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This simulation-based study investigates the influence of carbon-based interlayers on the theoretically predicted
performance of CsSnCls perovskite solar cells by incorporating Ceo and single-wall carbon nanotubes (SWCNTs)
between TiO: and the absorber. All results reported herein are obtained from numerical simulations using SCAPS-
1D and represent theoretical upper bounds under idealized, defect-minimized conditions. It is important to note
that the assumed CsSnCls bandgap of 1.52 eV is a hypothetical, strain-tuned value; experimentally synthesized
CsSnCls typically exhibits a bandgap of approximately 2.8 eV. Therefore, this study should be interpreted as a
design exploration for future bandgap engineering efforts, not as a prediction of currently achievable experi-
mental performance. Device simulations reveal that the TiOz-only structure exhibits the highest charge transfer
resistance and lowest built-in potential, resulting in moderate efficiency. Introducing Ceo improves interfacial
band alignment and increases both the open circuit voltage and built-in potential, yielding a notable enhance-
ment in power conversion efficiency. The most significant improvement is achieved with SWCNTs, which sub-
stantially reduce the charge transfer resistance and facilitate more efficient electron extraction. This leads to a
marked increment in the highest overall efficiency and short circuit current density among the studied archi-
tectures. Nyquist analysis confirms the correlation between reduced impedance, improved interfacial charge
transfer, and enhanced photovoltaic performance. These findings highlight the effectiveness of SWCNTs as an
interfacial layer for optimizing charge transport and maximizing the theoretically predicted performance of lead-
free perovskite solar cells under idealized conditions.

1. Introduction them, CsSnCls has attracted attention due to its suitable bandgap, strong

optical absorption, and potential for stable operation without lead [7,8].

Perovskite solar cells (PSCs) have become one of the most exciting
technologies in renewable energy because they can reach high efficiency
with relatively simple fabrication. However, most high-performance
PSCs are based on lead halide perovskites, and the presence of toxic
lead raises serious environmental and health concerns [1,2].

This has motivated researchers to explore lead-free alternatives,
especially germanium [3,4] and tin-based perovskites [5,6]. Among

* Corresponding authors.

Even though CsSnCls is promising, tin-based perovskites often face
challenges such as high defect density, poor charge transport, and
recombination losses. These problems reduce efficiency compared to
lead-based devices. One effective way to address these issues is to
improve the interfaces between the absorber and the electron transport
layer (ETL). TiO: is commonly used as the ETL, but mismatched energy
levels and interfacial defects can increase charge transfer resistance and
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limit performance [9,10].

To overcome these limitations, researchers have introduced carbon
nanostructures as interlayers between TiO:z and the perovskite absorber.
Materials such as fullerene (Ceo) and single-walled carbon nanotubes
(SWCNTs) are widely studied because of their excellent conductivity,
stability, and ability to align energy levels [11].

While carbon interlayers have been explored in lead-based and some
lead-free perovskite systems, their specific role in CsSnCls — a material
whose experimental bandgap (~2.8 eV) differs significantly from the
value often assumed in simulations (1.52 eV under specific lattice strain)
— remains poorly understood. While graphene and reduced graphene
oxide (rGO) have also shown promise as interfacial layers [12], the
present work focuses on Ceo and SWCNTSs as representative 0D and 1D
carbon nanostructures to compare discrete molecular versus
network-based charge extraction. Systematic comparison with
graphene-based interlayers is left for future study.

This study does not aim to claim record efficiencies for experimen-
tally realistic CsSnCls, but rather to explore the theoretical potential of
bandgap-tuned CsSnCls (e.g., via strain or alloying) when combined
with carbon interlayers. The key novelty lies in the comparative analysis
of Ceo vs. SWCNT interlayers specifically for a 1.52 eV CsSnCls absorber,
providing design guidelines for future experimental efforts to tune the
bandgap of this material toward the Shockley-Queisser optimum [13].

Recent studies on multi-layered perovskite light harvesters have
demonstrated the benefits of optimized charge transport layers [14,15].

Fullerene derivatives like Ceo and PCBM have been shown to improve
band alignment and reduce recombination in perovskite devices [16,
17]. SWCNTs, on the other hand, provide highly conductive pathways
for electron transport and have been successfully used in flexible opto-
electronic devices [18,19].

Electrochemical impedance spectroscopy (EIS), especially Nyquist
analysis, is a powerful tool to study these effects [20]. Nyquist plots
reveal how interfacial resistance changes with different interlayers.
Devices with carbon nanostructures often show smaller semicircles in
Nyquist plots, which means lower resistance and faster charge transfer.
Several studies confirm that impedance spectroscopy can directly link
reduced resistance to improved efficiency and stability in PSCs [2,
21-26].

Recent SCAPS-1D studies on interface engineering in perovskite solar
cells have highlighted the importance of defect passivation and band
alignment optimization [27,28].

In this work, we investigate CsSnCls solar cells modified with carbon
nanostructure interlayers. Three device architectures are compared:
TiO2 only, TiO2/Ceo, and TiO2/SWCNT. The TiOz-only device shows high
resistance and moderate efficiency. Adding Ceo improves voltage output
by better band alignment, but resistance remains relatively high. The
most significant improvement comes from SWCNTs, which strongly
reduce charge transfer resistance and enable efficient electron extrac-
tion. Nyquist analysis confirms these findings, with the SWCNT device
showing the smallest semicircle and the best charge transport.

By combining a lead-free absorber with conductive carbon nano-
structures, this study demonstrates a practical pathway to improve ef-
ficiency and stability in tin-based perovskite solar cells. The results
highlight the importance of interfacial engineering and suggest that
carbon nanostructures, especially SWCNTs, can play a key role in
advancing the next generation of environmentally friendly PSCs.

2. Important note on CsSnCls bandgap

The present study assumes a CsSnCls bandgap of 1.52 eV, following
previous simulation works [9]. However, it is important to acknowledge
that experimentally synthesized CsSnCls typically exhibits a much wider
bandgap of approximately 2.8-3.0 eV under ambient conditions. The
1.52 eV value has been primarily reported in density functional theory
(DFT) calculations under specific lattice parameters or strained condi-
tions [7,8]. Experimental realization of a 1.52 eV CsSnCls would likely
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require significant bandgap engineering (e.g., alloying, strain, or
quantum confinement). Therefore, the high efficiencies reported herein
(up to 28%) represent theoretical upper bounds for a hypothetical
bandgap-tuned CsSnCls absorber, not predictions for currently achiev-
able experimental devices. This study should be interpreted as a design
exploration for future bandgap engineering efforts, not as a claim of
near-term experimental feasibility.

3. Device structure and simulation

The SCAPS-1D simulator (Solar Cell Capacitance Simulator) is
employed as the primary computational tool for modeling and analyzing
the optoelectronic behavior of thin-film perovskite solar cells (PSCs)
[29,30]. Developed by the Department of Electronics and Information
Systems at the University of Ghent, Belgium [31-33], SCAPS is an open
source platform that numerically solves drift-diffusion transport equa-
tions, the hole and electron continuity equations, and Poisson’s equa-
tion. Together, these form the core framework for describing charge
generation, transport, and recombination within multilayer photovol-
taic structures.

4. Model calibration and benchmarking

We benchmarked our SCAPS-1D model by simulating an experi-
mentally validated MAPbIs device (FTO/ZnO/MAPbIs/Cu.0O/Au) using
parameters from Mehrabian et al. [6]. Our simulation reproduced the
reported PCE of 6.06%, matching the experimental ~6% value (differ-
ence <1%), confirming the physical validity of our parameter choices.
For CsSnCls with the hypothetical 1.52 eV bandgap, no experimental
device exists for direct validation. Therefore, we adopted
defect-minimized parameters from Hossain et al. [9] (originally cali-
brated for ~2.8 eV CsSnCls) and explicitly state that our results (up to
28% PCE) represent theoretical upper bounds under idealized,
interface-defect-free conditions.

5. Limitations of the SCAPS-1D model for tin perovskites

SCAPS-1D is a drift-diffusion solver that assumes fixed ion positions
and does not explicitly model trap-state migration. However, tin-based
perovskites are known to exhibit mobile ions (e.g., vacancies, intersti-
tial Sn**) that can influence charge transfer resistance and impedance
response, particularly at low frequencies. The absence of trap-state
migration in our model means that the simulated EIS response (Fig. 5)
may not fully capture real-world behavior. Future work should employ
models that couple electronic and trap-state transport (e.g., drift-
diffusion with trap-state rate equations) to more accurately simulate
frequency-dependent ionic-electronic coupling. The present results
should therefore be interpreted as electronic-only transport predictions.

As an initial step, a device with the configuration FTO/TiOz/
CsSnCls/PEDOT:PSS/Ag was simulated. Band alignment plays a deci-
sive role in governing charge extraction and interfacial transport across
this stack. TiOz, with a band gap of 3.2 eV and an electron affinity of
—4.1 eV [34], functions as an efficient electron transport layer (ETL).
The absorber layer, CsSnCls, possesses an electron affinity of —3.90 eV
and a 1.52 eV band gap [9], providing strong optical absorption and
favorable conduction band alignment with TiO: for electron extraction.
PEDOT:PSS, characterized by an electron affinity of —3.5 eV and a 1.8
eV band gap [35], serves as an effective hole transport layer (HTL) due
to its suitably positioned valence band. Collectively, these energy level
parameters establish the interfacial energy landscape that governs
charge separation and transport in the simulated FTO/-
TiO2/CsSnCls/PEDOT:PSS/Ag device.

The electrical parameters used in this study were obtained from
previously published high-impact journal articles, as summarized in
Table 1.

Interface defect densities used in the simulations are as follows:
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Table 1
The material parameters employed in the present simulations.
Layer TiOy CsSnCl3 C60 [36] SWCNT PEDOT:
[8] [9] [37] PSS [35]

Thickness (nm) 50 variable variable variable 200

Band gap (eV) 3.2 1.52 1.7 1.1 1.8

Electron affinity 4.1 3.9 3.9 4.2 3.5
(eV)

Dielectric 9 29.4 4.2 3.4 10
permittivity
(relative)

N effective density ~ 1.00 x 1.00 x 8.00 x 5.00 x 2.2 x
of states (1/ecm®)  10** 10" 10" 10'® 10'8

Ny effective density ~ 2.00 x 1.00 x 8.00 x 6.00 x 1.8 x
of states (1/em®)  10%° 10 10*° 10" 10"

Electron thermal 1% 1 % 107 1x107 1x107 1% 107
velocity (cm/s) 107

Hole thermal 1 x 1 %107 1 x 107 1 x 107 1 x 107
velocity (cm/s) 107

Electron mobility 20 2 1x1072 8x10* 100
(cm?/Vs)

Hole mobility (cm?/ 10 2 3.5 x 2 x 10% 4
Vs) 1073

Shallow uniform 1.00 x - 2.60 x
donor density Np 10%° 10'8
(1/cm®)

Shallow acceptor - 1.0 x - 4.0 x 2 x 10*°
density N (1/ 10%° 104
cm®)

Bulk defect density 1 x 1 x 10% 1 x 10 1 x 10% 1 x 10%
N; (1/cm?) 10%

Electron capture 1 x 1x107% 1x10"' 1x107' 1x107
cross-section 6n 1078
(cm?)

Hole capture cross- 1 x 1x10 1x10" 1x107' 1x107"
section op (cm?) 107'®

TiO2/Ceo and TiO2/SWCNT interfaces: 1 x 10'° em™?; Ceo/CsSnCls and
SWCNT/CsSnCls interfaces: 1 x 10 c¢m-2; CsSnCls/PEDOT:PSS inter-
face: 1 x 10" cm™ These values serve as the baseline for all optimi-
zations (Tables 3-7), while the sensitivity analysis (Table 8) varies them
around these baselines.

All parameters in Table 1 are compiled from previously published
simulation and experimental studies: TiOz2, CsSnCls, Ceo, SWCNT, and
PEDOT:PSS. Where literature reported ranges, we selected values
representative of high-quality, defect-minimized films to establish
theoretical upper bounds. The electron mobility of SWCNTs (8 x 10*
c¢m?/Vs) is the intrinsic value for individual defect-minimized nano-
tubes; realistic thin-film networks exhibit 1-2 orders lower mobility, as
acknowledged in the discussion.

6. Clarification on SWCNT mobility

The electron mobility of 8 x 10* cm?/Vs assigned to the SWCNT
interlayer in Table 1 is the intrinsic mobility of an individual defect-free
semiconducting single-walled carbon nanotube. This value is consistent
with theoretical predictions from quasi-1D transport models [38] and
experimental measurements on suspended or high-quality individual
SWCNTs [39,40]. However, in a solution-processed thin-film network,
the effective mobility is substantially lower (typically 10-100 cm?/Vs)
due to several factors: (i) junction resistance between crossing nano-
tubes, (ii) bundling of nanotubes during film formation, (iii) interfacial
scattering with the substrate, and (iv) residual metallic nanotube im-
purities. Experimental studies on SWCNT network thin-film transistors
report apparent mobilities in the range of 40-100 cm?/Vs [41,42].
Consequently, the 8 x 10* cm?/Vs value used here represents an ideal-
ized upper bound. The performance predicted for the SWCNT-based
device (PCE = 28%) would likely be lower in experimental re-
alizations due to reduced effective mobility.

In a realistic thin-film network, nanotube-nanotube junctions,
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bundling, and interfacial scattering reduce the effective mobility by 1-2
orders of magnitude. Therefore, the performance predicted here for
SWCNT-based devices is optimistic and would likely be lower in
experimental realizations. Future work should employ effective medium
models or experimentally measured network mobilities for more accu-
rate predictions.

Interface defect densities are defined in Table 1 for the carbon
interlayer/CsSnCls and CsSnCls/PEDOT:PSS interfaces. These values (1
x 10 cm~2 for carbon interlayers and 1 x 10'! cm™ for the absorber/
HTL interface) are used as the baseline in all simulations unless other-
wise stated in the sensitivity analysis (Table 8). In real devices, interface
defect densities on the order of 10'°-10'? cm™2 would reduce Voc and FF.
Our results therefore represent theoretical upper bounds.

The schematic structure of the PSC is presented in Fig. 1(a), and the
external quantum efficiency curve (EQE) is depicted in Fig. 1(b). Device
performance was simulated under standard AM 1.5 G illumination
incident from the FTO coated side, corresponding to an n-i—p configu-
ration. Silver (Ag) was used as the back electrode to ensure efficient
charge extraction.

In this study, the thicknesses of the TiO2> and PEDOT:PSS transport
layers were fixed at 50 nm and 200 nm, respectively, while the CsSnCls
absorber thickness was systematically varied from 10 nm to 2000 nm to
capture the full evolution of device performance, from the ultra-thin
regime (where optical absorption is incomplete) to the over-thick
regime (where bulk recombination dominates). While performance
saturates near 1000 nm, extending the study to 2000 nm serves two
purposes: (i) to confirm that no secondary optimum exists at greater
thicknesses, and (ii) to provide a complete dataset for future experi-
mental efforts that may use different deposition methods (e.g., spray
pyrolysis, which often produces thicker films). The well-known trade-off
between absorption and recombination is quantitatively mapped here
specifically for CsSnCls with carbon interlayers. The resulting photo-
voltaic parameters are tabulated in Table 2.

The EQE spectrum of the TiO2/CsSnCls/PEDOT:PSS/Ag structure
(Fig. 1(b)) demonstrates strong photo response across the visible range,
maintaining values near 100% from approximately 350 nm to 800 nm.
This broad and high EQE plateau indicates efficient photon absorption
and charge collection within the active layer. The sharp decline beyond
800 nm reflects the spectral cutoff imposed by the band gap of CsSnCls,
consistent with its absorption edge. The high EQE in the visible region
supports the measured short circuit current density (Jsc = 27.13 mA.
cm~2) and confirms that the device effectively converts incident photons
into charge carriers within its operational bandwidth.

It should be noted that the near-100% EQE plateau across 350-800
nm is a direct consequence of our idealized simulation assumptions: low
bulk defect density (1 x 10'® ecm™ for CsSnCls, 1 x 10'® cm™ for other
layers) and zero interface defect density between layers. In experimen-
tally fabricated CsSnCls devices, defect densities are typically 1-2 orders
of magnitude higher, and interface recombination reduces EQE to
80-90% under optimal conditions. Therefore, the EQE shown here
represents a theoretical upper bound achievable only under defect-
minimized, interface-passivated conditions.

The results reveal a clear dependence of device performance on
absorber thickness. Voc decreases progressively from 1.20 V at 10 nm to
1.06 V at 2000 nm. This decline is attributed to enhanced bulk recom-
bination in thicker films, which reduces the quasi-Fermi level splitting.
As the absorber becomes thicker, carriers must traverse longer distances
before reaching the contacts, increasing the probability of trap-assisted
recombination and thereby lowering Voc. In contrast, Jsc increases
significantly with thickness, rising from 9.68 mA-cm= at 10 nm to 27.50
mA-cm~2 at 2000 nm. This enhancement results from improved optical
absorption in thicker CsSnCls layers, which capture a larger fraction of
the incident solar spectrum. The current density begins to saturate
beyond approximately 1000 nm, indicating that most useful photons are
already absorbed, and additional thickness contributes only marginally
to further current enhancement. The fill factor (FF) shows a modest
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Fig. 1. (a) Schematic device structure, (b) External quantum efficiency (EQE) spectrum of the FTO/TiO2/CsSnCls/PEDOT:PSS/Ag device simulated with a 10 nm
wavelength step from 300 nm to 900 nm. The near-100% plateau from 350 nm to 800 nm indicates efficient photon-to-electron conversion under our idealized,
defect-minimized assumptions. The sharp decline beyond 800 nm corresponds to the bandgap edge of CsSnCls (1.52 eV). Key insight: The high EQE supports the high
Jsc (27.13 mA/cm?) reported in Table 2. The EQE spectrum was simulated from 300 nm to 900 nm and shows a continuous response.

Table 2

Variation of photovoltaic parameters with absorber thickness for CsSnCls.
Thickness of CsSnCls (nm) Voe (V) Jse (mA.cm™2) FF (%) PCE (%)
10 1.20 9.68 87.23 10.17
20 1.19 10.74 87.17 11.13
50 1.17 13.5 87.33 13.77
100 1.15 16.96 87.35 17.09
150 1.15 19.43 87.24 19.41
200 1.14 21.22 87.07 21.04
300 1.13 23.18 86.79 22.73
400 1.12 24.59 86.51 23.82
500 1.11 25.71 86.16 24.67
1000 1.10 27.13 85.13 25.18
1100 1.10 27.22 85.01 25.15
1200 1.08 27.29 84.91 25.11
1500 1.08 27.42 84.73 24.97
2000 1.06 27.5 84.53 24.75

decline from 87.23% to 84.53% as thickness increases. This reduction
reflects increased series resistance and enhanced recombination in
thicker absorbers, both of which reduce carrier collection efficiency and
distort the J-V curve near the maximum power point. The combined
effect of these trends produces a characteristic PCE profile. The effi-
ciency increases steadily with thickness, reaching a maximum of 25.18%
at 1000 nm, where the absorber provides an optimal balance between
strong light absorption and manageable recombination losses. Beyond
this point, the PCE decreases slightly due to the continued reduction in
Voc and FF, despite the small increase in Jsc.

On the other hand, these results demonstrate that absorber thickness
plays a critical role in determining device performance. An absorber
thickness of approximately 1000 nm yields the highest simulated effi-
ciency for the CsSnCls-based PSC, representing the optimal balance
between photo generation and carrier extraction.

The variation in photovoltaic properties with CsSnCls absorber
thickness is presented in Fig. 2 (a—d), while the Mott-Schottky and
corresponding C-V characteristics are depicted in Fig. 2 (e, f).
Capacitance-voltage (C-V) and Mott-Schottky characteristics were
simulated at a frequency of 1 kHz, a typical value for thin-film solar cell
analysis. The built-in potential (Vy;) is extracted from the intercept of the
1/C? vs. voltage plot.

After identifying 1000 nm as the optimal absorber thickness for the
CsSnCls-based PSC, the next stage of the analysis focuses on introducing
a Ceo interlayer (with an electron affinity of —3.90 eV and a 1.7 eV band

gap [36]) to further enhance charge extraction and suppress interfacial
recombination. Ceo is widely used in Perovskite and organic photovol-
taics (PVs) due to its high electron affinity, excellent electron mobility,
and strong hole blocking capability. When inserted between the ETL and
the absorber, it can act as an efficient electron-selective layer and
interface passivation layer, potentially improving both the open circuit
voltage and fill factor. To evaluate this effect, the device structure is
modified to FTO/TiO2/Ceo/CsSnCls/PEDOT:PSS/Ag structure, while
maintaining the absorber thickness at the previously optimized value of
1000 nm. The thickness of the Ceo layer is then systematically varied to
determine its influence on charge transport, recombination dynamics,
and overall photovoltaic performance. This optimization step enables
identification of the Ceo thickness that provides the best balance between
electron extraction and minimal resistive or optical losses. The photo-
voltaic properties of the device for different Ceo layer thicknesses are
summarized in Table 3, and the variation of the photovoltaic parameters
as a function of Ceo layer thickness is presented in Fig. 3 (a-d), while the
corresponding C-V and Mott-Schottky characteristics are shown in
Fig. 3 (e, ).

The results in Table 3 show that the thickness of the Ceo interlayer has
a pronounced effect on the photovoltaic performance of the
CsSnCls-based device. When the Ceo layer is kept thin (10-20 nm), the
device exhibits excellent performance, with PCE values of 27.45% and
27.17%, respectively. In this regime, Ceo effectively passivates the TiOz/
CsSnCls interface and facilitates electron extraction without introducing
significant transport resistance. Both Voc and Jsc remain high, and the
fill factor is only slightly reduced, indicating that charge collection re-
mains efficient.

As the Ceo thickness increases beyond 50 nm, however, the device
begins to show clear signs of transport limitation. Although Voc remains
relatively stable up to 100 nm, the fill factor drops sharply, reflecting
increased series resistance and reduced carrier mobility across the
thicker Ceo layer. This degradation becomes more severe at 500 nm and
1000 nm, where both Jsc and FF collapse due to the long electron
transport path and enhanced recombination within the Ceo layer. As a
result, the PCE decreases dramatically, falling to 11.47% at 500 nm and
only 3.34% at 1000 nm. These trends demonstrate that Ceo is beneficial
only when incorporated as an ultrathin interlayer; excessive thickness
introduces substantial resistive and recombination losses that outweigh
any passivation benefits. Therefore, the optimal Ceo thickness for this
device lies in the range of 10-20 nm, where the balance between
interface passivation and efficient electron transport is maximized.

It can be observed from Figs. 2(f) and 3(f) that the built-in potential
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Fig. 2. (a-d) Photovoltaic parameters (Voc, Jsc, FF, PCE) as a function of CsSnCls absorber thickness from 10 nm to 2000 nm. PCE increases with thickness, reaching
a maximum of 25.18% at 1000 nm, then decreases slightly due to enhanced bulk recombination. (e) Capacitance-voltage (C-V) and (f) Mott-Schottky characteristics
at 1 kHz. Key insight: The optimal absorber thickness of 1000 nm balances optical absorption and recombination losses.

Table 3
Variation of photovoltaic parameters with absorber thickness for C60.

Thickness of C60 (nm) Vo (V) Jse (mA.cm™2) FF (%) PCE (%)
10 1.21 27.13 83.71 27.45
20 1.21 27.12 82.86 27.17
50 1.22 27.08 77.15 25.41
100 1.24 26.98 65.96 22.01
500 1.23 24.39 38.14 11.47
1000 1.22 11.50 23.88 3.34

(Vi) of the device without Ceo (FTO/TiO2/CsSnCls/PEDOT:PSS/Ag) is
approximately 1.03 V, whereas the device incorporating a Ceo interlayer
(FTO/TiO2/Ceo/CsSnCls/PEDOT:PSS/Ag) represents a significantly
higher Vp; of 1.10 V (at 1 kHz).

The device incorporating a Ceo interlayer exhibits a built-in potential
(Vpp of 1.10 V, significantly higher than the TiOz-only device (1.03 V).
This large increase arises from several factors in the SCAPS-1D model: (i)
the high electron affinity of Ceo (3.9 eV) creates a stepwise conduction
band alignment that enhances band bending at the TiO2/Ceo/CsSnCls

interfaces; (ii) the low defect density assumed for the Ceo layer minimizes
recombination, allowing the full built-in field to develop; and (iii) the
absence of an interfacial defect layer between Cso and CsSnCls in our
idealized model maximizes the electrostatic potential drop across the
junction. In a real device, interface states and non-ideal contacts would
reduce Vy,; substantially. Thus, the 1.10 V value represents an upper
bound achievable only under highly optimized, defect-minimized
conditions.

This pronounced increase in Vy; directly contributes to the enhanced
photovoltaic performance of the Ceo-modified device. The higher PCE in
the device containing Ceo arises from several synergistic effects. First, the
increased Vy,; strengthens the internal electric field across the absorber,
which enhances charge separation and accelerates electron extraction
toward the TiO: side. A stronger field also suppresses interfacial
recombination by driving photo-generated carriers away from interfa-
cial trap states. Second, Ceo provides an energetically favorable electron-
selective contact due to its high electron affinity, creating a smoother
conduction band alignment between TiOz and CsSnCls. This reduces the
interfacial barrier for electron transport and minimizes back transfer of
holes. Third, the Cso layer passivates surface states at the TiO2/CsSnCls
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Fig. 3. Photovoltaic parameters as a function of C60 thickness (a—d), and the corresponding C-V and Mott-Schottky characteristics (e, f).

interface, lowering recombination losses that would otherwise reduce
Voc and FF. As a result, devices with an optimized Ceo thickness maintain
high Jsc, exhibit improved Voc due to reduced recombination, and show
enhanced FF owing to more efficient charge extraction.

Generally, the increased built-in potential, improved band align-
ment, and reduced interfacial recombination explain why the Ceo-con-
taining device achieves a higher PCE compared to the structure without
CBO.

A second carbon-based electron transport material, single-walled
carbon nanotube (SWCNT), with an electron affinity of —4.27 eV and
a 1.10 eV band gap [37], was employed in place of Ceo, and its thickness
was systematically optimized. The photovoltaic parameters extracted
for different SWCNT layer thicknesses are summarized in Table 4. The
corresponding variations in Voc, Jsc, FF, and PCE as a function of
SWCNT thickness are illustrated in Fig. 4(a—d), while the associated C-V
and Mott-Schottky characteristics are presented in Fig. 4(e, f).

The device performance exhibits a clear dependence on the SWCNT
layer thickness. The open circuit voltage decreases gradually from 1.15
Vat 10 nm to 1.07 V at 500 nm, indicating enhanced recombination and
increased series resistance in thicker nanotube networks. This reduction
in Voc is consistent with weakened interfacial band bending and a
diminished built-in potential, as supported by the Mott-Schottky

Table 4

Variation of photovoltaic parameters with absorber thickness for SWCNT.
Thickness of SWCNT (nm) Voe (V) Jse (mA.cm™2) FF (%) PCE (%)
10 1.15 27.83 85.56 27.45
20 1.14 28.46 85.11 27.58
50 1.12 30.08 82.98 27.92
100 1.10 32.03 79.48 28.00
110 1.10 32.33 78.46 27.95
150 1.10 33.32 75.77 27.65
200 1.09 34.16 72.83 27.09
500 1.07 34.71 61.84 22.92

analysis.

In contrast, the short circuit current density increases steadily with
thickness, rising from 27.83 mA ¢m™ to 34.71 mA cm™2 This enhance-
ment is attributed to improved optical scattering and photon manage-
ment effects introduced by the SWCNT network, as well as the formation
of more continuous electron transport pathways at moderate
thicknesses.

The fill factor remains high (=85%) for thin layers (10-20 nm) but
decreases significantly for thicker films, reaching 61.84% at 500 nm.
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Fig. 4. Photovoltaic parameters as a function of SWCNT thickness (a—d), and the corresponding C-V and Mott-Schottky characteristics (e, f).

This decline reflects the resistive nature of thick SWCNT networks,
where nanotube bundling and increased porosity hinder efficient charge
extraction.

As a result, the power conversion efficiency reaches its maximum
value of 28.00% at a thickness of 100 nm, where optical enhancement
and electrical transport are optimally balanced. Beyond this thickness,
the combined losses in V¢ and FF outweigh the gains in Jgc, leading to a
gradual reduction in PCE.

Overall, the results demonstrate that SWCNT thickness plays a crit-
ical role in governing both optical and electrical processes within the
device. An optimized thickness of approximately 100 nm yields the
highest efficiency by simultaneously promoting strong light absorption
and maintaining efficient charge extraction.

The SWCNT-based device exhibits a built-in potential of 1.12 V (at 1
kHz), which is slightly higher than that of the Cso-based device (1.10 V)
and significantly higher than the TiOz-only reference device (1.03 V, (at
1 kHz)). This progression clearly demonstrates the beneficial role of
incorporating a carbon-based interlayer between the absorber and TiOa.

The reduction in charge transfer resistance (Rct) with SWCNTs arises
from three synergistic effects: (i) High electron mobility (8 x 10* cm?/
Vs, intrinsic) provides rapid carrier transport across the interlayer; (ii)

Favorable band alignment (electron affinity 4.27 eV) creates a step-
wise conduction band edge from TiO2 (4.1 eV) — SWCNT (4.27 eV) —
CsSnCls (3.9 eV), reducing the interfacial barrier; and (iii) High con-
ductivity of the nanotube network, even with junction resistances, still
exceeds that of Ceo or TiO2 alone. These factors collectively lower Rct
from ~28,500 Q-cm? (TiO: only) to ~7200 Q-cm? (SWCNT).

The small increase in Vp; from 1.10 V (Ceo) to 1.12 V (SWCNT) in-
dicates that SWCNTs establish a more favorable interfacial energy
alignment and a stronger depletion field at the junction. The nanotube
network likely reduces interfacial recombination and enhances electron
extraction, which is consistent with the higher Jsc observed for the
SWCNT device.

In contrast, the TiO2-only device shows the lowest Vp; (1.03 V at 1
kHz), reflecting limited band bending at the absorber/TiO: interface.
The absence of a carbon interlayer weakens the internal electric field
and restricts charge separation efficiency, explaining the inferior
photovoltaic performance of this configuration.

Overall, the comparison shows that SWCNTs not only preserve but
slightly enhance the built-in potential relative to Ceo, while offering
superior current generation. This combination underscores the effec-
tiveness of SWCNTs as an interfacial layer for improving both junction
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quality and charge transport characteristics.

7. Effect of frequency on built-in potential

To investigate the influence of measurement frequency on the
extracted built-in potential (Vy;) and to assess possible trap-state con-
tributions to low-frequency capacitance, Mott-Schottky characteristics
at both 1 kHz and 10 kHz was simulated for the three device architec-
tures: TiO2 only, TiO2/Ceo, and TiO2/SWCNT. The results are presented
in Fig. 5.

Unless stated otherwise, all Vy,; values reported in the main text are
extracted at 1 kHz for consistency with previous SCAPS-1D studies. The
10 kHz values (shown above) better represent the electronic built-in
potential by freezing out slow trap-state contributions and are pro-
vided for reference in Table 5.

The frequency-dependent Vbi behavior is most relevant for the
optimized SWCNT device (Fig. 5¢). For this device, Vbi increases from
1.12Vat1kHz to 1.26 V at 10 kHz. This increase suggests that at 1 kHz,
the measured capacitance includes contributions from slow trap-state
polarization effects within CsSnCls, which are partially frozen out at
10 kHz. The higher 10 kHz value (1.26 V) is therefore more represen-
tative of the electronic built-in potential. For the TiOz-only and Ceo de-
vices (Figs. 5a and 5b), similar frequency dependence is observed (see
Table 5), but the SWCNT device consistently exhibits the highest Vy; at
both frequencies.

All Vy; values reported in this study were extracted from Mott—
Schottky plots (1/C? vs. voltage) simulated at two frequencies: 1 kHz
and 10 kHz. The Vy,; values at 1 kHz are: TiOz-only = 1.03 V, TiO2/Ceo =
1.10 V, TiO2/SWCNT = 1.12 V. At 10 kHz, the values are higher (TiO2-
only = 1.15 V, TiO2/Ceo = 1.24 V, TiO2/SWCNT = 1.26 V) due to the
freezing out of slow trap-state polarization effects.

In addition, Nyquist plots are widely employed to analyze the
impedance characteristics of electrochemical systems such as solar cells
and batteries. They display the real component of the impedance
(resistive contribution) on the X-axis and the imaginary component
(associated with capacitive or inductive behavior) on the Y-axis, thereby
illustrating the frequency-dependent response of the device. Fig. 6 pre-
sents the Nyquist plots for the simulated solar cells, providing insight
into the charge transfer resistance and recombination dynamics of each
structure. Electrochemical impedance spectroscopy (EIS) was employed
to analyze recombination processes and charge transport dynamics in
the simulated devices, and the resulting Nyquist plots are presented in
Fig. 6 for (a) FTO/TiO2/CsSnCls/PEDOT:PSS/Ag, (b) FTO/TiO2/Ceo/
CsSnCls/PEDOT:PSS/Ag, and (c¢) FTO/TiO2/SWCNT/CsSnCls/PEDOT:
PSS/Ag configurations. The Nyquist plot represents the imaginary and
real parts of the impedance, expressed as

Z(w) = Z () +jZ' (w) (@))
Where Z, Z', and o denote the resistive component, the capacitive/
inductive component, and the angular frequency, respectively. A typical
solar cell interface can be modeled as a parallel resistor—capacitor (RC)
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Table 5

Impedance parameters extracted from Nyquist fits using Eq. (6).
Device Rs Rt Q (F-s"1) n Frequency

(Q-cm?) (Q-cm?) range
TiOz only 4.5 28,500 2.2x10°® 0.88 1 Hz-1 MHz
TiO2/Ceo 4.2 27,800 2.4 x10° 0.89 1 Hz-1 MHz
TiOz/ 3.8 7200 3.1 x10° 0.92 1 Hz-1 MHz
SWCNT

element, yielding.

Ry
Z(0) = - 2
(a)) Rs + 1 +jCURctC (2)
R
Z =Rg+—% 3)
* 14 (0RC)>
;o CURthC 4

1+ (wR,C)?

These relations give rise to the characteristic semicircular response in
Nyquist plots, where the semicircle diameter reflects the charge transfer
resistance (R.) and the high frequency intercept corresponds to the
series resistance (Rg). However, real solar cells frequently deviate from
ideal RC behavior and are more accurately represented using a constant
phase element (CPE), defined as

1
Zcpg = W )

where 0<n < 1 quantifies the degree of non-ideality, and Q denotes the
pseudo capacitance. When the CPE is incorporated into the charge
transfer branch, the overall impedance is expressed as:

1
Z=Ret gy

Ra

(6)

which produces a depressed semicircle, a characteristic feature
frequently observed in perovskite and dye-sensitized solar cells.

In the equivalent circuit used (Rs + (Rct || CPE)), Rs represents series
resistance (dominated by contact and bulk resistances), Rct is the charge
transfer resistance at the ETL/perovskite interface, and the constant
phase element (CPE) accounts for non-ideal capacitive behavior arising
from surface roughness, porosity, and inhomogeneous current distri-
bution. The CPE exponent n ranges from O to 1, where n = 1 corresponds
to an ideal capacitor. A smaller Ret indicates faster electron extraction
and suppressed interfacial recombination. The series resistance Rs
(3.8-4.5 Q-cm?) is dominated by contact and bulk resistances; its slight
decrease with SWCNTs reflects improved conductivity. Thus, the
reduced semicircle diameter in Figure 6(c) directly quantifies lower
recombination losses in the SWCNT device.

Here, Q is the constant phase element (CPE) parameter representing
pseudo-capacitance (units: F-s"!), and n is the CPE exponent (0 <n < 1),
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Fig. 5. Vp; at 1 kHz and 10 kHz for the three device architectures. Higher frequency yields larger Vy,; device ranking is frequency-independent. Panel (c) shows the

SWCNT device, which is the focus of the frequency-dependent discussion.
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Fig. 6. Nyquist plots of (a) FTO/TiO2/CsSnCls/PEDOT:PSS/Ag, (b) FTO/TiOz2/Ceo/CsSnCls/PEDOT:PSS/Ag, and (c) FTO/TiO2/SWCNT/CsSnCls/PEDOT:PSS/Ag
devices at zero bias under AM 1.5 G illumination (frequency range: 1 Hz — 1 MHz). The semicircle diameter represents charge transfer resistance (Rct). Key insight:
The smallest semicircle in (c) confirms that SWCNTs reduce Ret from ~28,500 Q-cm? (TiOz-only) to ~7200 Q-cm?, enabling superior charge extraction and the

highest PCE (28.00%).

where n = 1 corresponds to an ideal capacitor. The frequency range was
1 Hz to 1 MHz. Fits were performed using the equivalent circuit Rs + (Ret
| CPE).

8. Series resistance, shunt resistance, and contact effects

In addition to charge transfer resistance (Rct), two other resistance
parameters critically influence the fill factor (FF) and overall device
performance: series resistance (Rs) and shunt resistance (Rsh).

Series resistance (Rs): Rs includes contributions from bulk resistance
of the transport layers, contact resistance at metal/ semiconductor in-
terfaces, and resistance of the transparent conducting oxide (FTO). In
our simulations, Rs values extracted from Nyquist fits range from 3.8 to
4.5 Q.cm? (Table 5). The slight decrease from 4.5 Q-cm? (TiOz-only) to
3.8 Q-cm? (SWCNT) reflects the improved conductivity of the SWCNT
interlayer. These Rs values are within the typical range for optimized
perovskite solar cells (1-10 Q-cm?) and contribute to the high FF
(>79%) observed in our devices.

Shunt resistance (Rsh): Rsh represents leakage current pathways
through pinholes, grain boundaries, or interfacial defects. High Rsh
(>10* Q-cm?) is desirable to minimize leakage current and maintain
high Voc and FF. In our idealized model, we assumed perfect shunt
resistance (Rsh — o).

Contact effects: All simulations assumed ideal ohmic contacts at the
FTO/TiOz and PEDOT:PSS/Ag interfaces. In real devices, non-ohmic
contacts introduce additional series resistance and can cause band
bending that impedes charge extraction. The formation of Schottky
barriers at the contacts would reduce both FF and Voc. Therefore, our
results represent an upper bound achievable only with optimized, low-
resistance contacts.

The Nyquist plots in Fig. 6 reveal distinct impedance behaviors for
the three device architectures: (a) FTO/TiO2/CsSnCls/PEDOT:PSS/Ag,
(b) FTO/Ti02/Ceo/CsSnCls/PEDOT:PSS/Ag, and (c¢) FTO/TiO2/SWCNT/
CsSnCls/PEDOT:PSS/Ag. In all cases, a single depressed semicircle is
observed, characteristic of charge transfer and recombination processes
at the interfaces. The radius of the semicircle mainly reflects the charge
transfer resistance R, while the high frequency intercept corresponds to
the series resistance Rs.

Plots (a) and (b) exhibit considerably larger semicircle diameters,
extending to real impedance values of about 3 x 10% Q.cm?, whereas
plot (c) shows a much smaller semicircle, limited to 8 x 10% Q.cm?. This
indicates that the SWCNT-based device (c) has significantly lower Rt
and improved charge transport properties compared with the TiOz-only
device (a) and the TiO2/Ceo device (b).

9. Methodology for impedance simulation
SCAPS-1D does not natively produce Nyquist plots. However, it can

generate frequency-dependent admittance spectra by applying a small
AC voltage perturbation (typically 10-50 mV) superimposed on the DC

bias at various frequencies under illumination or dark conditions. For
this study, we simulated the impedance response over a frequency range
of 1 Hz to 1 MHz at zero bias under AM 1.5 G illumination. The real (Z)
and imaginary (Z") components of the complex impedance were
extracted from SCAPS output. These data were then fitted to the
equivalent circuit model Rs + (Rct || CPE) using a nonlinear least-squares
fitting routine (OriginPro 2024). This approach follows the methodol-
ogy described by Burgelman et al. (2008) for extracting interface pa-
rameters from simulated admittance spectra. A constant phase element
(CPE) was used instead of an ideal capacitor to account for surface
roughness, porosity, and non-uniform current distribution, as indicated
by the fitted n values (0.88-0.92 in Table 5). The extracted parameters
(Rs, Ret, Q, n) are reported in Table 5.

The TiO2/CsSnCls/PEDOT:PSS/Ag (device a) exhibits the largest
semicircle, indicating high charge transfer resistance and significant
interfacial recombination. This behavior is consistent with its lower
built-in potential (Vy; = 1.03 V) and moderate photovoltaic performance
(Voc =1.10 V, Jgc =27.13 mA.cmfz, FF = 85.13%, PCE = 25.18%),
reflecting the limited ability of the TiOz/absorber interface to efficiently
extract electrons in the absence of a carbon interlayer. Incorporating Ceo
(device b) does not substantially reduce the semicircle size, indicating
that the overall interfacial resistance remains relatively high; however,
the improved interfacial band alignment increases the built-in po-
tential to Vp;=1.10 V (at 1 kHz) and raises Voc to 1.21 V, resulting in a
higher PCE of 27.45%. This suggests that Ceo enhances band alignment
and suppresses recombination sufficiently to improve voltage, even
though the charge transfer resistance remains comparable to that of
device (a). In contrast, the TiO2/SWCNT/CsSnCls/PEDOT:PSS/Ag de-
vice (c) displays a markedly smaller semicircle, signifying much lower
R¢t and more efficient interfacial charge transfer. This reduced imped-
ance correlates with its significantly higher current density (Jsc =32.03
mA.cm2) and the highest PCE (28.00%), supported by an increased
built-in potential (Vp;=1.12 V, at 1 kHz). Although the FF (79.48%) is
slightly lower, likely due to transport-related losses within the nanotube
network, the substantial gain in photocurrent more than compensates,
yielding superior overall performance.

On the other hand, the Nyquist analysis aligns closely with the
photovoltaic trends: the TiO2-only and Ceo-modified devices exhibit the
largest semicircles and correspondingly lower current densities, while
the SWCNT-based device shows the smallest semicircle, reflecting its
enhanced charge transfer capability and highest efficiency. The pro-
gressive increase in Vp,;=1.03 V (a) to 1.10 V (b) and 1.12 V (c) further
confirms the improved interfacial band alignment, with SWCNTs
uniquely translating this advantage into both stronger charge extraction
and superior device performance.

10. Justification of thickness ranges

The absorber thickness was varied from 10 nm to 2000 nm to capture
the full evolution of device performance, from the ultra-thin regime
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(incomplete absorption) to the over-thick regime (recombination-
dominated). While performance saturates near 1000 nm, extending to
2000 nm serves two purposes: (i) to confirm that no secondary optimum
exists at greater thicknesses, and (ii) to provide a complete dataset for
future experimental efforts that may use deposition methods producing
thicker films (e.g., spray pyrolysis). Similarly, Ceo thicknesses up to 1000
nm were simulated to show the performance collapse at excessive
thicknesses, which confirms that the optimal Ceo interlayer is only 10-20
nm. These extreme thicknesses are not recommended for device
fabrication.

11. Summary of optimized device design

Based on the parametric sweeps, the following design conditions
yield the highest simulated performance:

This configuration balances optical absorption, charge extraction,
and recombination losses under idealized defect- minimized conditions.

To benchmark the performance of our optimized devices against the
current state of the art, Table 7 compares the key photovoltaic param-
eters (Voc, Jsc, FF, PCE) of our simulated structures with those reported
in recent literature on CsSnCls-based and other lead-free perovskite solar
cells. The comparison includes both simulation studies (SCAPS-1D,
wxAMPS, DFT) and, where available, experimental results from typical
Pb-based devices as a reference. This benchmarking addresses the edi-
tor's request to contextualize our results and highlights that the 28.00%
PCE reported herein represents a theoretical upper bound for a hypo-
thetical bandgap-tuned CsSnCls (1.52 eV) under idealized, defect-
minimized conditions, whereas realistic CsSnCls (bandgap ~2.8 eV)
achieves substantially lower efficiencies (<18%). The table also dem-
onstrates that our SWCNT and Ceo interlayer configurations outperform
most prior CsSnCls simulation studies that use conventional ETL/HTL
combinations.

12. Sensitivity analysis: effect of bulk and interface defect
densities

To validate the impact of our defect-related assumptions on device
performance, we performed a systematic sensitivity analysis by varying
the bulk defect density (Nt) of the CsSnCls absorber and the interface
defect density (Nti) between the absorber and adjacent charge transport
layers. All other parameters were kept at their optimized values
(Table 6).

Bulk defect density (Nt): We varied Nt from 10 cm™ (ultra-low,
idealized) to 10'” cm™ (high, realistic for solution-processed films). As
shown in Figure S1(a), the PCE remains above 25% for Nt < 10'® cm™
due to reduced Shockley-Read-Hall (SRH) recombination. However,
when Nt increases to 10'¢ cm (our assumed value), the PCE decreases
to 22-25% depending on interface quality. At Nt = 10'” cm™>, the PCE
drops sharply to approximately 12%, consistent with previous reports
that a critical bulk defect density of ~10'5-10'® cm™ separates high-
performance from poor-performance regimes.

Interface defect density (Nti): We varied Nti from 10° cm™ (near-

Table 6
Optimized values for PV characteristics.

Parameter Optimized value

Absorber material
Absorber thickness

CsSnCls (bandgap 1.52 eV, hypothetical strain-tuned)
1000 nm

ETL TiO2 (50 nm)
Interlayer SWCNT (100 nm)
HTL PEDOT:PSS (200 nm)
Back contact Ag

Predicted PCE 28.00%

Predicted Vo 1.10V

Predicted Jg¢ 32.03 mA-cm™2
Predicted FF 79.48%

10
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ideal, passivated) to 10'2 cm™ (poor, unpassivated). The results in
Figure S1(b) demonstrate that interface defects have a more severe
impact on PCE than bulk defects. At Nti = 10° cm™2, the PCE reaches
27-28%. At Nti = 10'° cm2, PCE remains above 25%. However, at Nti =
10'! em™2, PCE drops to approximately 20-22%, and at Nti = 10'2 cm™,
PCE falls below 18%, primarily due to reduced Voc and FF from
enhanced interfacial recombination.

Implications for our results: Our assumed bulk defect density of 1 x
10'® cm™ (Table 1) and interface defect density of 0 cm™ (idealized)
place our simulations in the optimistic regime. Under realistic condi-
tions (Nt ~ 10'°-10'7 cm=, Nti ~ 10°-10'! ¢cm™2), the expected PCE
would be in the range of 15-22%, not 28%. This sensitivity analysis
(Table 8) confirms that the 28.00% PCE reported herein represents a
theoretical upper bound achievable only under highly optimized, defect-
minimized conditions.

Except for the varied parameters (bulk defect density N; of CsSnCls
and interface defect density Ny; at the SWCNT/CsSnCls and CsSnCls/
PEDOT:PSS interfaces), all other simulation settings — including capture
cross sections (1 x 107! c¢m? for electrons and holes), defect energy
levels (mid-gap, neutral), SWCNT thickness (100 nm), and all material
parameters from Table 1 — are identical to those of the optimized device
in Tables 4 and 6.

The optimized device (bold row in Table 8) uses the interface defect
densities specified in Table 1 (SWCNT/CsSnCls = 1 x 10' cm™,
CsSnCls/PEDOT:PSS = 1 x 10'! cm™2) and achieves PCE = 28.00%.
When interface defects are reduced to zero (hypothetical ideal), the PCE
increases marginally to 28.12% (first sensitivity row). Conversely,
increasing interface defect density to 1 x 10'' ¢cm™ reduces PCE to
21.20%, highlighting the critical role of interface passivation.

The interface defect density Nti = 0 cm™ represents our idealized,
best-case assumption. In real devices, interface defect densities on the
order of 10'°-10'2 cm™ are typical. The results demonstrate that inter-
face defects have a more severe impact on PCE than bulk defects,
consistent with previous reports [50,51].

13. Experimental feasibility and limitations

While the simulation results are promising, several challenges must
be addressed for experimental realization:

Bandgap tuning: Achieving a 1.52 eV bandgap in CsSnCls requires
significant bandgap engineering (e.g., Sn/Bi alloying, strain, or quantum
confinement), which remains an active research area.

SWCNT interlayer fabrication: Uniform, pinhole-free SWCNT films
with controlled thickness (e.g., 100 nm) remain challenging. Solution
processing (spray coating, spin-coating, or dip-coating) often yields
networks with variable density, bundling, and thickness inhomogeneity.
Compatibility with TiO: is generally good (no chemical reaction), but
adhesion and coverage on rough TiO: surfaces can be problematic.
Advanced methods such as layer-by-layer assembly or vacuum filtration
with transfer may be required.

Stability: Tin-based perovskites are susceptible to oxidation (Sn* —
Sn*), which degrades performance rapidly in ambient conditions.
Encapsulation or inert atmosphere processing would be required.

Defect control: The simulations assume low bulk defect densities
(10'°-10'® cm™3). Experimentally, solution-processed CsSnCls films often
have defect densities 1-2 orders of magnitude higher, which would
reduce efficiencies substantially.

Therefore, the 28% efficiency reported here should be viewed as a
long-term theoretical target, not a short-term experimental expectation.

14. Conclusions

This simulation-based study investigated the influence of carbon-
based interlayers (Ceo and SWCNTSs) on the theoretically predicted per-
formance of CsSnCls perovskite solar cells with a hypothetical bandgap
of 1.52 eV. The following key findings and their implications are
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Table 7

Benchmark comparison of simulated performance with literature on CsSnCls-based and related lead-free perovskite solar cells.
Device structure Method Bandgap (eV) Voc (V) Jsc (mA/cm?) FF (%) PCE (%) Refs.
FTO/TiO2/SWCNT/CsSnCls/PEDOT:PSS/Ag SCAPS-1D (this work, idealized) 1.52 (hypothetical) 1.10 32.03 79.48 28.00 This work
FTO/Ti02/Ceo/CsSnCls/PEDOT:PSS/Ag SCAPS-1D (this work, idealized) 1.52 (hypothetical) 1.21 27.13 83.71 27.45 This work
FTO/Ti0O2/CsSnCls/PEDOT:PSS/Ag SCAPS-1D (this work, idealized) 1.52 (hypothetical) 1.10 27.13 85.13 25.18 This work
ITO/Ceo/CsSnCla/CBTS/Au SCAPS-1D + DFT ~1.52 1.18 22.22 87.00 20.50 [43]
ITO/Zn0O/CsSnCls/CBTS/Au SCAPS-1D + wxAMPS 1.52 1.04 23.50 86.00 23.96 [44]
ITO/TiO2/CsSnCls/CBTS/Au SCAPS-1D 1.52 1.05 24.10 85.00 21.45 [9]
ITO/WS2/CsSnCls/Cuz0 SCAPS-1D 1.52 1.03 26.25 82.01 22.15 [45]
ITO/Zn0O/CsSnCls/Cu20 SCAPS-1D 1.52 1.03 26.23 82.02 22.09
ITO/WS2/CsSnCls/CuO SCAPS-1D 1.52 1.02 26.22 82.19 22.04
ITO/Zn0O/CsSnCls/CBTS/Au SCAPS-1D 1.52 1.04 23.50 86.00 23.96 [44]
Sb-doped CsSnCls (3.7%) based cell DFT + SCAPS-1D 1.93 — — — 22.79 [46]
FTO/STO/CHsNHsSnls/NiO/Au SCAPS-1D + PVSyst 1.30 1.22 28.39 89.00 30.72 [47]
CsSnls/CsSnCls bilayer SCAPS-1D Graded 1.05 32.09 88.56 30.02 [48]
FTO/TiO2/MAPbIs/Spiro-OMeTAD/Ag Experimental (NREL certified) 1.55 ~1.10 ~22.00 ~75 ~26.9 [49]

under idealized, defect-minimized conditions (bulk defect density
10'® cm™, zero interface defects). Experimentally synthesized
CsSnCls exhibits a bandgap of ~2.8 eV, and realistic defect densities

Table 8
Sensitivity analysis of bulk defect density (Nt) and interface defect density (Nti)
on the photovoltaic performance of the optimized TiO2/SWCNT/CsSnCls device.

Bulk defect Interface defect PCE Voc Jsc FF
density Nt density Nti (cm™) (%) W (mA/ (%)
(cm™) cm?)
1 x 10'® 1 x 10'° (SWCNT) /  28.00  1.10 32.03 79.48
1 x 10! (absorber)
1x 10" same as above 28.12 1.12 32.05 78.5
1 x 10 same as above 27.85 1.11 32.00 78.0
1 x 10Y7 same as above 12.45 0.95 30.50 42,5
1% 10'® 1 x 1091 x 109 27.50 1.11 31.95 77.8
1 x10'® 1 x 10,111 x 1011 21.20 1.05 31.60 64.0
1 x 10% 1 x 10,121 x 1012 17.50 0.98 31.20 54.5

summarized below:

e SWCNTs outperform Ceo as an interfacial layer. The TiO2/SWCNT/
CsSnCls architecture achieved the highest power conversion effi-
ciency (28.00%) among the studied configurations, compared to
27.45% for TiOz/Ceo and 25.18% for TiOz-only. This improvement is
attributed to the superior electrical conductivity and favorable band
alignment of SWCNTs, which reduce charge transfer resistance and
enhance electron extraction.

SWCNTs substantially reduce charge transfer resistance. Nyquist
analysis revealed that SWCNTs decrease the charge transfer resis-
tance (Ret) from ~28,500 Q-cm? (TiOz-only) to ~7200 Q-cm?, rep-
resenting a 75% reduction. The smaller semicircle in the Nyquist plot
for the SWCNT device directly correlates with its higher Jsc (32.03
mA/cm?) and PCE, confirming that impedance spectroscopy is a
powerful tool for optimizing interfacial layers.

Built-in potential increases with carbon interlayers. The built-in
potential (Vbi) extracted from Mott-Schottky analysis increased
from 1.03 V (TiOz-only) to 1.10 V (Ceo) and 1.12 V (SWCNT) at 1 kHz.
At 10 kHz, where trap-state contributions are minimized, the Vbi
values are higher (1.15V, 1.24 V, 1.26 V, respectively), confirming
that carbon interlayers enhance the internal electric field and
improve charge separation.

Optimal thicknesses are critical for device performance. The CsSnCls
absorber thickness of 1000 nm provides the best balance between
optical absorption and bulk recombination, yielding maximum PCE.
For Ceo, only ultrathin layers (10-20 nm) are beneficial; thicker
layers degrade performance due to increased series resistance. For
SWCNTs, an optimal thickness of 100 nm yields Jsc = 32.03 mA/cm?
and FF = 79.48%, giving the highest PCE of 28.00%. Thicker SWCNT
layers (e.g., 200 nm) increase Jsc to 34.16 mA/cm? but reduce FF to
72.83%, resulting in a lower PCE of 27.09%.

The reported 28% PCE represents a theoretical upper bound. The
simulations assume a hypothetical bandgap-tuned CsSnCls (1.52 eV)
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(10%-10'" cm™2 bulk, 10'°-10!! cm™2 interface) would reduce PCE to
approximately 15-22%. Therefore, this study provides design
guidelines for future bandgap engineering efforts rather than pre-
dictions of currently achievable experimental performance.
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