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Abstract 
In this work, a numerical study was carried out to analyze the impact of hybrid 
electron transport layers (h-ETLs) on the performance of MAPI1−xClx perov-
skite solar cells (PSCs) using the SCAPS-1D simulation software. Various h-
ETL architectures, including PCBM-SnS2, TiO2-SnO2, PCBM/PCPB, and 
TiO2/ZnO, were investigated in order to optimize charge extraction and re-
duce recombination losses. The results indicate that the TiO2-SnO2 configura-
tion exhibits the best optoelectronic performance, owing to favorable energy 
band alignment and enhanced electron transport properties. Parametric anal-
ysis reveals that an optimal absorber thickness of approximately 450 nm and 
an h-ETL thickness of about 30 nm lead to maximum power conversion effi-
ciency. Furthermore, the investigation of defect density effects highlights that 
device performance is strongly dependent on defect states within the absorber 
layer, with defect densities below 1015 cm−3 resulting in significant improve-
ments in short-circuit current density, open-circuit voltage, and overall effi-
ciency. These findings emphasize the critical role of defect control in the de-
velopment of high-efficiency and improved-stability perovskite solar cells. 
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1. Introduction 

Over the past decade, hybrid halide perovskite solar cells (PSCs) have attracted 
significant attention in the photovoltaic community owing to their outstanding 
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optoelectronic properties and low-cost fabrication potential. These materials ex-
hibit a high absorption coefficient, excellent charge carrier mobility, long carrier 
diffusion lengths, and a tunable bandgap, making them particularly attractive for 
photovoltaic applications [1]-[3]. As a result of these advantages, the power con-
version efficiency (PCE) of perovskite solar cells has rapidly increased from 3.8% 
in 2009 to over 26% today, rivaling conventional photovoltaic technologies [4]. 
Among the various perovskite compositions investigated, methylammonium lead 
iodide (CH3NH3PbI3 or MAPI) has been widely used as a model absorber material 
due to its simple crystal structure, ease of synthesis, and favorable photovoltaic 
performance [5]. However, devices based on pristine MAPI still suffer from sig-
nificant limitations, including thermal and environmental instability, moisture-
induced degradation, and enhanced non-radiative recombination caused by crys-
tal defects and trap states at grain boundaries [6] [7]. To overcome these limita-
tions, several strategies have been proposed, among which partial halide substitu-
tion has proven particularly effective. The incorporation of chlorine into the per-
ovskite lattice, leading to the MAPI1−xClx composition, has been shown to signifi-
cantly improve film morphology, crystallinity, charge carrier mobility, and diffu-
sion length [8] [9]. Although the actual amount of chlorine incorporated into the 
perovskite lattice is often small, its role in crystallization kinetics and defect pas-
sivation is now well established [10] [11]. These improvements translate into en-
hanced short-circuit current density ( SCJ ), open-circuit voltage ( OCV ), and over-
all device stability. Beyond the absorber layer, the electron transport layer (ETL) 
plays a crucial role in the architecture of perovskite solar cells by ensuring efficient 
extraction of photogenerated electrons while blocking hole transport, thereby re-
ducing interfacial recombination losses [12]. Conventional ETL materials such as 
TiO2, SnO2, and ZnO have enabled high-efficiency devices; however, they still pre-
sent several drawbacks, including high processing temperatures, ultraviolet light 
instability, and high surface defect densities, which may limit device performance 
and long-term stability [13] [14]. In this context, the development of alternative 
electron transport layers has become a major research focus. Hydride electron 
transport layers (h-ETLs) have emerged as promising candidates due to their wide 
bandgaps, good electronic conductivity, low trap-state density, and compatibility 
with low-temperature fabrication processes [15] [16]. Moreover, some hydride 
layers exhibit high chemical and thermal stability, which can further enhance the 
durability of perovskite solar cells [17]. The integration of h-ETLs into MAPI1−xClx-
based devices could therefore provide improved energy level alignment, promote 
more efficient electron extraction, reduce interfacial recombination losses, and 
enhance both photovoltaic performance and device stability. Nevertheless, studies 
specifically addressing the combination of chlorinated perovskites with hydride 
transport layers remain limited, and the physical mechanisms governing the h-
ETL/MAPI1−xClx interface are not yet fully understood. In this work, we present a 
comprehensive numerical investigation of MAPI1−xClx perovskite solar cells incor-
porating a hydride electron transport layer (h-ETL). The objective is to analyze the 
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influence of the h-ETL on the structural, optical, and electronic properties of the 
device, as well as on its photovoltaic performance and stability. 

2. Device Model and Simulation Details 

The solar cells investigated in this work are based on a planar n-i-p architecture 
with the following structure: FTO/h-ETL/MAPI1−xClx/HTL/Au, as illustrated in 
Figure 1. The schematic energy band alignment of the different materials used in 
this perovskite solar cell is also shown in Figure 1.  

 

 

Figure 1. Modeled structure of a solar cell based on MAPI1−xClx and energy band diagram. 
 

This device architecture is widely adopted for the investigation of interfacial 
effects in high-efficiency perovskite solar cells [1] [3] [12]. 

In this configuration, fluorine-doped tin oxide (FTO)-coated glass is employed 
as the transparent front electrode, ensuring high optical transmittance and good 
electrical conductivity. The FTO layer serves as the electron-collecting contact, 
enabling efficient extraction of electrons from the electron transport layer. A hy-
brid electron transport layer (h-ETL) is deposited onto the FTO substrate and acts 
as a selective contact for electrons, facilitating their extraction while blocking 
holes, thereby reducing recombination losses at the h-ETL/MAPI1−xClx interface. 
The wide bandgap of the h-ETL and its favorable energy alignment with the con-
duction band of the perovskite absorber contribute to minimizing both optical 
and electrical losses [13] [14] [17]. The MAPI1−xClx (CH3NH3PbI3−xClx) absorber 
layer is deposited on top of the h-ETL and constitutes the active region of the solar 
cell, where photon absorption and electron-hole pair generation occur. Although 
the chemical composition of the material is not explicitly defined in SCAPS-1D, 
the physical effects of chlorine are effectively captured through a set of electronic 
parameters. Chlorine incorporation enhances carrier lifetime by reducing the bulk 
defect density (Nt) in the absorber layer. It is well established that the presence of 
chlorine promotes improved crystallinity and passivation of deep-level defects, 
which is numerically reflected by a reduction in Shockley-Read-Hall (SRH) re-
combination rates. A hole transport layer (HTL) is subsequently introduced to 
ensure efficient extraction of photogenerated holes toward the back electrode. In 
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perovskite solar cells, materials such as PEDOT:PSS, Spiro-OMeTAD, and more 
recently CBTS (Cu2BaSnS4) are commonly employed as HTLs due to their good 
processability, favorable energy level alignment with perovskites, and efficient 
hole transport properties [18]. Numerical simulation and device modeling play a 
crucial role in identifying suitable materials for the various layers of perovskite 
solar cells, as the experimental fabrication of multilayer perovskite devices is both 
time-consuming and costly [19]. In this work, the photovoltaic performance of 
the devices is investigated using the SCAPS-1D (Solar Cell Capacitance Simulator) 
software, developed at the University of Ghent by Marc Burgelman. SCAPS-1D is 
based on the numerical solution of Poisson’s equation and the carrier continuity 
equations [20], as described by Equation (1) and Equation (2). 

( ) ( ) ( ) ( ) ( )+
D A

qdiv grad p x n x N x N xψ
ε

− − = − + −            (1) 

( ) ( )n
nJ q R x G x q
t

∂
∇ = − +   ∂

                  (2) 

( ) ( )p
pJ q G x x q
t

R ∂
∇ = − +   ∂

                  (3) 

Equation (1) describes the phenomena of electrostatic nature, where ψ is the 
electrostatic potential; n and p are the densities of free electrons and holes, respec-
tively; and ( )+

DN x  and ( )AN x−  are the concentrations of ionized donor and 
acceptor, respectively. Equation (2) and Equation (3) govern the dynamic equilib-
rium 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 lit-
erature. The physical properties of the different layers used in the numerical sim-
ulations are summarized in Table 1. 

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

 FTO ZnO TiO2 1 x xMAPI Cl−  Spiro-OMeTAD 

Thickness (nm) 0.27 0.015 0.04 0.333 0.15 

Band gap (eV) 3.5 3.3 3.2 1.55 3 

Electron Affinity (eV) 4.7 4.3 4.2 3.9 2.45 

Dielectric relative Permittivity 9 9 9 6.5 3 

Effective density of state in BC (cm−3) 2.2 × 1018 2.2 × 1018 1019 2.2 × 1018 1019 

Effective density of state in BV (cm−3) 1.8 × 1019 1.8 × 1019 1019 1.8 × 1019 1019 

Electrons thermal velocity (cm/s) 107 107 107 107 107 

Holes thermal velocity (cm/s) 107 107 107 107 107 

Electrons Mobility (cm2/Vs) 33 50 20 2 10−4 

Holes Mobility (cm2/Vs) 8 25 1 2 10−4 

Donor density DN  (cm−3) 1018 1018 1017 - - 

Acceptor density AN  (cm−3) - - - 1015 2 × 1018 
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Continued 

Bulk defect properties 

Bulk defect Density (cm−3) 1017 1017 1015  1015 

Capture cross-section electrons (cm2) 10−19 10−19 10−19  10−14 

Capture cross-section holes (cm2) 10−19 10−19 10−19  2 × 10−14 
 

These parameters were adopted from previously reported theoretical and ex-
perimental studies by Kanoun et al., MallaHasan et al., Targhi et al., and Sharma 
et al. [21]-[24]. All simulations were performed under standard illumination con-
ditions using an incident power density of 1000 W∙m−2, a cell temperature main-
tained at 300 K, and the AM 1.5 G solar spectrum, accounting for both direct and 
diffuse solar radiation. 

3. Result and Discussion 
3.1. Influence of Different Hybrid Electron Transport Layer  

(h-ETL) Materials on the Performance of Perovskite  
Solar Cells 

The electron transport layer (ETL) plays a fundamental role in the operation of 
perovskite solar cells (PSCs). It ensures efficient extraction of photogenerated 
electrons from the absorber layer toward the collecting electrode, while simulta-
neously acting as a selective barrier for holes, thereby limiting interfacial recom-
bination losses [1]. Moreover, the electronic and structural properties of the ETL 
directly influence charge transport, interfacial energy level alignment, and the 
overall stability of the device [3]. 

In conventional perovskite solar cell architectures, titanium dioxide (TiO2) is 
widely employed as the ETL material owing to its chemical stability and suitable 
energy alignment with perovskite absorbers. However, TiO2 suffers from several 
limitations, including relatively low electron mobility, a high density of surface 
trap states, and photochemical instability under ultraviolet irradiation, which 
can lead to gradual degradation of device performance [12] [13]. These draw-
backs have motivated the search for alternative materials or hybrid structures 
capable of enhancing electron transport while suppressing recombination pro-
cesses. In this context, the introduction of hybrid electron transport layers (h-
ETLs), combining inorganic and organic materials, has emerged as a promising 
strategy. Materials such as PCBM (6,6-phenyl-C61-butyric acid methyl ester), 
SnS2, ZnO, and SnO2 have been extensively investigated as ETL components due 
to their high electron mobility, favorable band alignment with perovskite ab-
sorbers, and ability to passivate interfacial defects. In particular, hybrid archi-
tectures such as PCBM/SnS2, TiO2/ZnO, TiO2/SnO2, and PCBM/PCPB allow the 
advantages of each constituent material to be combined, leading to improved 
electron extraction, reduced interfacial recombination, and enhanced opera-
tional stability [16] [23]. In this work, these hybrid materials are investigated as 
potential alternatives to conventional TiO2-based ETLs. The physical parame-
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ters associated with each h-ETL, including electron mobility, electron affinity, 
bandgap, and defect density, are carefully considered to evaluate their impact 
on the overall device performance. The ETL thickness is fixed at 50 nm in order 
to isolate the effect of intrinsic material properties on charge transport and pho-
tovoltaic parameters, enabling a consistent and meaningful comparison among 
the different configurations studied. The properties of the various h-ETL layers 
were adopted from previously reported theoretical and experimental studies 
[25]-[27]. The hybrid ETLs presented in Table 2 were not directly measured in 
this study but were derived from the existing literature using a combined ap-
proach that is widely adopted in numerical simulations of perovskite solar cells. 
The h-ETL parameters were directly extracted from experimental or theoretical 
values reported in the literature (Refs. Patil et al., Li et al., Hossain et al.). The 
physical parameters of the h-ETLs listed in Table 2 therefore correspond to a 
combination of literature-based experimental values, effective medium approx-
imations, and numerical calibration consistent with the reported experimental 
device performances. 
 
Table 2. Parameters for different hybrid electron transport layer. 

 PCBM-SnS2 TiO2-SnO2 PCBM-PCPB 

Thickness (nm) 50 50 50 

Band gap (eV) 1.57 3.3 2 

Electron Affinity (eV) 4 4 3.9 

Dielectric relative Permittivity 4.2 9 3.9 

Effective density of state in BC (cm−3) 2.5 × 1019 2.1 × 1018 2.5 × 1021 

Effective density of state in BV (cm−3) 2.5 × 1019 1.8 × 1019 2.5 × 1021 

Electrons thermal velocity (cm/s) 107 107 107 

Holes thermal velocity (cm/s) 107 107 107 

Electrons Mobility (cm2/Vs) 2.89 × 10−1 30 30 

Holes Mobility (cm2/Vs) 2.89 × 10−1 15 15 

Bulk defect properties 

Bulk defect Density (cm−3) 1015 1015 1015 

Capture cross-section electrons (cm2) 2 × 10−14 2 × 10−14 10−14 

Capture cross-section holes (cm2) 2 × 10−14 2 × 10−14 2 × 10−14 

 

Figure 2 and Figure 3 present the J-V characteristics and external quantum 
efficiency (EQE) spectra, respectively, corresponding to different h-ETL materi-
als.  

To facilitate a detailed analysis of the J-V behavior, the key photovoltaic param-
eters extracted from the J-V curves for the different h-ETL configurations are 
summarized in Table 3. 
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Figure 2. Effect of different h-ETL materials on J-V characteristics and (b) quantum effi-
ciency of a MAPI1−xClx-based solar cell. 
 
Table 3. Parameters for different hybrid electron transport layer used in the numerical 
simulation. 

 ( )  %η  ( )FF %  ( )OCV V  ( )2
SCJ mA cm  

TiO2-SnO2 20.062 73.671 1.179 23.085 

PCBM-SnS2 18.681 75.592 1.080 22.880 

PCBM-PCPB 18.444 75.522 1.071 22.786 

TiO2-ZnO 19.739 75.085 1.128 23.305 

 

Table 3 indicates that the solar cell exhibits a relatively low power conversion 
efficiency when PCBM-PCPB is employed as the h-ETL, whereas a high efficiency 
of 20.062% is achieved with TiO2-SnO2 as the hybrid electron transport layer. The 
TiO2-ZnO-based device also demonstrates notable performance, with a conver-
sion efficiency of 19.739%. 

Figure 3 illustrates the evolution of the external quantum efficiency as a func-
tion of wavelength for the different h-ETL configurations, namely TiO2-SnO2, 
PCBM-SnS2, PCBM-PCPB, and TiO2-ZnO. These EQE curves provide essential 
insights into the ability of the devices to convert incident photons into photogen-
erated charge carriers. In the UV-blue region, noticeable differences are observed 
among the studied architectures. Devices incorporating PCBM-based hybrid lay-
ers (PCBM-SnS2 and PCBM-PCPB) exhibit a slightly lower response compared to 
purely inorganic structures (TiO2-SnO2 and TiO2-ZnO). In the visible wavelength 
range (400 - 750 nm), where MAPI1−xClx exhibits strong absorption, all configu-
rations show high EQE values exceeding 85%, indicating efficient light absorption 
and effective carrier transport. 
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Figure 3. Effect of different h-ETL materials on quantum efficiency of a MAPI1−xClx-based 
solar cell. 
 

At longer wavelengths (>750 nm), a sharp decrease in EQE is observed beyond 
780 - 800 nm, corresponding to the absorption edge of the MAPI1−xClx perovskite 
absorber, in agreement with its bandgap energy (~1.55 - 1.60 eV). Overall, the 
PCBM-SnS2 and TiO2-SnO2-based architectures exhibit the best spectral perfor-
mance, reflecting more efficient electron extraction and reduced recombination 
losses. These results are in good agreement with previous studies reported by Yang 
et al. [26], who demonstrated that PCBM-SnS2-based ETLs significantly enhance 
electron extraction and spectral response in perovskite solar cells. The observed 
performance enhancement can be attributed primarily to improved energy level 
alignment between the conduction band of the perovskite absorber and that of the 
h-ETL. Based on these findings, TiO2-SnO2 is selected as the hybrid electron 
transport layer for the remainder of this study, as it enables the highest power 
conversion efficiency of 20.062%, an open-circuit voltage OCV  of 1.179 V, a 
short-circuit current density SCJ  of 23.085 mA∙cm−2, and a fill factor of 73.671% 
were obtained. These values are in good agreement with those reported for exper-
imental planar perovskite solar cells in the literature. Green et al. showed that or-
ganometal halide perovskite solar cells based on CH3NH3PbI3 typically exhibit 

OCV  values ranging from 1.05 to 1.20 V and current densities exceeding 22 
mA∙cm−2, closely matching the simulated results of this study [2]. Similarly, You 
et al. reported planar heterojunction perovskite solar cells with SCJ  values in the 
range of 22 - 24 mA∙cm−2 and efficiencies around 20%, confirming that the simu-
lated performance levels are representative of real devices [21]. The results of 
Chen et al. on planar cells fabricated via a vapor-assisted process also show com-
parable electrical parameters, particularly in terms of efficiency and current den-
sity [10]. 
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3.2. Influence of the Hybrid Electron Transport Layer (h-ETL) and  
Absorber Thickness 

In this section, the combined influence of the hybrid electron transport layer (h-
ETL) thickness and the absorber thickness is investigated. The h-ETL selected for 
this study is TiO2-SnO2, while the absorber layer consists of MAPI1−xClx. The 
thickness of the h-ETL is varied from 10 nm to 100 nm, whereas the absorber 
thickness ranges from 100 nm to 1000 nm, as illustrated in the corresponding 
Figure 4. 
 

 

Figure 4. The influence of the MAPI1−xClx absorber thickness on the electrical parameters 
as a function of the h-ETL thickness. 

 

 
Figure 5. Influence of the h-ETL thickness on the fill factor and conversion efficiency. 

 

In general, variations in both layer thicknesses lead to changes in all electrical 
parameters, although the h-ETL thickness exhibits a comparatively weaker influ-
ence. An excessively thin h-ETL may not fully cover the substrate, resulting in 
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increased interfacial recombination and defect formation, while an overly thick h-
ETL increases the series resistance of the device. To determine the optimal h-ETL 
thickness, the electrical parameters of the perovskite solar cell (PSC) were plotted 
as a function of the h-ETL thickness, as shown in Figure 5 and Figure 6. 
 

 

Figure 6. Influence of the h-ETL thickness on the open-circuit voltage and short-circuit current density. 
 

The results indicate that optimal device performance is achieved for an h-ETL 
thickness of approximately 30 nm. Regarding the absorber thickness, the 
MAPI1−xClx layer has a significant impact on all electrical parameters. The open-
circuit voltage OCV  and the fill factor (FF) exhibit similar trends, both decreas-
ing as the absorber thickness increases. In contrast, the short-circuit current den-
sity SCJ  increases with absorber thickness, reflecting enhanced photon absorp-
tion. The power conversion efficiency decreases sharply when the absorber thick-
ness is below 300 nm or exceeds 800 nm, indicating that optimal PSC perfor-
mance is achieved for absorber thicknesses in the range of 300 - 800 nm. 

These trends can be attributed to a balance between maximal optical absorp-
tion, reduced recombination losses, and efficient electron transport through the 
h-ETL. The obtained results are consistent with previous studies by Green et al. 
[2], who reported that absorber thicknesses in the range of 400 - 500 nm are often 
optimal for planar PSC architectures. Such thicknesses enable efficient visible light 
harvesting while maintaining fast charge transport toward the contacts, thereby 
minimizing recombination losses and internal resistances. For thicker perovskite 
layers, carrier transport limitations become more pronounced. Although mixed-
halide perovskites such as MAPI1−xClx exhibit longer carrier diffusion lengths ex-
ceeding 1 µm compared to pure iodide perovskites [8], absorber thicknesses below 
600 nm are generally recommended to limit recombination effects. Based on the 
above analysis, the h-ETL thickness has a relatively weak influence on the electri-
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cal parameters, whereas absorber thicknesses between 300 nm and 800 nm yield 
optimal device performance. 
 

 

Figure 7. Influence of the absorber thickness on electric parameters. 
 

To further refine the absorber thickness optimization, a detailed analysis of ab-
sorber thicknesses within this range was performed, as shown in Figure 7, which 
presents the dependence of SC OCJ ,V ,FF  and η on the MAPI1−xClx thickness. As 
observed in Figure 7, the power conversion efficiency increases with absorber 
thickness and reaches a maximum value of 20.37% at an absorber thickness of 
approximately 450 nm, beyond which the efficiency decreases. Both OCV , and 
FF exhibit decreasing trends with increasing absorber thickness, while SCJ  con-
tinuously increases, indicating improved conversion of absorbed photons into 
photogenerated carriers. 

Overall, this study demonstrates that optimal PSC performance is achieved with 
an absorber thickness of approximately 450 nm and an h-ETL thickness of about 30 
nm. The corresponding electrical parameters are summarized in Table 4, which 
compares the performance of the standard and optimized PSC configurations. 

 
Table 4. The performance of the standard and optimized PSC configurations. 

 ( )  %η  ( )  %FF  ( )OCV V  ( )2
SCJ mA cm  

PCS standard 20.062 73.671 1.179 23.085 

PCS optimized 20.309 75.988 1.111 24.053 

Relative improvement 1.23% +3.15% −5.77% +4.19% 
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The optimized perovskite solar cell exhibits a significant increase in SCJ  of 
+4.19%, which can be attributed to enhanced optical absorption and more effi-
cient electron collection and transport through the h-ETL. A slight decrease in 

OCV  of −5.77% is observed, while the fill factor increases significantly by +3.15%. 
This decrease in OCV  can be attributed to unfavorable conduction band align-
ment at the interface between the h-ETL and the MAPI1−xClx absorber. In this case, 
the simultaneous increase in SCJ  and the fill factor (FF) largely compensates for 
the loss in OCV , resulting in an overall improvement in power conversion effi-
ciency. The optimized perovskite solar cell is therefore more efficient, although 
slightly more prone to recombination. Despite the reduction in OCV  the opti-
mized PSC achieves a higher power conversion efficiency of 20.309%, compared 
to 20.062% for the standard device, corresponding to a relative improvement of 
1.23%. These results indicate that the proposed optimization strategy is both ef-
fective and physically consistent, particularly for applications targeting enhanced 
current density and fill factor rather than voltage gains. 

3.3. Influence of Defect Density in the Hybrid Electron Transport  
Layer (h-ETL) and the Absorber 

 

Figure 8. Influence of the defect density Nt in the h-ETL on the electrical parameters. 

 
In perovskite solar cells, interfacial recombination particularly at the h-ETL/ab-
sorber interface can constitute a dominant loss mechanism. In the present study, 
the simulation was deliberately focused on bulk defects within the absorber layer 

https://doi.org/10.4236/ampc.2026.162004


B. Traore et al. 
 

 

DOI: 10.4236/ampc.2026.162004 81 Advances in Materials Physics and Chemistry 
 

in order to systematically isolate and analyze the impact of the intrinsic material 
parameters and the h-ETL on device performance. This choice is justified by the 
fact that the h-ETLs are designed to improve interfacial quality, reduce energy 
band mismatches, and provide effective passivation of interfacial defect states. 
Figure 8 illustrates the influence of the defect density Nt in the hybrid electron 
transport layer (h-ETL) on the electrical parameters of the perovskite solar cell 
(PSC). This analysis allows the identification of three distinct regimes. For Pour 
Nt ≤ 1015 cm−3, very good device performance is obtained, with all electrical pa-
rameters remaining nearly unchanged. This behavior can be attributed to negligi-
ble carrier recombination resulting from the low density of defects. In the inter-
mediate range, 1015 < Nt ≤ 1017 cm−3, a gradual decrease in all electrical parameters 
is observed. When the defect density exceeds 1017 < Nt ≤ 1018 cm−3, a drastic deg-
radation of all PSC parameters occurs, which can be ascribed to enhanced recom-
bination processes mediated by the high density of defect states. Overall, the per-
formance of MAPI1−xClx-based solar cells remains weakly sensitive to the defect 
density of the h-ETL as long as it remains below approximately 1015 cm−3. Beyond 
this critical threshold, recombination becomes dominant, leading to a rapid de-
cline in all electrical parameters. The defect density Nt within the MAPI1−xClx ab-
sorber bulk is a crucial parameter governing the performance and stability of per-
ovskite solar cells. It is generally reported to lie in the range from 1013 cm−3 to 1018 
cm−3 [26]. In this study, the impact of defect density in the MAPI1−xClx absorber 
layer on the electrical performance and stability of PSCs is analyzed, as shown in 
Figure 9. In general, all electrical parameters ( )SC OCJ ,V ,FF,η  decrease with in-
creasing defect density in the MAPI1−xClx absorber. The performance of 
MAPI1−xClx-based solar cells remains nearly unchanged as long as the absorber 
defect density is below 1013 cm−3, with a power conversion efficiency exceeding 
22.25%, an open-circuit voltage close to 1.24 V, a short-circuit current density of 
approximately 24 mA∙cm−2, and a fill factor above 80%. These excellent perfor-
mances can be attributed to negligible non-radiative recombination and nearly 
optimal charge carrier collection. Beyond this critical value, a progressive degra-
dation of device performance is observed due to the dominance of non-radiative 
recombination, resulting in a pronounced reduction of the short-circuit current 
density SCJ . These findings are consistent with the works of Tress et al. [22] and 
Stranks et al. [8], who also reported a gradual decrease in SCJ  when the defect 
density exceeds 1015 cm−3. Above this threshold, the fill factor (FF), power conver-
sion efficiency (η), and open-circuit voltage OCV  decrease almost linearly with 
increasing defect density. These results confirm that the performance of 
MAPI1−xClx perovskite solar cells is extremely sensitive to the crystalline quality 
of the absorber layer and that controlling the defect density below approxi-
mately 1015 cm−3 is a key requirement for achieving high efficiency and long-
term stability. Several studies have demonstrated that PSC performance is 
strongly limited by the defect density in the absorber layer, particularly when it 
exceeds the critical range of 1015 - 1016 cm−3. In particular, Wang et al. showed 
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through numerical simulations that increasing the defect density beyond 1016 
cm−3. leads to a significant reduction in the open-circuit voltage due to enhanced 
Shockley-Read-Hall recombination [26]. Overall, reducing the absorber defect 
density below the critical threshold of 1015 cm−3 effectively suppresses Shockley-
Read-Hall recombination, increases carrier lifetime, and improves charge ex-
traction toward the electrodes, thereby enhancing the performance of hybrid 
perovskite solar cells. 
 

 

Figure 9. Influence of the defect density Nt in the MAPI1−xClx absorber on the electrical parameters. 

4. Conclusion 

In this numerically based study, the SCAPS-1D simulation software was employed 
to investigate the impact of various hybrid electron transport layers (h-ETLs) on 
the performance of perovskite solar cells. The results demonstrate that among the 
different configurations examined, devices incorporating PCBM-SnS2 and TiO2-
SnO2 h-ETLs exhibit the best optoelectronic performance, particularly in terms of 
external quantum efficiency and overall power conversion efficiency. These supe-
rior performances are attributed to improved energy band alignment with the 
MAPI1−xClx absorber layer, which promotes efficient electron extraction and re-
duces interfacial recombination losses. Based on these findings, the TiO2-SnO2 
configuration was selected for further investigations due to its enhanced stability 
and superior electrical performance. A combined parametric study of the absorber 
and h-ETL thicknesses revealed that an optimal thickness of approximately 450 
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nm for the MAPI1−xClx absorber and 30 nm for the TiO2-SnO2 layer yields the best 
overall device performance. Under these optimized conditions, a notable im-
provement in photovoltaic parameters was observed, including an increase in the 
short-circuit current density SCJ  of approximately 4.19%, a controlled variation 
in the open-circuit voltage OCV  and an overall efficiency enhancement of about 
1.23%. Furthermore, the analysis of defect density effects revealed that device per-
formance is significantly more sensitive to defects in the absorber layer than in the 
electron transport layer. In particular, reducing the absorber defect density below 
the critical threshold of approximately 1015 cm−3 leads to a substantial suppression 
of non-radiative recombination mechanisms, resulting in marked improvements 
in open-circuit voltage, fill factor, and overall efficiency. These findings highlight 
the crucial role of parameters such as layer thickness and defect density in the 
design of next-generation high-efficiency perovskite solar cells and provide valu-
able guidelines for further performance optimization. 
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