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Abstract  
Despite the rapid progress achieved in stability optimization of methylammonium lead 

iodide (CH₃NH₃PbI₃, MAPbI₃)–based perovskite solar cells (PSCs), further enhancement 

of device efficiency and operational stability remains a critical challenge, particularly 

through the optimization of charge transport layers. In this work, Ag–In co-doped SnO₂ thin 

films were synthesized via a cost-effective spray pyrolysis deposition technique and 

systematically investigated as electron transport layers (ETLs) for planar MAPbI₃ PSCs. 

The influence of silver doping concentration on the structural, optical, and electrical 

properties of SnO₂ was experimentally examined using Hall effect and UV–Vis 

spectroscopy measurements. The optimized SnO₂:Ag–In film, containing 3% Ag and 2% 

In, exhibited a low sheet resistance of 14.2 Ω sq⁻¹, high average optical transmittance of 

92.39% in the visible range, and an enhanced optoelectronic figure of merit, indicating an 

excellent balance between conductivity and transparency.To establish a direct correlation 

between ETL material properties and device performance, experimentally extracted 

parameters were incorporated into SCAPS-1D numerical simulations. The optimized 

device architecture (FTO/Ag–In:SnO₂/MAPbI₃/Cu₂O/Au) achieved a remarkable power 

conversion efficiency of 31.82%, with an open-circuit voltage of 1.2868 V, a short-circuit 
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Introduction 
Global interest within the solar cell (SC) 

research community in improving the 

performance of perovskite solar cells (PSCs) 

has led to a remarkable increase in their 

power conversion efficiency (PCE). Since 

their initial reported efficiency of 3.8% in 

2009 [1], PSCs have rapidly progressed to 

22.1% in 2017 [2] and are projected to reach 

25.7% by 2023 [3]. This growing interest is 

driven by the continuous rise in global energy 

demand resulting from increased per capita 

energy consumption and rapid economic 

expansion. 

Third-generation solar cells that employ 

organic–inorganic halide perovskites as light 

absorbers have attracted considerable 

attention due to their high performance and 

low production cost [4]. These materials 

exhibit exceptional optoelectrical properties, 

including tunable band gaps, long electron 

and hole diffusion lengths, low exciton 

binding energy, high defect tolerance, and 

excellent bipolar charge transport capabilities 

[5]. In addition, their chemical flexibility 

enables molecular engineering of the 

perovskite components, offering further 

opportunities for performance optimization 

[6]. 

Despite these advantages, perovskite 

absorber layers—typically 

methylammonium lead iodide (CH₃NH₃PbI₃ 

or MAPbI₃)—suffer from intrinsic and 

extrinsic defects that can negatively affect 

device performance. These defects may 

induce hysteresis [7], non-radiative 

recombination [8], charge trapping [9], 

charge scattering [10], and ion migration 

[11], ultimately limiting device stability and 

efficiency. Hybrid perovskites possess a 

crystal structure described by the general 

formula AMX₃ [12], where X represents a 

halide anion (Cl⁻, Br⁻, or I⁻), M denotes a 

divalent metal cation such as Pb²⁺, Sn²⁺, or 

Ge²⁺, and A is a small organic cation, 

current density of 27.42 mA cm⁻², and a fill factor of 90.18%. A comprehensive parametric 

analysis was further conducted to evaluate the effects of absorber layer thickness, acceptor 

doping concentration, and defect density on device performance, leading to the 

identification of optimal design conditions for maximum efficiency. The results reveal that 

reduced defect density, optimized absorber thickness, and appropriate doping levels 

significantly suppress recombination losses and enhance charge extraction. Overall, this 

integrated experimental–simulation study demonstrates that Ag–In co-doped SnO₂ is a 

highly promising ETL for next-generation high-efficiency perovskite solar cells. The 

findings provide valuable insights into the rational design and optimization of charge 

transport layers, offering a viable pathway toward improved performance and stability in 

lead-based PSC technologies. 

 

Keywords: Perovskite solar cells; Ag–In co-doped SnO₂; Electron transport layer; Spray 

pyrolysis; SCAPS-1D simulation; Device optimization 
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including CH₃NH₃⁺, CH₂(NH₂)₂⁺, or C₂H₅NH₃⁺ [13]. 

The basic planar n–i–p architecture of PSCs comprises several functional layers: a transparent 

conducting oxide (TCO), an electron transport layer (ETL), the perovskite absorber layer 

(MAPbI₃), a hole transport layer (HTL), and a metallic back contact [14]. Each layer plays a 

crucial role in determining the overall efficiency and stability of the device. High-efficiency 

laboratory-scale PSCs commonly employ organic HTLs such as Spiro-MeOTAD, P3HT, 

PTAA, and PEDOT:PSS, as well as inorganic HTLs including NiO, CuI, Cu₂O, and CuSCN. 

A wide range of ETLs has also been investigated, including TiO₂, SnO₂, ZnO, PCBM, WO₃, 

ZnSe, CdZnS, C₆₀, IGZO, CdS, and others [15]. 

To minimize charge carrier recombination, the HTL should exhibit high carrier mobility and 

form a high-quality interface with the perovskite absorber layer [16]. Titanium dioxide (TiO₂) 

is one of the most widely used ETLs in PSCs due to its favorable electronic properties; 

however, its application is hindered by issues such as ion migration, ultraviolet (UV)-induced 

instability, and rapid performance degradation under UV exposure [17]. Consequently, 

alternative metal oxides such as zinc oxide (ZnO) and tin dioxide (SnO₂) have been extensively 

explored as substitutes for TiO₂ [18]. 

In this work, we investigate the optoelectrical properties of Ag–In co-doped SnO₂ thin films 

deposited using the spray pyrolysis technique, a simple and cost-effective fabrication method. 

The performance of Ag–In:SnO₂ as an ETL is systematically evaluated and compared with 

commonly used ETL materials, including TiO₂, PCBM, CdZnS, ZnO, ZnSe, IGZO, C₆₀, WO₃, 

and CdS. Methylammonium lead iodide (MAPbI₃) is employed as the absorber layer, while 

cuprous oxide (Cu₂O) is used as the HTL. Fluorine-doped tin oxide (FTO) is selected as the 

TCO due to its chemical inertness, thermal stability, mechanical robustness, high electrical 

conductivity, lower cost, and stable sheet resistance during high-temperature processing, in 

contrast to indium tin oxide (ITO), which exhibits increased resistance during sintering [19]. 

Device performance and optimization are analyzed using the SCAPS-1D software, a one-

dimensional solar cell capacitance simulation tool. 

 

Problem Statement 

Despite the rapid advancement in perovskite solar cell (PSC) technology, achieving high 

efficiency together with long-term operational stability remains a major challenge. 

Methylammonium lead iodide (MAPbI₃)–based PSCs suffer from intrinsic and extrinsic 

defects that cause non-radiative recombination, charge trapping, ion migration, and 

performance degradation. Additionally, conventional electron transport layers (ETLs), 

particularly TiO₂, exhibit limitations such as ultraviolet-induced instability and reduced 

durability under operating conditions. These challenges hinder the large-scale 

commercialization of PSCs. Therefore, there is a need to explore alternative ETL materials 

with improved optoelectronic properties and to optimize key device parameters—such as 

absorber thickness, doping concentration, and defect density—to enhance both efficiency and 

stability of MAPbI₃-based solar cells. 
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Objectives of the Study 

1. To synthesize and characterize Ag–In co-doped SnO₂ thin films and evaluate their 

optoelectrical properties as potential electron transport layers. 

2. To investigate the performance of MAPbI₃-based perovskite solar cells incorporating 

the co-doped SnO₂ ETL using numerical simulation (SCAPS-1D). 

3. To determine the optimal device parameters—including absorber thickness, doping 

concentration, and defect density—for maximizing photovoltaic performance. 

 

Research Questions 

1. How do Ag–In co-doped SnO₂ thin films perform as electron transport layers in 

MAPbI₃-based perovskite solar cells? 

2. What is the effect of incorporating Ag–In co-doped SnO₂ on the efficiency and 

stability of the PSC device compared with conventional ETLs? 

3. What are the optimal absorber-layer parameters (thickness, doping concentration, and 

defect density) required to achieve maximum device performance? 

 

Experimental Procedures 

Spray pyrolysis deposition (SPD) was selected as the thin-film fabrication technique due to its 

simplicity, cost-effectiveness, and ability to produce uniform, large-area oxide films with well-

controlled stoichiometry. Ag–In co-doped SnO₂ thin films were deposited on thoroughly 

cleaned glass substrates with dimensions of 1 × 1.5 cm² using the SPD method. In this 

technique, a precursor solution is atomized and sprayed onto a heated substrate, where thermal 

decomposition and chemical reactions lead to the formation of the thin film. 

The precursor solutions were prepared using tin(IV) chloride pentahydrate (SnCl₄·5H₂O, 

99.99%, Alfa Aesar) as the tin source, with indium chloride (InCl₃, 99.99%, Alfa Aesar) and 

silver nitrate (AgNO₃, 99.99%, Alfa Aesar) serving as dopant precursors. These chemicals 

were dissolved at appropriate concentrations in ethanol (C₂H₅OH, 99.99%, Alfa Aesar). The 

resulting solution was atomized using argon as the carrier gas and directed onto the heated 

substrates to form co-doped SnO₂ thin films. 

The uniformity and surface morphology of the deposited Ag–In:SnO₂ layers were strongly 

influenced by several deposition parameters, including substrate temperature, precursor flow 

rate, spray rate, and nozzle-to-substrate distance. In this study, the substrate temperature was 

maintained at approximately 450 °C to ensure sufficient thermal decomposition of the 

precursors and to enhance film crystallinity while preventing film cracking. The atomization 

rate and carrier gas flow were optimized to achieve fine aerosol formation and uniform droplet 

distribution across the substrate surface. The nozzle-to-substrate distance was kept constant to 

control film thickness and minimize shadowing effects. 

Electrical characterization of the films was carried out using an ECOPIA HMS-1000 Hall 

measurement system operating in the van der Pauw configuration. This technique enabled 
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precise determination of key electrical parameters, including charge carrier concentration, 

carrier mobility (μ), electrical conductivity (σ), and resistivity (ρ). 

The Hall effect, which describes the development of a transverse voltage in a current-carrying 

conductor subjected to a magnetic field, was utilized to evaluate charge transport properties. 

In the van der Pauw method, which is suitable for nearly square and uniform samples, current 

is applied between diagonally opposite contacts while a magnetic field is applied 

perpendicular to the sample surface. The Hall coefficient is then determined from the voltage 

measured across the remaining two contacts, both in the presence and absence of the magnetic 

field. The Hall coefficient is directly related to the charge carrier concentration and mobility. 

Four electrical probes were mounted on the surface of a ceramic sample holder and connected 

to coaxial cables from the underside of the holder. The probes were centrally hinged, allowing 

precise adjustment for measurements on samples with an effective square area of 8 mm × 8 

mm. A magnetic field strength of 0.56 Tesla was applied during the measurements. Film 

thickness was determined using a mechanical profilometer. 

Optical characterization was performed using a PerkinElmer Lambda 950 UV–Vis–NIR 

spectrophotometer operated at a scanning rate of 0.1 nm s⁻¹ to obtain the optical transmittance 

and absorption spectra of the thin films. 

 

Simulation Framework 

The solar cell (SC) modeling tool used in this study was SCAPS-1D, a numerical simulation 

software developed by the Department of Electronics and Information Systems at the 

University of Ghent, Belgium [21]. All device structures discussed in the subsequent sections 

were designed and simulated using this software. SCAPS-1D employs numerical 

differentiation in combination with Gummel’s iterative method to solve the Poisson equation 

and the continuity equations for charge carriers, namely electrons and holes [22]. Once the 

operating point is determined, the software generates key photovoltaic parameters, including 

current density, electric potential, power conversion efficiency, and fill factor. 

A series of perovskite solar cell structures were proposed and computationally designed under 

standard operating conditions using the AM 1.5G solar spectrum at a temperature of 300 K 

and an incident light intensity of 1000 W m⁻². To investigate the influence of the electron 

transport layer (ETL) on device performance, a comparative analysis was conducted between 

Ag–In co-doped SnO₂–based structures and several commonly used organic and inorganic 

ETL materials. 

The simulated device architecture consisted of fluorine-doped tin oxide (FTO) as the anode, 

methylammonium lead iodide (MAPbI₃) as the active absorber layer, and cuprous oxide 

(Cu₂O) as the hole transport layer (HTL). The ETL materials considered in this study included 

Ag–In:SnO₂, TiO₂, PCBM, CdZnS, ZnO, ZnSe, IGZO, C₆₀, WO₃, and CdS. A schematic 

illustration of the simulation framework is presented in Fig. 1, while the detailed input 

parameters used for the device simulations are summarized in Table 1. 
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The electron and hole thermal velocities were set to 10⁷ cm s⁻¹. The work functions of the front 

and back contacts were defined as 4.4 eV for FTO and 5.1 eV for the gold (Au) back contact, 

respectively. To more accurately represent interfacial recombination effects, interface defect 

layers (IDLs) were introduced at the ETL/MAPbI₃ and MAPbI₃/HTL interfaces. The 

parameters associated with these interface defect layers are provided in Table 1. 

 

Figure 1 FTO/ETL/MAPbI3/Cu2O/Au 

 

Table 1 The defect parameters of various layers of the simulated device [12] 

Parameters FTO ETL MAPbI3 Cu2O MAPbI3/HTM ETL/MAPbI3 

Type Neutral Neutral Neutral Neutral acceptor acceptor 

defect density Nt 

(cm−3) 

1015 – 1016 1014 109 109 

Capture 

cross 

section 

electrons 

(cm2) 

10–15 10–15 10–15 10–15 10–18 10–19 

Capture 

cross 

section 

holes 

(cm2) 

10–15 10–15 10–15 10–15 10–19 10–20 

Reference for defect 

energy level Et 

Above 

EV 

Above 

EV 

Above 

EV 

Above 

EV 

Above highest 

EV 

Above highest 

EV 

Energy level with 

respect to reference 

0.6 0.6 0.6 0.6 0.32 0.07 

 

Table 2 Average transmissions values of SnO2:Ag-In films and their maxima 

0 3.55 97.97 96.62 99.56 782.1 

1 3.41 96.96 96.25 99.04 795.0 

2 3.39 94.10 93.69 97.03 675.7 

3 3.32 92.39 92.20 94.51 790.3 

4 3.29 90.25 90.54 93.29 862.0 

8 3.16 85.68 85.95 89.97 772.1 

12 3.05 81.57 81.30 85.34 744.5 
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Optical Study 

The average transmittance (T_avg) of the SnO₂:Ag–In thin films, evaluated in the visible 

region (400–800 nm) as well as over the entire measured optical range (350–1000 nm), is 

summarized in Table 2. The table also presents the maximum transmittance values and their 

corresponding wavelengths for different silver doping concentrations. Figure 2 illustrates the 

variation of optical transmittance of the SnO₂:Ag–In films as a function of wavelength. 

For all samples, the transmittance reaches its maximum within the visible region, specifically 

between 675 and 862 nm. The maximum transmittance decreases monotonically with 

increasing silver doping concentration, from 97.97% for the undoped sample to 81.57% for 

the sample doped with 12% Ag. 

The absorption coefficient, α (cm⁻¹), was calculated from the measured transmittance data 

using the relation 

 

α = (1/d) ln(1/T) = (2.303/d) log10(1/T)  …………………………………………………. 1 

 

where d is the film thickness (cm), T is the transmission coefficient, and R is the reflection 

coefficient (in %) [15]. 

 

The UV–Vis absorption spectra were further used to determine the optical band gap of the 

films. According to the literature, the investigated compounds exhibit a direct allowed 

transition. Therefore, the optical band gap was evaluated using the Tauc relation: 

 

(αhν)² = A(hν − E_g) ………………………………………………………………………2 

 

where α is the absorption coefficient (cm⁻¹), hν is the photon energy (eV), A is a material-

dependent constant, and E_g is the optical band gap energy (eV). 

 

By plotting (αhν)² as a function of 

photon energy hν and 

extrapolating the linear portion of 

the curve to intersect the photon-

energy (abscissa) axis, the optical 

band gap E_g was determined (see 

Fig. 3). 

The results show that increasing 

the Ag concentration leads to a 

reduction in the optical band gap, 

decreasing from 3.55 eV for the 

undoped film to 3.05 eV for the 

film with the highest Ag content. 

Fig. 2 Optical transmittance of SnO2:In-Ag thin films of 

different Ag doping concentration 
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Fig. 3 Optical transmittance of SnO2:In-Ag thin films of different Ag doping concentration 

 

Electrical study 

The electrical properties of SnO₂:Ag–In thin films were investigated as a function of silver 

doping concentration using Hall effect measurements in a four-point coplanar configuration. 

The electrical parameters obtained for the SnO₂:Ag–In films are summarized in Table 4. The 

results show that the electrical resistivity decreases progressively with increasing Ag doping 

at low concentrations. A sheet resistance of 27.3 Ω sq⁻¹ was measured for the undoped SnO₂ 

film, which gradually decreased with the incorporation of small amounts of silver, reaching a 

minimum value of 11.9 ± 0.7 Ω sq⁻¹ for films doped with 4% Ag. 

This reduction in resistivity indicates that, at low doping levels, silver is uniformly 

incorporated into the SnO₂ lattice and acts as an effective dopant by increasing the charge 

carrier concentration, thereby enhancing the electrical conductivity of the films. However, at 

higher doping concentrations (8–12%), the electrical resistivity of the co-doped SnO₂ films 

increases again, reaching approximately 24.8 Ω sq⁻¹ for films containing 12% Ag. This 

increase may be attributed to the segregation of silver and its subsequent oxidation, which can 

disrupt charge transport pathways and introduce trap states that hinder carrier conduction [23]. 

The figure of merit is an important parameter for evaluating the overall optoelectronic 

performance of the films, as it reflects the balance between electrical conductivity and optical 

transparency. 
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Table 4 Electrical parameters obtained for deposited SnO2:Ag-In thin films 

 

 
Fig. 4 Influence of increasing Ag  concentration in ETL on PCE 

 

Figure 4 illustrates the influence of increasing silver concentration in the electron transport 

layer (ETL) on the power conversion efficiency (PCE) reliability of transparent electrodes, 

highlighting the trade-off between electrical conductivity and optical transparency. The figure 

of merit, which serves as a key parameter for evaluating the optoelectrical performance of 

transparent conducting films, was determined using the method proposed by G. Haacke [24]. 

The figure of merit reaches its maximum values for SnO₂:Ag–In films doped with 3% and 4% 

Ag, with values of (3.20 ± 0.19) × 10⁻² and (3.02 ± 0.17) × 10⁻², respectively. For Ag doping 

concentrations below 3%, the figure of merit remains relatively high, indicating a favorable 

balance between optical transmittance and electrical conductivity. However, at higher doping 
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levels, the figure of merit decreases due to the degradation of optical transparency and 

increased carrier scattering 

 The figure of merit remains relatively high for low silver doping concentrations, varying from 

(4.29 ± 0.26) × 10⁻² to (2.99 ± 0.11) × 10⁻². However, it decreases significantly at higher 

doping levels (8–12%), reaching values as low as approximately (0.56 ± …) × 10⁻². This 

decline is attributed to the deterioration of optoelectrical properties caused by excessive silver 

incorporation. 

Based on the optoelectrical analysis, it can be concluded that an Ag doping concentration of 

3% represents the optimal condition for achieving SnO₂:Ag–In thin films with a favorable 

balance between high optical transparency and low electrical resistivity. 

 

Comparison of Different ETLs and Their Performance 

The proposed perovskite solar cell was designed using a planar n–i–p architecture with the 

configuration Glass/FTO/ETL/MAPbI₃/Cu₂O/Au to investigate the influence of different 

electron transport layers (ETLs) on key photovoltaic performance parameters, including the 

fill factor (FF), open-circuit voltage (V_OC), short-circuit current density (J_SC), and power 

conversion efficiency (PCE). In particular, the effects of varying band gaps associated with 

SnO₂:Ag–In films and other commonly used ETLs were systematically examined. 

The experimentally determined thicknesses and band gap values of the SnO₂:Ag–In films were 

incorporated into the SCAPS-1D simulations to evaluate their impact on device performance. 

As shown in Fig. 4, the PCE exhibits slight variation with increasing silver concentration in 

the ETL, reaching 23.55% for the device incorporating 3% Ag-doped SnO₂. Figure 5 presents 

the photovoltaic parameters used in the simulations. 

A total of ten device structures were analyzed, each with uniform layer thicknesses of 500 nm 

for the FTO electrode, 141 nm for the ETLs (SnO₂:Ag–In (3%), TiO₂, PCBM, CdZnS, ZnO, 

ZnSe, IGZO, C₆₀, WO₃, and CdS), 450 nm for the MAPbI₃ absorber layer, and 200 nm for 

both the Cu₂O hole transport layer and the Au back contact. For consistency, a uniform shallow 

donor density (N_D) of 1 × 10¹⁷ cm⁻³ was assigned to all ETLs. 

Among the ETLs investigated, the device employing SnO₂:Ag–In (3%) demonstrated the best 

overall performance, achieving a fill factor of 88.61% and a power conversion efficiency of 

23.51%. The simulated current–voltage (J–V) characteristics of the devices are shown in Fig. 

6. Notably, the SnO₂:Ag–In (3%)-based device delivered the highest short-circuit current 

density (J_SC) of 24.86 mA cm⁻² and an open-circuit voltage (V_OC) of 1.0670 V. This 

enhanced performance can be attributed to favorable energy band alignment at the 

ETL/MAPbI₃ interface, which promotes efficient charge extraction and suppresses 

recombination losses. 

Furthermore, the SnO₂:Ag–In (3%)-based perovskite solar cell exhibited high photon 

absorption efficiency, contributing to the observed increase in current density. Based on these 

results, SnO₂:Ag–In (3%) was selected as the optimal ETL for the second phase of this study. 

A detailed analysis was subsequently conducted to investigate the effects of absorber layer 
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properties—including MAPbI₃ thickness, donor density, and defect density—on the overall 

device performance. 

Fig. 5 Device performance parameters by varying ETMs with perovskite thickness set as 450 

nm 

 

 
Fig. 6 Influence of different ETM candidates on the MAPbI3-based solar cell performance 

using Cu2O as HTM (a) J-V characteristics, (b) quantum efficiency 

 

Effect of the Absorber Layer Thickness 

The thickness of the active absorber layer is one of the most critical parameters influencing 

the performance of perovskite solar cells, as it directly affects the propagation length and 

lifetime of photogenerated charge carriers (electrons and holes) [23]. Therefore, careful 

optimization of the absorber thickness is essential to achieve high device efficiency. 
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Figure 7 presents the quantum efficiency (QE) spectra and the current–voltage (J–V) 

characteristics for absorber thicknesses ranging from 100 to 2000 nm. Both the external 

quantum efficiency (EQE) and internal quantum efficiency (IQE) were considered in 

evaluating device performance. The EQE is defined as the ratio of the number of charge 

carriers generated in the absorber to the number of incident photons, whereas the IQE 

represents the ratio of collected charge carriers contributing to the photocurrent to the number 

of absorbed photons at a given wavelength [24]. 

Increasing the absorber thickness enhances photon absorption within the MAPbI₃ layer, 

leading to a higher generation rate of photoexcited charge carriers. This improvement 

positively influences the quantum efficiency and results in an increase in the short-circuit 

current density (JSC). However, excessive absorber thickness increases the probability of 

charge carrier recombination, particularly when the carrier diffusion length becomes shorter 

than the absorber thickness, as illustrated in Fig. 7a. Under such conditions, a significant 

fraction of photogenerated carriers recombine before reaching the charge-collecting contacts, 

thereby degrading device performance [25]. 

Further increases in the thickness of the MAPbI₃ absorber layer lead to a continuous rise in 

quantum efficiency, reaching a near-saturation maximum value of approximately 99.9%, as 

shown in Fig. 7b. This high QE indicates efficient generation of electron–hole pairs within the 

absorber. To explain the slight variation observed in the open-circuit voltage (Vₒc), an 

analytical approximation based on the single-diode model can be applied [26]: 

VOC = (n k T / q) ln(JSC / J0 + 1) 

where n is the diode ideality factor, k is Boltzmann’s constant, T is the absolute temperature, 

q is the elementary charge, and J0 is the reverse saturation current density.  

The term nkT/q represents the thermal voltage. 

The influence of absorber thickness on the short-circuit current density (JSC) is illustrated in 

Fig. 8. As the absorber thickness increases, JSC rises from 13.94 mA cm⁻² to a maximum value 

of 28.15 mA cm⁻², which approximately corresponds to the carrier diffusion length. Beyond 

this thickness, JSC enters a saturation regime, indicating that additional absorber material no 

longer contributes significantly to photocurrent generation. 

In contrast, increasing the absorber thickness adversely affects both the open-circuit voltage 

(VOC) and the fill factor (FF). Specifically, VOC decreases from 1.0901 V to 1.0320 V, while 

the FF declines from 75.79% to 69.04%. This behavior is attributed to enhanced charge carrier 

recombination [27] and an increase in the reverse saturation current density J0 [28], as 

described by Eq. (4). 

Despite the reductions in VOC and FF, the improved light absorption associated with increased 

absorber thickness leads to an overall enhancement in the power conversion efficiency (PCE). 

The PCE reaches a maximum value of 25.48% at an absorber thickness of 900 nm. Beyond 

this point, the PCE remains nearly constant up to approximately 1700 nm, after which a 

gradual decline is observed. 
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Considering both device performance and the increased material consumption and fabrication 

costs associated with thicker absorber layers, an optimal MAPbI₃ thickness of 900 nm is 

selected for subsequent simulations. At this optimized thickness, the device exhibits a VOC of 

1.0516 V, a JSC of 27.39 mA cm⁻², a fill factor of 88.46%, and a PCE of 25.48%. 

 

 

 

Effect of Absorber Doping Concentration (Nₐ) 

The doping density is a key parameter governing the electrical properties of the individual 

layers in a solar cell, as it determines their p-type or n-type behavior and strongly influences 

charge transport and recombination processes. By controlling the doping level, the electrical 

conductivity of the absorber can be effectively tuned, thereby impacting overall device 

performance. 

In this study, the effect of varying the acceptor doping concentration (Nₐ) of the MAPbI₃ 

absorber layer was investigated over the range from 1×10131 \times 10^{13}1×1013 to 

5×1021 cm−35 \times 10^{21}\,\text{cm}^{-3}5×1021cm−3, while maintaining the 

previously optimized layer thicknesses. Figure 9 illustrates the dependence of the photovoltaic 

parameters on the absorber doping concentration. 

The values of Vₒc, Jₛc, FF, and PCE remain relatively stable up to an acceptor concentration 

of 1×1016 cm−31 \times 10^{16}\,\text{cm}^{-3}1×1016cm−3. Beyond this threshold, a 

pronounced enhancement in device performance is observed as the doping level increases. 

Most parameters continue to improve up to a concentration of 1×1021 cm−31 \times 

10^{21}\,\text{cm}^{-3}1×1021cm−3, with the exception of Jₛc, which exhibits a slight 

reduction at very high doping levels. 

This behavior can be attributed to a decrease in the reverse saturation current density (J₀), 

leading to enhanced Vₒc and FF, as described by Eq. (4). As shown in Fig. 9, the maximum 

power conversion efficiency is achieved at high absorber doping concentrations, indicating 

improved carrier collection and reduced recombination losses. 

To ensure both high performance and device stability, an acceptor doping concentration of 

1×1020 cm−31 \times 10^{20}\,\text{cm}^{-3}1×1020cm−3 was selected for subsequent 
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simulations. Under these optimized conditions, the solar cell exhibits a Vₒc of 1.1707 V, a Jₛc 

of 27.36 mA cm⁻², a fill factor of 89.43%, and a power conversion efficiency of 28.65%. 

 

Effect of Absorber Defect Density (Nₜ) 

In addition to absorber thickness and acceptor doping concentration, the total defect density 

(Nₜ) within the perovskite absorber layer plays a critical role in determining the performance 

and stability of perovskite solar cells (PSCs). An increased defect density enhances 

nonradiative recombination, promotes pinhole formation, accelerates film degradation, and 

ultimately degrades device efficiency and operational stability [29]. Consequently, PSCs with 

high defect densities typically exhibit reduced carrier lifetimes and inferior photovoltaic 

performance. 

To evaluate the influence of absorber defect density on device characteristics, simulations 

were conducted by varying Nₜ from 1×10121 \times 10^{12}1×1012 to 1×1017 cm−31 \times 

10^{17}\,\text{cm}^{-3}1×1017cm−3. The resulting current–voltage (J–V) characteristics 

for different defect densities are presented in Fig. 10, while Fig. 11 illustrates the 

corresponding evolution of key photovoltaic parameters. 

As the defect density increases, a systematic degradation in overall device performance is 

observed. This decline manifests as reductions in Vₒc, Jₛc, fill factor (FF), and power 

conversion efficiency (PCE). The observed trend is primarily attributed to enhanced 

Shockley–Read–Hall (SRH) recombination, which becomes more pronounced at higher defect 

concentrations and limits effective charge carrier transport and collection within the absorber 

layer 

 

Fig. 8 Variation of device  performance with 

absorber  thickness 

 

It is observed that Jₛc, FF, and PCE exhibit only a 

slight reduction as the defect density increases up 

to 1×1015 cm−3 . Beyond this threshold, all three 

parameters decrease rapidly with further increases 

in defect density. The reduction in Jₛc can be 

attributed to defect-assisted charge carrier 

recombination, which in turn leads to a decline in 

the fill factor due to the increased series resistance 

of the device [30]. As the defect density increases, 

the open-circuit voltage (Vₒc) decreases 

significantly, dropping from 1.2868 V to 1.0061 

V, indicating a strong sensitivity of Vₒc to defect-

related recombination processes. 
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The overall deterioration in device performance is primarily associated with the increased 

density of defect states, which act as trapping centers and create additional nonradiative 

recombination pathways within the absorber layer [31]. Consequently, as the defect density 

rises, the power conversion efficiency decreases dramatically from 31.82% to 11.71%. This 

efficiency loss is mainly due to the reduced charge carrier diffusion length and the enhanced 

recombination of photogenerated carriers within the perovskite absorber layer [32]. 

 

Comparison Between Experimental Data and Simulated Device Parameters 

Considering all optimization stages, an optimal device configuration was achieved with an 

absorber thickness of 900 nm, an acceptor doping concentration of 1 × 1020 cm-3, and a defect 

density of 1 × 1012 cm-3. Under these conditions, the simulated perovskite solar cell exhibits 

the following performance parameters: an open-circuit voltage (VOC) of 1.2868 V, a short-

circuit current density (JSC) of 27.42 mA·cm-2, a fill factor (FF) of 90.18%, and a power 

conversion efficiency (PCE) of 31.82%. 

 

CONCLUSION 

In this study, the performance of planar perovskite solar cells (PSCs) with a 

Glass/FTO/ETL/MAPbI₃/Cu₂O/Au configuration was systematically enhanced through 

comprehensive numerical optimization using the SCAPS-1D simulation platform. 

Experimentally obtained optoelectrical properties of Ag–In co-doped SnO₂ thin films were 

incorporated into the model to assess their effectiveness as electron transport layers (ETLs). 

The results demonstrate that Ag–In:SnO₂ is a highly promising ETL material, yielding 

superior device performance compared with several conventional ETLs due to its favorable 

band alignment, high conductivity, and excellent optical transparency. 

A detailed parametric study revealed that the absorber layer thickness strongly influences 

photon absorption and carrier recombination. An optimal MAPbI₃ thickness of 900 nm was 

identified, providing a balance between efficient light harvesting and minimal recombination 

losses. Similarly, the acceptor doping concentration of the absorber was found to be a critical 

factor controlling carrier transport and device output. Increasing the doping density improved 

the built-in electric field and carrier collection efficiency, with an optimal value of 1 × 10²⁰ 

cm⁻³ yielding the best performance. 

The impact of defect density within the absorber layer was also examined, showing that 

increased defect concentrations significantly degrade device performance due to enhanced 

Shockley–Read–Hall recombination and reduced carrier lifetimes. Low defect densities (~1 × 

10¹² cm⁻³) were therefore essential for achieving high efficiency and operational stability. 

Under the optimized conditions—absorber thickness of 900 nm, acceptor doping 

concentration of 1 × 10²⁰ cm⁻³, and defect density of 1 × 10¹² cm⁻³—the simulated PSC 

achieved outstanding performance metrics, including an open-circuit voltage (Vₒc) of 1.2868 

V, a short-circuit current density (Jₛc) of 27.42 mA·cm⁻², a fill factor of 90.18%, and a power 
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conversion efficiency (PCE) of 31.82%. These results highlight the strong potential of Ag–In 

co-doped SnO₂ as an efficient ETL for high-performance perovskite solar cells. 

Overall, this work provides valuable insights into the interplay between material properties 

and device physics in PSCs and offers practical guidelines for the design and optimization of 

next-generation high-efficiency perovskite solar cells. 

 

 

Fig. 9 Variation of device  performance with 

acceptor doping  concentration of the 

absorber 

 

The simulation results clearly demonstrate 

that Ag–In co-doped SnO₂ is a highly 

promising ETL material, offering superior 

performance compared to commonly used 

alternatives such as TiO₂, ZnO, ZnSe, and 

WO₃ within the FTO/ETL/MAPbI₃/Cu₂O/Au 

configuration. Furthermore, a detailed 

parametric analysis was conducted to 

elucidate the influence of key absorber-layer 

properties—including thickness, acceptor 

doping concentration, and defect density—on 

overall device peformance.  

 

Fig. 10 J-V characteristics for  

perovskite absorber layer defect  density 

 

Overall, the integration of Ag–In co-

doped SnO₂ as an ETL represents a 

promising design strategy for next-

generation lead-based perovskite solar 

cells. This approach offers substantial 

potential for advancing device 

efficiency and provides valuable 

insights for the development of high-

performance and scalable photovoltaic 

technologies.mA·cm⁻², and a fill factor 

of 90.18%. These findings underscore 

the critical role of absorber-layer 

optimization in maximizing PSC 

performance. 
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Fig. 11 Variation of device mperformance with absorber’s layer  defect density 
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