MA/cm?) FF PCE
Simple PSC 1.12 20.39 84.97 19.4%
proposed PSC 1.12 21.41 84.92 20.39%

As observed from the simulation results in Table 3, incorporating the SWCNT
layer into the PSC structure has resulted in an approximately 1% increase in PCE.
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This increase in efficiency is due to the fact that, although more light is absorbed
by the perovskite layer (the optical effect of the SWCNT layer), there is less
recombination occurring in the perovskite layer (the electrical effect of the
SWCNT layer), which ultimately leads to an increase in the short-circuit current
density and PCE of the proposed solar cell.

3) Optimal Thickness of SWCNT Layer

Simulation results revealed that the incorporation of SWCNT layer into the PSC
structure enhances device performance due to its electrical and optical
contributions. Among the parameters influencing this effect, the SWCNT layer
thickness plays a key role in determining performance parameters. Thickness
variation alters the balance between electrical conductivity—affecting charge
extraction efficiency—and optical transparency, which controls the intensity of
light reaching the active perovskite layer. This section investigates the influence
of SWCNT layer thickness on device efficiency to identify the optimal thickness
for maximizing performance. The SWCNT layer thickness was varied between
80 and 130 nm. Fig. 9 illustrates the efficiency dependence on SWCNT thickness.
The optimal thickness was determined to be 100 nm, yielding a maximum
efficiency of 20.39%.

20.42 T T T T T T T T T T T 7

20.40 B
20.38 4 ///‘.\.\ -
20.36 4 -
> 20.34 4 \ -

20.32 4 o

20.30 4 4

Efficiency(%)

20.28 4 1

20.26 -

20.24 4 B

T T T T T T T T T T T
75 80 85 90 95 100 105 110 115 120 125 130 135
Thickness of CNT(nm)

Fig. 9. Variation of efficiency as a function of SWCNT layer thickness

This optimal thickness arises from a trade-off between electrical conductivity and
optical absorption effects. At thicknesses below 100 nm, insufficient conductivity
reduces device efficiency due to limited charge transport. Conversely, at
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thicknesses exceeding 100 nm, by increased optical absorption in the SWCNT
layer, which decreases the light reaching the perovskite absorber and
consequently lowers efficiency. This balance results in 100 nm being the most
favorable thickness for achieving the highest device performance within the
investigated range.

4) Evaluation of the Chirality Effect of SWCNT layer on the Performance of the
Proposed Solar Cell

In this section, the effect of the chirality of the SWCNT incorporated in the
structure on the solar cell efficiency is examined. As previously mentioned in
Equations (7) and (8), chirality influences both the diameter and the bandgap of
the nanotube. Additionally, optical studies indicate that changes in chirality alter
the optical constants of the nanotube [34]. Consequently, the performance of the
nanotube within the device structure is affected by the parameters related to its
chirality. Table 4 presents the chirality, diameter of carbon nanotubes, their
refractive index at a wavelength of 550 nm, and the corresponding solar cell
efficiency.

TABLE 4
Effect of SWCNT chirality on the solar cell efficiency

Chirality Diameter of SWCNT Refractive index PCE
(n,m) (Den) (n) (%)
(6,5) 0.747 1.50 20.39
(8,3) 0.771 1.55 18.00
(9,2 0.795 1.40 17.28
(9,4 0.903 1.35 16.15
(10,3) 0.923 1.45 18.72

This table demonstrates that changes in the chirality indices of carbon
nanotubes lead to variations in properties such as diameter and optical
characteristics. Moreover, the data on refractive indices indicate that this
parameter is not necessarily a monotonic function of diameter or chirality.
Therefore, when nanotubes with different chiralities are incorporated into the
solar cell structure, no straightforward correlation between efficiency and changes
in nanotube diameter can be established. Hence, to increase the efficiency of the
solar cell with the proposed structure, the chirality of the nanotube used becomes
important.
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5.CONCLUSION

This study investigated the performance of a SWCNT layer as a secondary ETL
in a PSC. Simulation results demonstrated that incorporating this layer increases
the conduction band slope within the perovskite absorber, thereby reducing the
probability of charge carrier recombination in this layer. Since light must pass
through the ETLs before reaching the perovskite layer, the optical effects of the
SWCNT layer were also examined. The optical simulations revealed that the
addition of the SWCNT layer reduces light reflection at the cell surface, leading
to increased light absorption by the active layer. Furthermore, the effect of
nanotube chirality was examined, and the optimal thickness of the SWCNT layer
was determined. The results showed the highest efficiency at a thickness of
100nm and for carbon nanotubes with chirality (6,5). The power conversion
efficiency of the proposed cell structure improved by approximately 1%.
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