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Abstract

Identifying efficient and environmentally sustainable alternatives to silicon
remains a major challenge for next-generation photovoltaics. Here, a CdS/
CdTe/CH;NH;Snls/Spiro-OMeTAD dual-absorber heterojunction solar cell is
investigated using the SCAPS-1D simulation framework, where CdTe and the
lead-free tin-based perovskite CH;:NH;Snl; jointly form the active absorbing
layers. A systematic parametric study is performed to evaluate the influence of
absorber thickness, doping concentration and operating temperature on de-
vice performance. The simulations show that a favorable band alignment at
the CdTe/CH;NH;Snl; interface, together with balanced absorber thicknesses
and moderate doping, enhances charge separation and reduces recombination
losses. Under optimized and intentionally idealized numerical assumptions,
the proposed device reaches an open-circuit voltage of 1.017 V, a short-circuit
current density of 34.429 mA cm™, a fill factor of 82.07%, and a theoretical
power conversion efficiency of 28.73%. The observed trends clearly highlight
the potential of combining CdTe with lead-free tin-based perovskites in a
dual-absorber heterojunction architecture. This study provides valuable de-
sign guidelines for the development of high-efficiency, lead-free thin-film so-
lar cells and offers a solid theoretical framework for future experimental in-
vestigations.
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1. Introduction

The ongoing global transition toward low-carbon energy systems continues to
drive sustained research efforts in photovoltaic technologies. Although crystalline
silicon solar cells dominate the current market due to their technological maturity
and long-term reliability, their efficiency is fundamentally constrained by the
Shockley-Queisser detailed-balance limit for single-junction devices [1]. Under
standard illumination conditions, this theoretical ceiling lies in the range of approx-
imately 30% - 33%, depending on the bandgap and recombination assumptions
[2]. As a result, improving spectral utilization and charge-carrier management
within structurally simple device configurations remains an important scientific
objective.

Among thin-film technologies, CdTe has established itself as a robust and in-
dustrially viable absorber material. Its near-optimal bandgap, high absorption co-
efficient, and favorable transport properties have enabled competitive efficiencies
with scalable fabrication processes. However, further performance improvements
are increasingly limited by recombination losses and incomplete use of the solar
spectrum [3] [4].

In parallel, halide perovskites have attracted considerable attention owing to
their strong optical absorption and promising charge-transport characteristics.
While lead-based perovskites have demonstrated remarkable efficiencies, envi-
ronmental and toxicity concerns associated with Pb have motivated the explora-
tion of lead-free alternatives [5]. Tin-based perovskites, such as CH;NH3SnI;, ex-
hibit a suitable bandgap and strong visible-light absorption, but their performance
is constrained by intrinsic challenges including Sn** oxidation, defect-mediated
recombination, and stability issues. These limitations reduce both efficiency and
long-term operational reliability [6] [7].

Combining complementary absorber materials within a dual-absorber hetero-
junction architecture represents a conceptually simple strategy to address these
limitations. Unlike multi-terminal tandem structures, dual-absorber heterojunc-
tions maintain fabrication simplicity while enabling extended spectral absorption
and modified internal electric-field distributions [8]. In this context, integrating
CdTe with CHsNH;Snl; is of particular interest. CdTe contributes established elec-
tronic stability and near-infrared absorption, whereas CH;NH;Snl; enhances vis-
ible-light absorption and offers compatible band alignment. Despite the individual
maturity of CdTe-based devices and the extensive numerical studies of CH;NH;3SnI;
single-absorber solar cells, the coupled electrostatic behavior and recombination
dynamics of CdTe/CHsNH;Snl; dual-absorber heterojunctions have not been sys-

tematically examined.
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Numerical simulation provides a controlled framework for investigating such
coupled effects prior to experimental implementation. The SCAPS-1D platform,
based on the self-consistent solution of Poisson’s equation and carrier continuity
equations within the drift-diffusion formalism, allows systematic evaluation of ab-
sorber thickness, doping concentration, defect density, and interfacial band align-
ment. Nevertheless, simulated performance remains dependent on modeling as-
sumptions regarding material quality and interface ideality, and must therefore be
interpreted within clearly defined theoretical boundaries [9].

In this study, we present a systematic SCAPS-1D analysis of a CdS/CdTe/
CH:;NH;Snls/Spiro-OMeTAD dual-absorber heterojunction solar cell. By con-
ducting controlled parametric investigations, we aim to clarify the physical mech-
anisms governing charge separation and recombination in this hybrid configura-
tion and to establish realistic design trends under well-defined numerical assump-
tions. The objective is not to claim experimentally attainable record efficiencies,
but rather to provide a physically consistent theoretical framework that may in-
form future experimental efforts toward efficient and environmentally sustainable

thin-film photovoltaic devices.

2. Methodology

2.1. Device Configuration

Figure 1 presents the schematic structure (Figure 1(a)) and the corresponding
energy-band diagram (Figure 1(b)) of the proposed solar cell. The device consists
of a CdS/CdTe/CH;NH;Snls/Spiro-OMeTAD multilayer stack configured as an
inverted n-p heterojunction. In the simulated structure, CdTe is defined as an n-
type absorber layer, while CH;NH;Snl; is treated as a p-type absorber, forming
the primary depletion region at their interface. This junction is responsible for the

main built-in electric field governing charge separation and carrier transport within

the device.
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Figure 1. Structure of the solar cell: (a) Planar heterojunction configuration, (b) Energy
diagram.
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CdS acts as the electron transport layer (ETL), facilitating electron extraction
toward the front contact while blocking holes, whereas Spiro-OMeTAD serves as
the hole transport layer (HTL), promoting hole collection and suppressing elec-
tron back-injection [10]. The selection of this inverted n-p configuration allows
controlled modulation of band alignment and internal electric-field distribution
at the CdTe/CH;NH,Snl; interface within the SCAPS framework.

ITO and Ag are employed as the front and rear contacts, respectively. In the
simulations, their work functions are explicitly defined, and ohmic boundary con-
ditions are assumed to ensure selective carrier extraction without introducing ad-
ditional Schottky barriers. Surface recombination velocities at the contacts are also
specified in accordance with the simulation settings described below.

The device architecture is modeled assuming abrupt and electronically well-
defined interfaces. Fixed interface defect densities are introduced between adja-
cent layers; however, a detailed sensitivity analysis of interfacial recombination is
beyond the scope of the present study. It should therefore be emphasized that the
simulated behavior reflects idealized junction conditions and defines a theoretical

performance envelope rather than a fully realistic experimental scenario.

2.2. Material Parameters Used in Simulation

The material parameters used in the SCAPS-1D simulations are summarized in
Table 1, including bandgap energy, electron affinity, relative permittivity, effec-
tive density of states, carrier mobilities, and baseline doping concentrations for
each layer. The baseline values are taken from previously published experimental
and numerical reports to ensure comparability with the literature and to provide
a consistent starting point for the parametric studies performed in this work [11]
[12].

In order to investigate the electrostatic limits of charge separation and recom-
bination control in the CdTe/CH;NH;Snl; heterojunction, the doping concentra-
tions of selected layers particularly the CdTe and CH;NH;Snl; absorbers, were
deliberately varied over a wide numerical range (1 x 10" - 1 x 10** cm™). We
emphasize that the upper end of this range is not intended to represent experi-
mentally attainable doping in real materials. Instead, these extreme values are used
as numerical boundary conditions to probe the theoretical performance envelope
of the device within the SCAPS framework and to identify qualitative trends that
can guide future experimental trajectories [13]. Accordingly, performance values
obtained at the highest doping levels should be interpreted strictly as upper-bound
outcomes under idealized electrostatic control, rather than as realistic device pre-
dictions.

Carrier mobilities for electrons and holes are assumed to be constant, as SCAPS-
1D does not compute mobility variations with doping, defect density, or electric
field. This commonly adopted simplification enables isolation of the influence of
individual parameters on device behavior, while neglecting mobility degradation

mechanisms that may occur in real materials (e.g., defect scattering, ion migra-
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tion, or field-dependent transport) [14].

Bulk defect states are introduced in the absorber layers to represent non-radia-
tive recombination via an effective dominant defect level with a fixed energy po-
sition and identical electron/hole capture cross-sections. This approach does not
aim to reproduce the full microscopic defect spectrum, but rather to capture ef-
fective recombination behavior suitable for comparative parametric analysis. In-
terface defect states between adjacent layers are also included at fixed densities;
however, a dedicated sensitivity analysis of interfacial recombination is outside

the scope of the present work and will be considered in future studies [15].

Table 1. Value of materials parameters.

Perovskite Spiro-OMeTAD

Materials CdS [9] CdTe [3] (16] (7]
Eg (eV) 2.4 1.5 1.3 32
X (eV) 4.5 43 4.170 2.1
&leo 10 9.4 8.2 3
Nc (cm™) 2.0 x 108 8 x 107 1x 10 2.5 %108
Nv (cm™) 1.8 x 10¥ 1.8 x 10¥ 1x10% 1.8 x 10¥
pe (cm?/Vs) 100 320 2000 2x10*
ph (cm?/Vs) 25 40 300 2 x10*
Nd (cm™) 1 x 10V 1x10% - -
Na (cm™) - - 1x 10" 1 x 10Y7
Ve (cm/s) 1 x10%7 1x 107 1x107 1x 107
Vh (cm/s) 1x 107 1x107 1x107 1x 107
Bulk defect
Type of defect Neutral Acceptor Donor Neutral
Energy distribution Single Gaussian Gaussian Single
Concentration (cm™) 1x10*% 1 x 10*%° 1 x 10*% 1x10*%

Interfacial defect
Type of defect Neutral

Concentration (cm™) 1 x 10%°

In addition to the material parameters listed in Table 1, the global boundary
conditions and numerical settings used in the SCAPS-1D simulations are summa-
rized in Table 2. These parameters define the electrical contacts, illumination con-
ditions, recombination mechanisms, and transport assumptions applied through-

out the simulations.
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Table 2. Simulation boundary conditions used in SCAPS-1D.

Parameter
Illumination spectrum
Light intensity
Operating temperature
Front contact material
Front contact work function
Back contact material
Back contact work function
Contact type
Series resistance (Rs)

Shunt resistance (Rsh)
Optical absorption model

Carrier statistics
Bandgap narrowing
Radiative recombination
SRH recombination
Auger recombination
Interface recombination velocity

Surface recombination velocity

Value Description
AM 1.5G Standard solar spectrum
1000 W-m™ Standard test condition
300K Default SCAPS simulation temperature
ITO Transparent conductive oxide
4.7 eV Ohmic contact with CdS
Ag Metal electrode
4.6 eV Ohmic contact with Spiro-OMeTAD
Ohmic Ideal carrier extraction
1x107" Q-cm? Typical value used in thin-film solar cells
10° Q-cm? Represents low leakage current

SCAPS analytical absorption model

Maxwell-Boltzmann statistics

Based on bandgap-dependent absorption

coefficient

Default SCAPS assumption

Not included Degeneracy effects neglected
Included Band-to-band recombination
Included Dominant recombination mechanism
Included Relevant at high carrier density
107 cm-s™! Typical SCAPS boundary value
107 cm-s™! At front and back contacts

2.3. Settings Simulation

The solar-cell simulations were performed at a temperature of 300 K under stand-
ard AM 1.5G illumination with an incident power density of 100 mW-cm ™= These
operating conditions correspond to standard photovoltaic testing protocols and
enable direct comparison with previously reported experimental and numerical
studies.

The series and shunt resistances were set to 1 x 10 Q-cm? and 1 x 10° Q-cm?,
respectively. These values were kept constant throughout the simulations in order
to focus on the intrinsic influence of absorber and transport-layer properties on
device performance. The selected resistances represent low-resistive and weak-
leakage conditions and therefore minimize extrinsic losses associated with contact
resistance and shunt pathways. Consequently, the reported device performances
should be interpreted as reflecting intrinsic material and junction behavior rather
than resistive-limit scenarios.

For the optical absorption of the active layers, the analytical model implemented
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in SCAPS was adopted. The absorption coefficient is described by:

a(hv)= 4, Jhv-E,

where A is a constant (10° cm™-eV™') and Avrepresents the photon energy. This
simplified expression corresponds to an idealized direct bandgap absorption be-
havior. It does not explicitly account for experimentally measured absorption spec-
tra, Urbach tails, excitonic effects, or optical interference phenomena within the
multilayer stack. The purpose of this approximation is to provide a controlled and
consistent optical description suitable for comparative parametric analysis within
the SCAPS framework [6] [15].

The optimization strategy consisted of varying one parameter at a time while
keeping all others fixed. This one-parameter-at-a-time approach enables clear iden-
tification of the dominant physical influence of each parameter on the photovol-
taic response. It should be emphasized that this methodology does not constitute
a global multivariate optimization and does not explicitly capture possible inter-
dependencies between parameters. The results are therefore intended to highlight
sensitivity trends and theoretical performance envelopes rather than to define a

unique globally optimized device configuration.

3. Results and Discussion

3.1. Influence of Layer Thickness of the p-Type CH3;NH3Snl;

The influence of the CH3NH;SnI; absorber thickness on the photovoltaic perfor-
mance of the device is presented in Figure 2(a). In this analysis, the doping con-
centration of CH;NH;SnI; was fixed at 1 x 10" cm™. The CdTe layer thickness
and doping concentration were maintained at 400 nm and 1 x 10" cm™>, respec-
tively, while the CdS and Spiro-OMeTAD transport layers were kept at 30 nm
with doping levels of 1 x 10'” cm™. This controlled configuration enables isolation
of the sole effect of CH;NH;Snl; thickness on device behavior.

As the CH;NH;Snl; thickness increases from 100 nm to 1000 nm, the short-
circuit current density (Jsc) increases from 27.680 mA-cm™ to 34.744 mA-cm™.
This enhancement is attributed to improved photon absorption and increased pho-
togeneration within the perovskite layer, consistent with drift-diffusion transport
theory and previous numerical studies. A thicker absorber increases the optical
path length, thereby enhancing carrier generation under AM 1.5G illumination
[16].

Conversely, the open-circuit voltage (Voc) decreases from 1.020 V to 0.907
V as thickness increases. Within the drift-diffusion framework, Voc is governed
by the balance between photogenerated current and recombination current. In-
creasing absorber thickness enlarges the volume in which bulk recombination can
occur, which ultimately reduces Voc.

The fill factor (FF) exhibits a slight initial increase (from 75.30% to 76.52%),
followed by a marginal decrease at higher thicknesses. The initial improvement is

associated with enhanced photocurrent and moderate recombination, while the
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subsequent decline reflects increased recombination losses that distort the J-V
curve near Voc and reduce the squareness of the characteristic curve.

As a result, the power conversion efficiency (PCE) first increases from 21.25%
to 24.17%, before slightly decreasing to 24.11% at larger thicknesses. This behavior
reflects the competition between enhanced optical absorption and increased re-
combination losses. Similar thickness-dependent trends have been reported in
previous simulation studies of perovskite-based and hybrid absorber solar cells
[18].

These results highlight that, within the dual-absorber CdTe/CHs;NH;SnI; con-
figuration, an optimal perovskite thickness exists where photogeneration gains are
balanced by manageable recombination losses, defining a practical theoretical

thickness window under the present modeling assumptions.
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Figure 2. Influence of absorber layer thickness on photovoltaic parameters: (a) CHsNH3SnI; layer; (b) CdTe layer.

3.2. Influence of Layer Thickness of the n-Type CdTe

To isolate the effect of CdTe thickness, the CH;NH;SnI; layer was kept constant
at 400 nm with a doping concentration of 1 x 10"* cm™>. The CdS and Spiro-
OMeTAD transport layers were maintained at 30 nm each, and all other parame-

ters were fixed according to Table 1.
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As shown in Figure 2(b), increasing the CdTe thickness from 100 nm to 1000
nm initially enhances the short-circuit current density (Jsc), followed by a satura-
tion behavior beyond approximately 500 nm. This trend is attributed to increased
photon absorption within the CdTe layer at smaller thicknesses. Once the optical
absorption becomes nearly complete, further thickness increase does not signifi-
cantly enhance photogeneration, leading to current saturation [9].

The open-circuit voltage (Voc) exhibits only a modest variation, decreasing
slightly from 0.958 V to 0.942 V across the investigated thickness range. In a dual-
absorber heterojunction, Voc is governed by the overall recombination current
and the quasi-Fermi level splitting across the full device stack rather than by ab-
sorber thickness alone. The relatively weak sensitivity of Voc to CdTe thickness
indicates that bulk recombination within CdTe remains moderate under the pre-
sent doping conditions, and that the dominant recombination pathways are not
significantly altered within this thickness interval [19].

In contrast, the fill factor (FF) decreases from 78.21% to 70.40% as CdTe thick-
ness increases. Since the series resistance is kept constant in the simulations, this
reduction cannot be attributed to resistive effects. Instead, it is associated with
enhanced bulk recombination in the thicker CdTe region, which modifies the slope
of the J-V curve near the maximum power point and reduces the squareness of
the characteristic curve [20].

As a consequence, the power conversion efficiency (PCE) first increases, reach-
ing a maximum value of 23.86% around 400 nm, before decreasing to 21.34% at
larger thicknesses. This behavior reflects the competition between improved pho-
togeneration at moderate thickness and increased volume recombination at ex-
cessive thickness. These results suggest the existence of an optimal CdTe thickness
window within the present modeling assumptions, beyond which recombination

losses outweigh optical gains [21].

3.3. Influence of Perovskite Doping

The electrical behavior of the CdTe/CHsNH;SnlIs heterojunction is strongly influ-
enced by the acceptor doping concentration (N,) in the perovskite absorber. As
shown in Figure 3(a), Voc, Jsc, FF, and PCE remain nearly constant when Ny
varies between 1 x 10" cm™ and 1 x 10" cm™, with typical values of 0.955 V for
Voc, 32.473 mA-cm™ for Jsc, 75.67% for FF, and 23.46% for PCE. In this low-
doping regime, the depletion width extends significantly into the perovskite layer,
and charge collection is primarily governed by optical generation and drift-as-
sisted extraction rather than by doping-induced electric-field modulation.

For N, values exceeding 1 x 10" cm™, a marked increase in Voc, FF, and PCE
is observed. Increasing p-type doping shifts the Fermi level closer to the valence
band and modifies the electrostatic band bending at the CdTe/CH:NH;Snl; inter-
face. The resulting enhancement of the built-in potential strengthens carrier sep-
aration and reduces recombination within the depletion region, leading to an in-

crease in the quasi-Fermi level splitting and thus in Voc. However, as reported in
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previous studies [22], the maximum achievable Voc is ultimately limited by non-
radiative recombination processes. The observed saturation of Voc at high N, val-
ues therefore indicates a transition toward a recombination-limited regime rather

than indefinite enhancement of the internal electric field.
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Figure 3. Influence of active layer doping: (a) CHsNH;SnIs; (b) CdTe.
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The short-circuit current density (Jsc) exhibits only minor variation in the low-
doping range, as photogeneration remains primarily governed by optical absorp-
tion. At higher doping levels, a moderate increase in Jsc is observed. This behavior
is attributed to improved carrier collection efficiency and reduced bulk recombi-
nation probability under stronger internal electric fields, rather than to changes
in optical generation itself.

The fill factor (FF) increases progressively from 75.67% to 82.53% as N4 ap-
proaches 1 x 10% cm™. Since the external series resistance is fixed in the simula-
tions, this improvement reflects enhanced internal conductivity of the perovskite
layer and reduced recombination-induced curvature in the J-V characteristics
near the maximum power point.

The power conversion efficiency (PCE) follows the combined evolution of Voc
and FF, increasing from approximately 23.46% to 29.36% as N, varies from 1 x
10" to 1 x 102 cm™. It should be emphasized that the upper end of this doping
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range represents highly idealized numerical boundary conditions within the SCAPS
framework. Degeneracy effects, bandgap narrowing, Auger recombination, and mo-
bility degradation at extreme doping levels are not explicitly included in the model.
Therefore, the maximum efficiencies obtained at very high N, values define a the-
oretical electrostatic performance envelope rather than experimentally realistic

device behavior.

3.4. Influence of CdTe Layer Doping

In this analysis, the perovskite absorber was kept at a fixed acceptor doping con-
centration of 1 x 10 cm™. The influence of the donor doping concentration (Np)
in CdTe on the photovoltaic parameters is presented in Figure 3(b).

For Np values up to approximately 1 x 10'¢ cm™, the photovoltaic parameters
remain nearly unchanged. In this low-to-moderate doping regime, the depletion
region extends substantially into the CdTe layer, and carrier collection is largely
governed by drift-assisted transport within the space-charge region.

As Np increases beyond this range, a distinct trend emerges: Voc and FF in-
crease, while Jsc exhibits a slight decrease. The reduction in Jsc at higher Np values
can be attributed to the redistribution and narrowing of the depletion region on
the CdTe side of the junction. As donor concentration increases, the space-charge
region becomes progressively confined toward the lower-doped perovskite layer.
Consequently, photogenerated carriers in CdTe are increasingly collected via dif-
fusion rather than drift. If the minority-carrier diffusion length is comparable to
or shorter than the quasi-neutral region thickness, bulk recombination increases,
leading to a modest reduction in Jsc.

In contrast, increasing CdTe doping enhances band bending and strengthens
the built-in electric field at the heterojunction. This stronger internal field im-
proves carrier separation and reduces recombination in the depletion region, con-
tributing to an increase in the quasi-Fermi level splitting and thus in Voc. The fill
factor (FF) also improves due to enhanced junction electrostatics and reduced re-
combination-induced curvature in the J-V characteristic near the maximum power
point. Since the external series resistance is fixed in the simulations, this FF im-
provement arises from internal electrostatic effects rather than resistive changes.

At higher Np values, the combined enhancement in Voc and FF outweighs the
moderate reduction in Jsc, leading to an overall increase in PCE. It should be em-
phasized, however, that very high donor concentrations represent idealized nu-
merical conditions within the SCAPS framework. Effects such as bandgap nar-
rowing, degeneracy, and Auger recombination at extreme doping levels are not
explicitly included in the model. Therefore, the highest efficiencies obtained in
this regime define a theoretical electrostatic limit rather than an experimentally

validated device configuration.

3.5. Optimized Cell Parameter Values

Following the parametric analyses conducted at 300 K, an optimized device con-
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figuration was constructed within the numerical framework described in Section
2.2. The objective of this optimization was not to determine a rigorously global op-
timum, but rather to identify a consistent high-performance configuration within
the idealized modeling assumptions adopted in this study.

The optimized device results from the combined implementation of parameter
values that exhibited favorable trends in the one-parameter-at-a-time analyses
presented in Sections 3.1 - 3.4. Because electrostatic coupling and recombination
processes in dual-absorber heterojunctions are inherently nonlinear, the resulting
configuration should be interpreted as a numerically consistent near-optimal point
rather than a mathematically exhaustive global solution.

The optimized structural and doping parameters are summarized in Table 3.

Table 3. Optimized values of thickness, doping and maximum defect of materials.

Layers Thickness (um) Na (cm™)

Cds 0.030 1x10%

CdTe 0.480 1 x 10"
Perovskite (CHsNH3SnlI3) 0.400 1x 10
Spiro-OMeTAD 0.030 1 x 10Y7

Optimized photovoltaic parameters

Voc (V) Jsc (mA.cm™?) FF (%) PCE (%)

1.017 34.429 82.07 28.73

The optimized absorber thicknesses (0.400 pm for CH;NH;SnI; and 0.480 um
for CdTe) represent a compromise between enhanced optical absorption and re-
combination/transport limitations identified in previous sections. When both ab-
sorbers operate simultaneously, electrostatic coupling shifts the optimal thickness
away from the values obtained in isolated thickness scans, highlighting the im-
portance of considering the coupled system.

Using this optimized configuration, the simulated J-V characteristic under AM
1.5G illumination (100 mW-cm™) at 300 K is shown in Figure 4.

The efficiency enhancement arises from the combined improvement in internal
electric-field distribution, balanced absorber thicknesses, and reduced recombi-
nation under the adopted numerical assumptions.

It must be emphasized that this performance represents a theoretical upper-bound
estimate obtained under idealized simulation conditions. The model does not in-
clude bandgap narrowing, degeneracy corrections, Auger recombination, mobil-
ity degradation at high doping, or realistic interface disorder beyond fixed defect
densities. Consequently, the reported efficiency should be interpreted as defining
the electrostatic and recombination-limited performance envelope of the archi-

tecture rather than as an experimentally validated device metric.
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Figure 4. J(V) curve of the optimised solar cell.

3.6. Influence of Temperature on Solar Cell Parameters

The temperature dependence of the optimized device was investigated in the range
290 - 500 K using the structural and doping parameters defined in Section 3.5.
Although this temperature range exceeds standard operating conditions, it ena-
bles evaluation of the intrinsic thermal sensitivity of the heterojunction within the
limits of the adopted numerical framework.

As shown in Figure 5, increasing temperature leads to a systematic decrease in
the open-circuit voltage (Voc), fill factor (FF), and overall power conversion effi-
ciency (PCE), while the short-circuit current density (Jsc) exhibits a slight in-
crease.

The moderate increase in Jsc with temperature is primarily attributed to bandgap
narrowing in the absorber materials, which slightly extends the absorption edge
and enhances photogeneration. However, this effect remains limited over the inves-
tigated range and does not compensate for the dominant recombination-related
losses affecting the other parameters [23].

The temperature dependence of Voc can be understood from the diode relation:

Voc = Eln [ﬁﬂj
q 0

where J, is the saturation current density. As temperature increases, J, rises signif-
icantly due to enhanced intrinsic carrier concentration and thermally activated
recombination processes. This increase in J, reduces the quasi-Fermi level split-
ting and leads to a pronounced decline in Voc. The temperature-induced increase
of the term kT/q further contributes to the reduction in voltage stability at elevated

temperatures.
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Figure 5. Influence of temperature on solar cell parameters.

The fill factor (FF) also decreases with temperature. Since the series and shunt
resistances were kept constant in the simulations, the observed FF degradation
arises primarily from intrinsic recombination effects and changes in diode ideality
behavior rather than from resistive losses. The increased recombination modifies
the slope of the J-V curve near the maximum power point, thereby reducing FF.

As a consequence of the simultaneous reduction in Voc and FF, the overall
power conversion efficiency declines markedly with temperature. It should be em-
phasized that the present simulations do not include additional temperature-de-
pendent mechanisms such as mobility degradation, ion migration, interface insta-
bility, or material phase transitions. Therefore, the reported trends reflect the in-
trinsic behavior predicted by the drift-diffusion model implemented in SCAPS
and should be interpreted within these modeling limitations [13] [24].

3.7. Optimization Summary

The optimization procedure performed in this study enabled the identification of a
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numerically consistent high-performance parameter set for the CdTe/CHsNH;Snls
dual-absorber heterojunction under the adopted modeling assumptions. The op-
timization focused primarily on absorber thicknesses and doping concentrations,
while the transport-layer properties were kept constant in order to isolate the in-
trinsic electrostatic and recombination effects within the active junction.

For the CdTe absorber, thicknesses in the range of approximately 400 - 500 nm
provided a favorable balance between optical absorption and recombination losses.
Within this window, additional thickness increases did not significantly enhance
Jsc due to absorption saturation, while recombination losses began to dominate.
The selected optimized value therefore represents a compromise between optical
gain and electrical transport constraints [25].

For the CH;NH;SnI; absorber, a thickness of 400 nm was identified as provid-
ing sufficient light harvesting while maintaining effective electric-field distribu-
tion across the heterojunction. When both absorbers operate simultaneously, the
electrostatic coupling between layers shifts the optimal thickness away from the
values obtained in isolated scans, emphasizing the importance of considering the
full coupled system rather than independent layers [26].

Regarding doping, moderate p-type doping in the perovskite layer and con-
trolled n-type doping in CdTe were found to produce the most favorable electro-
static configuration. Increasing the acceptor concentration in the perovskite en-
hances the built-in potential and strengthens the junction electric field, thereby
improving carrier separation and Voc up to a recombination-limited regime.
Conversely, excessively high donor doping in CdTe narrows the depletion region
on the n-side and may increase recombination in quasi-neutral regions. The op-
timized configuration thus reflects a balance between field enhancement and re-
combination control rather than a simple monotonic dependence on doping mag-
nitude [2].

The resulting J-V characteristics reveal that the dual-absorber configuration al-
lows simultaneous enhancement of voltage and current contributions under ide-
alized conditions, owing to complementary absorption and redistributed electric-
field profiles within the coupled structure. However, the term “optimization” here
should be understood within the constraints of the one-parameter-at-a-time
methodology and the simplified physical model implemented in SCAPS.

Overall, the trends identified in this work highlight the importance of jointly
engineering absorber thickness, doping, and defect densities in dual-absorber het-
erojunction architectures. These findings provide modeling-based design insights
that may guide future experimental exploration, while recognizing that additional
physical mechanisms—such as interface chemistry, contact resistivity, mobility
degradation, and temperature-dependent effects—must be addressed for realistic
device implementation.

To ensure the physical consistency of the simulated device performance, it is
useful to compare the obtained efficiencies with the well-known Shockley-Queisser

detailed-balance limit for single-junction solar cells. The Shockley-Queisser limit
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predicts a maximum efficiency of approximately 29% - 30% for an ideal single
absorber with a bandgap near 1.34 eV under AM1.5G illumination. In the present
configuration, the device consists of a single-terminal dual-absorber heterojunc-
tion composed of CdTe (Eg = 1.5 eV) and CH;NH;SnlI; (Eg = 1.3 eV). Within the
SCAPS drift-diffusion framework, the two absorbers contribute jointly to the
overall photogeneration while remaining electrically coupled through a single p-
n junction [27].

Under idealized assumptions, such as perfectly selective contacts, negligible se-
ries resistance, low defect densities, and efficient carrier collection, the combined
absorption of the two layers can increase the simulated photocurrent while main-
taining a high open-circuit voltage determined by the electrostatic properties of
the heterojunction. Consequently, simulated efficiencies slightly above the classi-
cal single-absorber Shockley-Queisser limit may appear in numerical studies of
multi-absorber single-terminal architectures. However, it should be emphasized
that such values represent theoretical upper limits within the adopted modeling
assumptions and should not be interpreted as experimentally achievable device
efficiencies. The purpose of the present analysis is therefore to identify physically
consistent design trends and electrostatic regimes rather than to predict record

experimental performance.

3.8. Comparative Study

To ensure methodological consistency, the comparative analysis was restricted to
SCAPS-based numerical studies employing CH;NH;Snl; as the primary absorber.
This approach allows meaningful comparison within a similar drift-diffusion sim-
ulation framework, reducing discrepancies arising from fundamentally different
modeling methodologies.

Table 4 summarizes key photovoltaic parameters reported in representative
peer-reviewed SCAPS studies of CHsNH;sSnl;-based solar cells. Most previ-
ously reported devices rely on single-absorber architectures such as FTO/TiO,/
CH;3NH;Snls/Spiro-OMeTAD/Au or ZnO/CH;NH3Snls/Cu,O/Pt. Reported sim-
ulated efficiencies span a wide range (=5% - 28%), reflecting variations in assumed
defect densities, transport-layer properties, contact engineering, and doping con-
ditions.

Earlier numerical investigations typically reported moderate efficiencies, often
limited by non-radiative recombination and imperfect band alignment. Subse-
quent improvements were achieved through optimized transport layers, refined
interface defect modeling, and enhanced electrostatic control, progressively in-
creasing simulated performance.

Within this curated benchmark set, the CdTe/CH;NH3Snl; heterojunction de-
veloped in this work yields a simulated efficiency of 28.73% under the optimized
and idealized conditions described in Sections 2 - 3. This value places the proposed
architecture among the highest-performing SCAPS-based CH;NH;Snl; simula-
tions reported to date [28].
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Table 4. Comparison of performance among simulated PSCs based on CH;NHsSnl; with different device structures.

Ref.

Structure (simulation) Voc (V)

Jsc

(mA-cm™2) FF (%) PCE (%) Journal

Du et al, 2016 FTO/TiO»/CHsNH:Snls/Spiro-OMeTAD/Au  0.89 35.32 77.45 24.36 Chinese Phys. B

Shamna et al., 2020 FTO/NiO/CHs;NHsSnl:/PCBM/Al 0.98 33.45 70.33 2295  Mater. Today Proc.
Salem et al, 2021 FTO/TiO./CH;NH;Snls/Spiro-OMeTAD/Au  0.67 17.60 44.20 5.15 Energies
Patel, 2021 FTO/TiO»/CHsNH;SnIs/Cu.O/Pt 0.93 40.14 75.78 28.39 Sci. Rep.

Qasim ef al, 2022  ITO/ZnO/CdTe/CHsNH;Snls/CuSCN/Au 0.82 34.05 76.57 21.24 Solar Energy

Omarova et al., 2022 TiO2/CH3NH3Snlz/Cu.O/Pt 1.02 32.60 84.05 27.95 $Crystals
Imani et al., 2023 TCO/TiO2/CH3NH3SnIs/Cu-HTL/Au 0.97 34.34 85.17 28.32 Appl. Pl])/s. A
This work CdS/CdTe/CHsNH;Snls/Spiro-OMeTAD 1.017 34.429 82.07 28.73

It is important to emphasize that numerical efficiencies reported in the litera-
ture, including the present work, are strongly dependent on modeling assump-
tions such as defect densities, carrier mobilities, interface properties, and contact
ideality. Direct comparison must therefore be interpreted within the limits of each
study’s adopted parameters.

The enhanced performance observed in the dual-absorber configuration can
be attributed to complementary optical absorption and modified electric-field
distribution across the coupled heterojunction. The slightly smaller bandgap of
CH;NH;Snl; extends absorption toward longer wavelengths, while CdTe contrib-
utes strong absorption in the visible range. The presence of two absorbers redis-
tributes the internal electric field and influences carrier separation dynamics at
the CdTe/CHsNH;Snl; interface. Optimized transport layers further facilitate se-
lective carrier extraction and reduce back-injection losses within the adopted
model [29].

This comparison does not aim to claim absolute superiority over previously re-
ported designs, but rather to illustrate how dual-absorber architectures can shift
the theoretical performance envelope within SCAPS-based numerical studies of
lead-free perovskite systems. The present results highlight the potential of coupled
absorber engineering as a design strategy, while recognizing that experimental
validation and more comprehensive physical modeling remain essential for real-

istic device assessment.

3.9. Limitations of the Study

The numerical results presented in this work were obtained using the SCAPS-1D
simulation framework, which relies on a one-dimensional, steady-state drift-dif-
fusion description of charge transport and recombination in multilayer photovol-
taic devices. While SCAPS is widely established for thin-film solar-cell modeling,

its formulation inherently involves simplifying assumptions that define the bound-
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aries of the present analysis [12].

First, the simulations assume spatially uniform material properties within each
layer and a strictly one-dimensional geometry. Effects such as lateral inhomogenei-
ties, grain-boundary transport, current crowding, and local compositional fluctu-
ations are not included. Consequently, the simulated device represents an ideal-
ized planar structure rather than a microstructurally complex thin film [26].

Second, the optimization strategy employed in Sections 2.1 - 2.4 varied absorber
thickness and doping concentration independently to isolate individual physical
trends. In practical devices, these parameters are often interdependent. For in-
stance, increasing the acceptor concentration in CH;NH;Snl; may influence de-
fect formation energy, carrier mobility, and interface quality simultaneously ef-
fects that are not explicitly coupled within the present drift-diffusion framework
[26].

Third, the CdTe/CH;NH;Snl; interface was treated as an abrupt heterojunction
with fixed electronic properties. Real interfaces may exhibit chemical interdiffu-
sion, local band bending variations, non-uniform defect distributions, and inter-
face dipoles. Such phenomena can significantly alter recombination dynamics and
band alignment under experimental conditions [2].

Furthermore, the transport model does not explicitly account for bandgap nar-
rowing at high doping levels, carrier degeneracy effects, Auger recombination,
field-dependent mobility, or detailed temperature dependence of carrier mobility.
These mechanisms may become relevant under the extreme doping or elevated
temperature regimes explored in this work. As a result, the high photovoltaic ef-
ficiencies obtained under optimized conditions should be interpreted as defining
an upper theoretical performance envelope within the adopted modeling assump-
tions rather than as directly predictive experimental values.

The temperature-dependent analysis presented in Section 2.6 addresses steady-
state intrinsic behavior only. Long-term degradation mechanisms particularly rel-
evant for tin-based perovskites such as Sn** oxidation, ion migration, phase insta-
bility, and moisture-induced degradation are not included in the model. Device
stability therefore remains an open experimental question [30].

Despite these limitations, the relative trends identified in this study namely the
influence of absorber thickness, doping level, and defect density on electrostatic
distribution and recombination behavior are expected to remain qualitatively valid
within broader physical contexts. While absolute efficiency values depend strongly
on idealized assumptions, the modeling results provide physically motivated de-
sign insights for future experimental investigation of CdTe/perovskite dual-ab-

sorber heterojunctions.

4. Conclusions

In this work, a CdTe/CHsNH:Snl; dual-absorber heterojunction solar cell was sys-
tematically investigated using the SCAPS-1D drift-diffusion simulation frame-
work. By combining a well-established thin-film absorber (CdTe) with a lead-free
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tin-based perovskite, the proposed architecture was designed to explore the po-
tential advantages of complementary optical absorption and redistributed electro-
static profiles within a coupled heterojunction structure.

A comprehensive parametric study was conducted to examine the influence of
absorber thickness, doping concentration, defect density, and operating temper-
ature on device performance. The results demonstrate that device behavior is
strongly governed by the balance between electric-field distribution, recombi-
nation dynamics, and optical absorption in the two absorbers. In particular, the
CdTe/CH:sNH;Snl; interface plays a central role in determining voltage genera-
tion and carrier extraction efficiency [11] [12].

Under optimized and idealized numerical conditions, the proposed configura-
tion reaches a simulated power conversion efficiency of 28.73%, with a high open-
circuit voltage and a favorable fill factor. However, this value should be interpreted
as defining a theoretical upper-performance envelope within the assumptions of
the SCAPS model. The present study does not incorporate effects such as bandgap
narrowing, carrier degeneracy, Auger recombination, detailed interface chemis-
try, or long-term degradation phenomena. Consequently, the absolute efficiency
should not be regarded as directly predictive of experimentally achievable perfor-
mance.

The primary contribution of this work lies in the identification of physically
consistent parameter regimes and the clarification of how absorber thickness,
doping levels, and defect densities collectively shape the electrostatic and recom-
bination landscape of a dual-absorber heterojunction. The temperature-depend-
ent analysis further highlights the intrinsic thermal sensitivity of the device, em-
phasizing the importance of recombination control and interface engineering.

Rather than claiming absolute performance superiority, this study provides a
physics-driven exploration of the CdTe/CH3NH;Snl; architecture within a con-
trolled numerical framework. The trends identified here offer modeling-based de-
sign insights that may guide future experimental investigations, particularly in the
areas of junction engineering, controlled doping strategies, and interface defect
management.

Future research should focus on experimental validation of the proposed archi-
tecture, advanced interface passivation strategies, and comprehensive stability as-
sessment under operational conditions. Such efforts will be essential to determine
the realistic performance limits and technological viability of CdTe/CHsNH;SnIs-

based dual-absorber solar cells.
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