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Abstract: In this study, numerical modeling based on the SCAPS-1D software is employed to analyze the influence of the h-ETL/
MAPIxClx interface on the performance of perovskite solar cells. The impact of interface defect density, energy band alignment, and
transport parameters of the h-ETL is systematically investigated. The results highlight the existence of a critical interface defect density
threshold of approximately 10'3 cm™, beyond which device performance significantly deteriorates due to increased non-radiative
recombination. A slightly positive conduction band offset, ranging from 0 to + 0.2 eV, is identified as an optimal condition that reduces
interfacial recombination without hindering electron transport. The study also shows that increasing the electron mobility of the h-ETL
has a negligible effect on the overall cell performance. Finally, a combined optimization of absorber and h-ETL doping reveals that
moderate acceptor doping of the absorber, coupled with high donor doping of the h-ETL, enhances the internal electric field, limits
recombination losses, and improves charge extraction. These findings provide valuable guidelines for the design and optimization of
interfaces in high-efficiency perovskite solar cells.

Key words: Perovskite solar cells, MAPIxClx, h-ETL, interface defects, SCAPS-1D.

1. Introduction performance and stability [6]. Electron transport layer
(ETL) materials used in PSCs have enabled high

Perovskite solar cells (PSCs) have emerged as one A .
efficiencies; however, they still present several

of the most promising photovoltaic technologies, with ) ) ] )
drawbacks, including high processing temperatures and

certified power conversion efficiencies exceeding 26% . . . o .
P g2t a high density of surface states, which may limit device

in just over a decade [1]. This rapid progress is performance and long-term stability [7, 8]. In this

attributed to the exceptional optoelectronic properties context, the search for alternative electron transport

of hybrid organic—inorganic perovskites, such as a high layers has become a major research focus. Hydride-

absorption coefficient, long charge-carrier diffusion based layers (h-ETLs) have emerged as promising

lengths, and a tunable bandgap [2, 3]. Among the candidates due to their wide bandgaps, good electron
various compositions investigated, methylammonium conductivity, low trap-state density, and compatibility
lead iodide chloride (MAPI1xCly) has attracted particular  ith Jow-temperature fabrication processes [9, 10]. The
attention due to its improved crystallinity, enhanced integration of an h-ETL into MAPI,«Clx-based PSCs
carrier mobility, and reduced recombination losses could provide improved energy band alignment,
compared to pure MAPDI; [4, 5]. The incorporation of promote more efficient electron extraction, and reduce
chlorine promotes grain growth and passivation of bulk interfacial recombination losses [11]. Despite these

and interfacial defects, resulting in improved device ~ advances, non-radiative recombination at interfaces
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remains a major challenge, particularly at the h-
ETL/perovskite absorber interface [12]. This interface
governs charge extraction, energy band alignment, and
defect-assisted recombination, directly influencing the
open-circuit voltage and fill factor [13]. Recently,
hydride or hybrid electron transport layers (h-ETLs)
have been proposed as promising alternatives to
ETLs,
properties and improved interfacial compatibility with

conventional offering tunable electronic
perovskites [14, 15]. Understanding and optimizing
recombination mechanisms at the h- ETL/MAPI;«Cl
interface especially those related to band alignment and
interface defect density constitute a key challenge for
sustainably improving PSC performance. Recent
studies have shown that the conduction band offset
(CBO) at the h-ETL/MAPI.«Clyx interface directly
affects electron transport and interfacial recombination.
A slightly positive CBO can act as a selective barrier
that suppresses recombination while maintaining
efficient electron transport [16, 17].

Similarly, controlling doping levels and the internal
electric field represents an important strategy for
enhancing charge separation and improving overall
device performance [18]. In this context, numerical
simulation tools such as SCAPS-1D provide effective
means to analyze dominant physical mechanisms and
optimize device parameters prior to experimental
implementation [19]. SCAPS-1D enables systematic
investigation of both bulk and interfacial parameters
and offers deeper insight into recombination mechanisms
[20]. In this work, we present a comprehensive
numerical study of the h-ETL/MAPI.«Clx interface
using SCAPS-1D to identify the key physical parameters
governing the performance of perovskite solar cells.
The influence of interface defect density, energy band
alignment, electron mobility, and the doping levels of
both the absorber and the h-ETL is systematically
analyzed. The objective is to determine optimal conditions
that minimize non-radiative recombination, enhance
charge extraction, and provide reliable guidelines for

the design of high-efficiency perovskite solar cells.

2. Device Structure and Simulation

Methodology

In the field of photovoltaics, researchers use several
software tools to analyze the performance of thin-film
solar cells. Among these tools are AMPS, SILVACO
ATLAS [21, 22], COMSOL, wx-AMPS, PC-1D [23],
and SCAPS-1D [24]. In this work, we selected the one-
dimensional simulation software SCAPS-1D (version
3.3.10), developed at Ghent University in Belgium by
Burgelman et al. [25]. This software offers several
advantages, including the ability to analyze device
structures composed of up to seven different layers and
to perform detailed interface analyses of the solar cell
[13]. Furthermore, the results obtained using this software
are in good agreement with experimental data reported
by other research groups. SCAPS-1D is based on the
numerical solution of the fundamental semiconductor
equations, namely the Poisson equation (Equation (1)),
the electron continuity equation (Equation (2)), and the
hole continuity equation (Equation (3)).

div(—grad ¢ )

= g[p(x) —n()+NF () (1)
= Ny (%]
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Vn = gR® - G +qa—: )

Vlp =

Equation (1) describes the phenomena of electrostatic

d
a6~ RWI+a5  O)

nature, where vy is the electrostatic potential; n and p are
the densities of free electrons and holes, respectively;
and N + (x) and N — (x) are the concentrations of
ionized donor and acceptor, respectively. Equations (2)
and (3) govern the dynamic equilibrium condition in a
semiconductor, where G is the generation rate; Rn and
Rp are the recombination rates of electrons and holes,
respectively; and Jn and Jp are the current densities of
electrons and holes, respectively; their terms are found
in literature. These are three coupled and nonlinear
differential equations whose solutions allow the
extraction of the electrical parameters of the solar cell.
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Fig.1 Modeled structure of a solar cell based on MAPI:-
xClx.

The solar cell investigated in this study is based on a
planar n-i-p architecture with the following structure:
FTO/h-ETL/MAPI;«Cl/HTL/Au, as shown in Fig. 1.
In this structure, the glass substrate coated with
fluorine-doped tin oxide (FTO) is used as the transparent
front electrode, ensuring high optical transmission and
good electrical conductivity. The FTO collects the
electrons extracted from the hydride electron transport
layer (h-ETL). The h-ETL acts as an electron-selective
contact, facilitating electron extraction while blocking
holes, thereby reducing recombination at the perovskite
interface. Its wide bandgap and favorable energy
alignment with the conduction band of the perovskite
help minimize optical and electrical losses [7, 26]. The
h-ETL used in this study is a TiO>—SnO- composite, as
it enables a high power conversion efficiency of
20.062%, an open-circuit voltage (V_OC) of 1.179 V,
a short- circuit current density (J_SC) of 23.085 mA/cm?,
and a fill factor of 73.671% [27]. These values are in
good agreement with those reported for experimental
planar perovskite solar cells in benchmark studies [28].
The MAPI,.Clx absorber layer is deposited on the h-
ETL and constitutes the active region of the solar cell.
It is responsible for photon absorption and charge-

carrier pair generation. The incorporation of chlorine

into the MAPI absorber improves crystallinity and
passivates deep defects, which numerically translates
into a reduction of Shockley—Read—Hall (SRH)
recombination rates. The hole transport layer (HTL),
deposited to ensure efficient extraction of photogenerated
holes toward the back electrode, is Spiro-OMeTAD
(2,2°,7,7- tetrakis(N,N-p-dimethoxyphenylamino)-9,9°’-
spirobifluorene), due to its favorable energy alignment
with the perovskite and its high hole-transport
efficiency [29].

The Fig. 2 illustrates the energy band diagram at the
h-ETL/MAPI,<Cly interface as well as the distribution
of the internal electric field. The strong doping
difference between the h-ETL (heavily n-type doped)
and the absorber (lightly doped) induces band bending
near the interface, generating an electric field directed
from the absorber toward the h-ETL. The physical
parameters of the different layers including bandgap
energy, electron affinity, carrier mobility, doping
concentrations, and defect densities are selected from
experimental data and previously reported numerical
studies in the literature [9, 30-36].

The simulations were carried out using an incident
power of 1,000 W/m?, with the perovskite solar cell
temperature maintained at 300 K and illuminated under
standard AM 1.5 G spectrum conditions, which account
for both direct and diffuse radiation. These conditions
correspond to international standards for the evaluation
of photovoltaic devices [3]. To validate the reliability
of our numerical model developed using SCAPS, the
simulated photovoltaic parameters were compared with
experimental data reported in the literature for MAPI,.
«Clx or MAPI-based perovskite solar cells employing
inorganic or hybrid ETLs.

The simulated results are in good agreement with
those reported in the literature for MAPI..Clx based
perovskite solar cells, confirming the reliability and
robustness of the simulation model for PSC optimization
prior to fabrication. Any slight discrepancies between
simulated and experimental results may be attributed to
the absence, in the SCAPS model, of certain extrinsic
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losses such as morphological inhomogeneities, contact
resistances, and fabrication-related degradation effects
[12, 13]. For our PSC structure, the interface defect
density was varied over several orders of magnitude in
order to identify a critical threshold likely to
significantly affect device performance. Furthermore,
the conduction band offset (CBO) at the h-

ETL/MAPI,«Clx interface was adjusted by modifying
the electron affinity of the materials to investigate the
influence of energy band alignment on recombination
and charge extraction [37]. The doping levels of both
the absorber and the h-ETL were parameterized to
analyze their effect on the internal electric field and

carrier separation.
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Fig.2 Energy Band Alignment and Electric Field Distribution at the h-ETL/MAPI:«Clx Interface.

Table 1 SCAPS-1D input parameters of the materials used in the simulation.

FTO TiO>-SnO» MAPI, CL, Spiro- OMeTAD
Thickness (nm) 0.27 50 0.333 0.15
Band gap (eV) 35 33 1.55 3
Electron Affinity (eV) 4.7 4 39 2.45
Diélectric relative Permittivity 9 9 6.5 3
Effective density of state in BC (cm™) 2.2 %1018 2.1*%10™ 2.2 %1018 10"
Effective density of state in BV (cm™) 1.8 *10% 1.8 *10"° 1.8 *10% 10"
Electrons thermal velocity (cm/s) 107 107 107 107
Holes thermal velocity (cm/s) 107 107 107 107
Electrons Mobility (cm?/Vs) 33 30 2 104
Holes Mobility (cm?/Vs) 8 15 2 104
Donor density Np (cm™) 108 2.10% - -
Acceptor density Ny (cm™) - 10 2%10'8
Bulk defect properties
Bulk defect Density (cm™) 10" 10 101
Capture cross-section electrons (cm?) 101 2,104 10-14
Capture cross-section trous (cm?) 101 2,104 2.1014
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Table 2 Electrical parameters of the simulation compared with experimental values.

Electrical Parameter Numérical simulation Experimental Références
1 (%) 20.062 18-22 [13, 38]
FF (%) 73.671 70-80 [38, 39]
Voc (V) 1.179 1-1.1 [2, 39]
Jsc (mA/cm?) 23.085 22-24 [38, 39]

3. Results and Discussion

3.1 Interface Defect Density at the h-ETL/MAPI;..Cl

Interface

The interface defect density at the h-ETL/MAPI;.
«Clx junction is a critical parameter that directly
influences non-radiative carrier recombination centers
and the energy band alignment of perovskite solar cells
(PSCs). In the literature, the interface defect density is
commonly considered within a range from 10® cm? to
10" cm?, depending on interface quality and experimental
conditions. In this work, the interface defect density at
the h-ETL/MAPI,..Cly interface was also varied from
108 cm to 10'° cm, as shown in Fig. 3.

Fig. 3 illustrates the evolution of the electrical
parameters as a function of the interface defect density
at the h-ETL/MAPI,.«Clx interface, denoted as Nti. The
results show that for low interface defect densities (NVti
< 10" cm?), the cell performance remains nearly
unchanged. In this range, interfacial recombination
remains negligible compared to bulk recombination in
the absorber layer, indicating a sufficiently passivated
interface and efficient charge transport. In contrast,
when the interface defect density exceeds a critical
threshold (Nzi > 103 cm™), a significant degradation of
all electrical parameters is observed. The power
sharply,
increased Shockley—Read—Hall (SRH) recombination
losses induced by trap states at the h-ETL/absorber

conversion efficiency drops reflecting

interface [38, 40]. The open-circuit voltage (Voc) is
particularly sensitive to the increase in Nfi. A high
density of trap states introduces deep energy levels
within  the

recombination and reducing the quasi-Fermi level

bandgap, promoting non-radiative

splitting. The short-circuit current density (J) exhibits

a more gradual decrease with increasing Nti. A high
interface defect density enhances interfacial recombination,
thereby limiting the efficient collection of photogenerated
carriers, particularly electrons extracted through the h-
ETL layer.

Similarly, the fill factor (FF) remains high at low
defect densities before declining at high N#i values.
These results highlight the existence of a critical
interface defect density threshold beyond which device
performance becomes severely limited. They emphasize
the crucial role of interface passivation at the h-
ETL/MAPI..Clx junction in reducing N#i below
approximately 10'* ¢m?, a necessary condition for
maintaining a high Voc, an optimal fill factor, and
maximum power conversion efficiency. The introduction
of an ultra-thin interfacial layer, typically on the order
of a few nanometers, can be employed as an effective
strategy to reduce the interface defect density by
passivating dangling bonds and structural defects
responsible for Shockley—Read—Hall recombination
[41].

3.2 Energy Band Alignment at the h-ETL/MAPI;..Cl

Interface

In perovskite solar cells, the energy band alignment
at the interface between the h-ETL and the MAPI;«Clx
absorber is crucial for carrier transport and the
reduction of non-radiative recombination. This
alignment is commonly quantified by the conduction
band offset (CBO), defined as the energy difference
between the conduction band minimum of the absorber
and that of the h-ETL. Band alignment can be tuned by
modifying the electron affinity of the h-ETL. The
analytical expression for the conduction band offset is

given by:
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Fig.3 Influence of Interface Defect Density on the Electrical Parameters.

Table3 Conduction band offset (CBO) and band alignment values at the h-ETL/perovskite interface.

. Electron affinity of Electron affinity of .
Perovskite/h-ETL Perovskites (V) hybrid h-ETL (cV) CBO (eV) Band alignment
MAPT1xClx / TiO2-SnO2 3.9 4 -0.1 Shape Cliff

CBO = (Xubs - Xn-ErL)

According to the above equation, the values of the
conduction band offset between the absorber and the h-
ETL were calculated, and the obtained results are
presented in Table 3.

Table 3 shows that the conduction band offset is
negative (CBO = —0.1 eV) at the MAPI;xCly/TiO»-
SnO; interface. This means that the conduction band
minimum of the h-ETL lies below that of the perovskite
absorber. Such a value results in a cliff-type band
alignment, as illustrated in Fig. 4.

Although this configuration does not introduce any
barrier to electron extraction, it strongly promotes
carrier recombination at the interface, leading to a
reduction in the open-circuit voltage and fill factor.
Consequently, the overall efficiency of the PSC is
penalized, despite a relatively unchanged short-circuit
the
importance of tuning the electron affinity of the h-

current density. These results emphasize
ETL to achieve a slightly positive CBO for optimal
device performance. In the following section, we

investigate the influence of the conduction band offset
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(CBO) at the h-ETL/MAPI,<Clx interface by varying
it from —0.5 eV to +0.5 eV. This variation is achieved
by keeping the electron affinity of the absorber
constant while adjusting that of the h-ETL from 4.4
eVto3.4eV.

Fig. 5 presents the evolution of the electrical
parameters as a function of the conduction band offset
(CBO) at the h-ETL/MAPI;<Cly interface. The results
show that the CBO at the h- ETL/MAPI;.«Cly interface
plays a decisive role in optimizing the performance of
the perovskite solar cell. When the CBO is negative
(cliff configuration), a marked degradation in efficiency
is observed, mainly due to increased interfacial
recombination. This enhanced recombination limits the
quasi-Fermi level splitting, leading to a significant
reduction in the open-circuit voltage (Voc) and fill factor
(FF). As the CBO becomes slightly positive, a
moderate spike forms at the interface, improving
electron selectivity by effectively blocking holes while
maintaining efficient electron extraction. This
configuration results in a simultaneous increase in Vs,

FF, and consequently the overall power conversion

efficiency of the device, while the short-circuit current
density (Jsc) remains nearly unchanged. This indicates
that carrier generation and collection within the
absorber are not strongly affected by band alignment
within this CBO range. A slightly positive CBO,
typically between 0 and +0.2 eV, therefore appears to
be an optimal compromise between suppressing
interfacial recombination and avoiding excessive
barriers to electron transport. These findings are in
excellent agreement with previous studies based on
SCAPS simulations and experimental devices, which
report that a moderate spike at the ETL/perovskite
interface reduces non-radiative losses and improves the
electronic quality of the interface, whereas a cliff
configuration enhances interfacial recombination and
limits Voc [10, 42]. Studies published in Solar Energy
Materials & Solar Cells also confirm that CBO
optimization is a key lever for maximizing the
performance of planar perovskite solar cells, while
reports in Applied Physics Letters highlight the
particular sensitivity of V. and FF to conduction band
alignment at the ETL/absorber interface [43].
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Fig. 4 Energy band diagram of the PSC highlighting the CBO.
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Fig.5 Influence of Conduction Band Offset (CBO) on the Electrical Parameters.

3.4 Influence of h-ETL Electron Mobility on Electron
Extraction at the MAPI,.<ClL/h-ETL Interface

Efficient extraction of photogenerated electrons at
the interface between the MAPI.xClx absorber layer
and the hybrid electron transport layer (h-ETL) is a key
factor determining the performance of perovskite solar
cells. In addition to energy band alignment and
interface defect density, the electron mobility of the h-
ETL (us) plays an important role in charge transport
and in limiting interfacial recombination losses. In this
study, the electron mobility of the h-ETL was
systematically varied from 10 to 10?> cm? v'!' 5!, while
keeping all other device parameters constant, in order
to investigate its influence on the electrical
performance of the cell. Fig. 2 shows the effect of h-

ETL electron mobility on the power conversion

efficiency and open-circuit voltage. The curve reveals
only a slight variation in efficiency (n) as the electron
mobility of the h-ETL increases from 1072 to
approximately 2 x 10 cm? v'' s7!. Beyond 2 x 10 ¢cm?
vl 71, the efficiency remains nearly constant. This
weak dependence indicates that electron mobility is
not the main limiting factor for electron transport in the
PSC. The dominant losses in PSCs are more likely
associated with interfacial recombination or band
misalignment at the h-ETL/MAPI«Cl. interface.
Similar observations have been reported in the
literature, where increasing mobility beyond a critical
threshold
improvement [13]. Regarding the open-circuit voltage
(Voc), it exhibits a maximum for intermediate mobility

values between 1 and 10 cm? v'! 57!, followed by a

results in only marginal efficiency

slight decrease at higher mobilities.
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Fig.7 Influence of h-ETL Electron Mobility on the Electrical Parameters (Jsc, FF).

The short-circuit current density (/) and the fill factor
(FF) increase rapidly at low mobility values, then reach
a saturation regime for mobilities higher than
approximately 10 cm? v'! 571, This behavior indicates
that the collection of photogenerated carriers becomes
nearly optimal, and that Jsc is primarily governed by
interface quality rather than by the electron mobility of
the h-ETL [38]. These results show that the electron
mobility of the h-ETL mainly influences V., while FF,
Jsc, and the overall efficiency remain weakly sensitive
This that

performance optimization of the cell relies more on

beyond a threshold value. confirms

reducing interfacial recombination and improving
energy band alignment at the h-ETL/MAPI«Cl

interface than on excessively increasing electron
mobility.

3.5 Combined Influence of h-ETL and Absorber Doping

The doping of functional layers plays a crucial role
in modulating the internal electric field within the
space-charge region (SCR) and, consequently, in
determining the performance of perovskite solar cells.
In particular, the simultaneous optimization of the
doping levels of the h-ETL and the MAPICly
absorber enables control over the electrostatic potential
distribution and the width of the SCR at the h-
ETL/absorber interface. In the literature, donor doping
of the h-ETL typically ranges from 10'¢ to 10!° cm to
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ensure sufficient electron conductivity and to enhance
band bending near the interface [2, 3]. A high h-ETL
doping level promotes the formation of a strong electric
field directed toward the h-ETL, facilitating the
extraction of photogenerated electrons and reducing
their accumulation at the interface. This results in an
increase in the fill factor (FF) and open-circuit voltage
(Voe) [2, 44]. In contrast, the doping level of the
should
Experimental and numerical studies report donor or

perovskite  absorber

remain  moderate.
acceptor concentrations ranging from 10'3 to 10'® cm™
for hybrid perovskites such as MAPI or MAPI..Clx [4,
5, 12]. A lightly doped absorber allows the depletion
region to extend deeper into the perovskite layer,
thereby maximizing the internal electric field and
promoting drift-dominated charge transport rather than
diffusion. Conversely, excessive absorber doping leads
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to electric field screening, a reduction in the space-
charge region width, and increased non-radiative
recombination, resulting in a simultaneous degradation
of Voe and power conversion efficiency (n) [45].
Therefore, the optimal combination consists of a highly
doped h-ETL (= 10'® cm3) coupled with a lightly doped
absorber (= 10'-10" cm3). This configuration
maximizes the interfacial electric field, minimizes
recombination at the h-ETL/MAPI, «Clx interface, and
leads to superior photovoltaic performance, as
confirmed by SCAPS simulations and consistent
experimental findings [3, 12, 44].

Fig. 8 presents the evolution of the electrical
parameters of the perovskite solar cell as a function of
the acceptor doping (N,) of the absorber and the donor
doping (Np) of the h-ETL layer. The variations in open-
circuit voltage (Voc), short-circuit current density (Jsc),
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Fig. 8 Influence of h-ETL Doping as a Function of Absorber Doping on the Electrical Parameters.
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Fig.9 Influence of h-ETL Doping as a Function of Absorber Doping on the Electrical Parameters.

fill factor (FF), and efficiency (n) highlight the strong
dependence of PSC performance on both the donor
doping of the h-ETL and the acceptor doping of the
MAPI,.Clx

parameters improve with increasing h-ETL doping,

absorber. In general, all electrical
while they decrease with increasing absorber doping. A
monotonic increase in Vo is observed as the h-ETL
doping level increases, particularly for Np > 10'® cm™.
In contrast, for high acceptor doping levels (N, > 103
cm), a slight degradation of V. is observed, as shown
in Fig. 8a.

The short-circuit current density (Jsc) remains nearly
constant for low acceptor doping levels (V. < 10 cm
%), indicating efficient collection of photogenerated
carriers within the absorber. However, for higher
values (Na > 105 c¢m?), a gradual decrease in Jsc

appears, particularly when the donor density (Np) is

also high (Fig. 8b). This reduction can be attributed to
a decrease in carrier diffusion length and enhanced bulk
recombination within the absorber. These observations
are consistent with analytical and numerical PSC
models reported in the literature [41, 46]. The fill factor
shows significant improvement with increasing Nb,
reaching values above 78-79% for Np > 10" c¢m.
Conversely, excessive acceptor doping of the absorber
(N. > 10" cm?) leads to FF degradation, associated
with increased resistive and recombination losses [13].
Regarding the power conversion efficiency, very high
efficiencies are obtained for absorber doping levels
between 10" and 10'* cm™ and h-ETL doping levels
between 10" and 10*° cm™. In this region, the
maximum efficiency ranges from 20% to 20.4%,
corresponding to an optimal internal electric field,

minimal recombination, and nearly ideal charge
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extraction. For excessively high acceptor doping, even
though Vo may remain relatively high, the reduction in
Jsc and FF leads to an overall degradation in efficiency
n [44]. This study highlights the existence of an optimal
doping window for maximizing perovskite solar cell
performance. A moderately doped absorber combined
with a highly doped h-ETL promotes a strong internal
electric field, limits recombination losses, and results in
conversion efficiencies exceeding 20%. To precisely
determine the optimal donor and acceptor densities for
PSC optimization, a cross-analysis of absorber doping
(Na) and h-ETL doping (Np) will be performed within
the ranges 103 cm™ < N, < 10" cm® and 10%° ecm™ <
Np < 10%' cm?3, as illustrated in the figure

It is observed that increasing Nb from 10%° to (6-8) x
10%° cm3 leads to a significant improvement in Vi, FF,
Jsc, and #. This trend is attributed to the strengthening
of the electric field at the h-ETL/absorber interface,
which promotes selective electron extraction and
reduces interfacial recombination [47]. For Np values
approaching 10%' cm, the electrical parameters tend to
saturate, indicating that excessive doping no longer
provides significant performance gains, in agreement
with results reported in the literature [48]. At low
acceptor density (N, = 10" cm™), the electrical
parameters reach their maximum values. Moderate
doping limits bulk recombination in the absorber and
improves carrier diffusion length [46]. In contrast,
increasing N, toward 10 c¢cm? results in a gradual
degradation of performance, mainly due to the increase
in recombination centers and the weakening of the
internal electric field [49]. Optimal performance is
achieved for Nb =5 x 10* cm3 and N, =2 x 103 ¢cm?,
leading to a maximum efficiency of approximately
20.40%. This combination ensures favorable interfacial
band alignment, efficient carrier separation, and
reduced recombination losses, in excellent agreement
with previous numerical and experimental studies on
PSCs optimized through doping engineering [50].
These
optimization of high donor doping in the h-ETL and

results confirm that the simultaneous

moderate acceptor doping in the absorber is a key
strategy for controlling the interfacial electric field,
leading to significant improvement in the overall

performance of perovskite solar cells.
4. Conclusion

This numerical study based on SCAPS-1D highlights
the decisive role of the h-ETL/MAPI;«Cl interface in
determining the performance of perovskite solar cells.
Interface defect density, energy band alignment,
electron mobility, and the doping levels of the layers
surrounding the h- ETL/MAPI«Cly interface are
identified as key parameters governing non-radiative
recombination. The results reveal the existence of a
critical interface defect density threshold on the order
of 10" ¢cm3, beyond which cell performance becomes
severely limited. Regarding the conduction band offset,
a slightly positive CBO, ranging between 0 and + 0.2
eV, appears to be an optimal compromise between
suppressing interfacial recombination and avoiding
excessive barriers to electron transport. The study of h-
ETL electron mobility shows that even a substantial
increase in mobility has almost no significant impact on
PSC performance. Finally, a combined investigation of
absorber and h-ETL doping demonstrates that
moderate acceptor doping of the absorber together with
high donor doping of the h-ETL optimizes the internal
electric field, reduces recombination losses, and enhances
charge extraction. The obtained results provide clear
guidelines for the design and experimental development
of high-efficiency perovskite solar cells.
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