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Abstract: Improved material characteristics and associated designs can significantly boost a solar cell's 

conversion efficiency. A numerical solution to the performance of MASnI3 (MATI) perovskite solar cells 

was deployed using a solar cell capacitance simulator (SCAPS -1D). The hole transporting layer (HTL) 

used is magnesium manganese oxide (Mg2Mn3O8-MMO). In contrast, titanium dioxide (TiO2) and fluorine-

doped tin oxide (FTO) are used as electron transport layer (ETL) and transparent conductive oxide (TCO), 

respectively. All these four materials were exploited in the planar configuration of a perovskite solar cell. 

S1 (FTO/TiO2/MATI/MMO) gave a power conversion efficiency (PCE) of 27.05%; S2 

(FTO/TiO2/MMO/MATI), S3 (FTO/TiO2/MMO/MATI/MMO) and S4 (FTO/TiO2/MATI/MMO/MATI) 

gave PCE of 24.78%, 27.00% and 27.60% respectively. Optoelectronic optimization was studied on S1 

because it shows better stability on the Nyquist plot than others. The intrinsic characteristics of the device's 

functionality, including defect density, carrier mobility, donor density, and acceptor density, were 

investigated. The electron affinities of both ETL and HTL were varied within limits, and at a point on the 

HTL, the efficiency was pushed beyond 52%.  

Keywords: numerical solution; perovskite; stability; intrinsic characteristics; carrier mobility; 

optoelectronic optimization. 

© 2024 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons 
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1. Introduction 

The development of clean, renewable energy sources has become integral to modern 

scientific and technological efforts to address the world's environmental concerns [1-3], such as 

affordable and clean energy (Sustainable Development Goal (SDG) 7). One of the essential 

responsibilities entrusted to modern science and technology in the twenty-first century is the 
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advancement of clean energy resources as a substitution for conventional energy [4-6] to combat 

climate change and its impact (SDG 13). One of the practical answers to the global energy supply 

dilemma is utilizing sunlight's power to generate electricity [5,7]. However, the device (solar cell) 

must be economical and dependable to compete with traditional sources. Various solar devices 

have been introduced and studied, including wafer, thin-film, and organic, and found to be highly 

reliable, cost-effective, and efficient [8]. The use of less material and an increase in energy 

conversion efficiency are examples of cost-effectiveness [1-8]. While wafer technology can 

achieve high efficiency, thin film can achieve the same aim with less material [9]. Many materials 

such as Si, Ge, CIGS, CdTe, CZTS/S, and other inorganic materials are being investigated singly 

or in combination with other materials in whatever architecture deemed fit [10-14]. Searching for 

additional materials for the goodness of solar energy, the first perovskite solar cell (PSC) was 

created in 2009 with a power conversion efficiency (PCE) in order of 4% [1]. Since this period, 

efforts have tripled over the years to beat the Shockley-Queisser (S.Q.) limit of a single junction 

solar cell [2-6]. In the efforts to improve the PCE, many material combinations have been proposed 

and used [8,12]. Perovskite materials can be sandwiched between two materials of different 

extrinsic orientations, where one serves as the electron transport layer (ETL) and the other hole 

transport layer (HTL) [8,9]. ETL and HTL are n-type and p-type semiconducting materials, 

respectively. Materials such as TiO2, ITO, ZnO, ZrO2, NiO2, SiO2, and SnO2 and its nanocore shell 

nanoparticles such as Al2O3/ZnO, WO3/TiO2, and TiO2/MgO had been employed as ETLs with 

PCEs above 20% had been achieved [7-9,12-16]. These materials were preferred because of charge 

retardation for PCE enhancement [1,8,15-18]. Some PSCs used organic materials such as P3HT 

and PCMB as HTL [15]. The PSCs quality depends on ETL, HTL, quality of the perovskite thin 

film, interface layers of the materials, and the ability of transparent conductive oxide (TCO) [19-

24]. 

While some of the perovskite's mysterious features are incredibly desirable, others are 

causing problems with practical applications of the new technology [25-27]. For example, while 

perovskite's defect tolerance contributes to high efficiency, the ion-migration process poses a 

possible danger to stability [28]. It had been established that an inverted structure for a hybrid 

perovskite solar cell is superior to a single system with a 28.56% PCE via simulation. The same 

device experimentally yielded 21.01% PCE [17, 28]. A numerical simulation recently produced a 

PSC with a PCE of 21.16% [24-26]. A new material, a chalcogenide BaZr0.95Ti0.05S3, was used as 

a PSC absorber, and a PCE of 18.85% was obtained [25,29]. In this paper, four different planar 

configurations namely: (i) TCO/ETL/p-type/Perovskite/p-type/Metal, (ii) TCO/ETL/Perovskite/p-

type/Perovskite/Metal, (iii) TCO/ETL/p-type/Perovskite/Metal, and (iv) TCO/ETL/Perovskite/p-

type/Metal were considered. Also, based on their pedigree in the literature, the following materials 

were deployed, as shown in Table 1, and their non-toxicity yet highly efficient and stable usage. 

The choice of this p-type ternary alloy material – Mg2Mn3O8 (MMO), is based on its low band 

gap. The band gap is similar to CIGS at 1.45 eV. Its role in solar cells is yet to be reported at the 

time of conceptualization of this study. The PSCs configurations are presented in Figure 1. 

Table 1. Materials and roles in a typical PSCs device. 

Role Materials Reference  

TCO FTO [5,21-24] 

ETL TiO2 [5,7-10,12] 
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Role Materials Reference  

p-type MMO New material 

Perovskite CH3NH3SnI3 (MATI) [20-24] 

Metal Au [5,14] 

 
Figure 1. The pictorial of different PSCs architectures (not drawn to scale). 

2. Theoretical Considerations 

These three equations, Poisson and continuity equations for electrons and holes, are given 

in Equations 2.1 to 2.3 to be solved by SCAPS-1D as the physics of the device transport, 

respectively [28-30]. 
𝑑

𝑑𝑥
 [𝜀(𝑥)

𝑑𝜑

𝑑𝑥
] = 𝑞[𝑝(𝑥) − 𝑛(𝑥) +  𝑁𝐷

+(𝑥) −  𝑁𝐴
−(𝑥) +  𝑝𝑡(𝑥) −  𝑛𝑡(𝑥)]        (2.1) 

𝑑𝐽𝑛

𝑑𝑥
=  −𝑝[𝐺𝑜𝑝(𝑥) − 𝑅(𝑥)]             (2.2) 

𝑑𝐽𝑃

𝑑𝑥
=  𝑞[𝐺𝑜𝑝(𝑥) − 𝑅(𝑥)]            (2.3) 

where all parameters in the equations are defined as ε is the permittivity, q is the magnitude 

of the charge of an electron, n for the free electron, p for the free hole, 𝒏𝒕 is the trapped electron, 

𝒑𝒕 is the trapped hole, 𝑵𝑫
+ is the ionized donor-like doping concentration, 𝑵𝑨

+ is the ionized 

acceptor-like doping concentration, Jn is the electron current density, and Jp is the hole current 

density. R is the optical generation rate of recombination due to externally imposed illumination. 

Numerical methods are employed in solving the above equations because they are coupled and 

non-linear; despite this, they must hold at every position in the planar model configuration with 

necessary defined boundary conditions. Also, in transport theory, the electron population may have 

degenerated (material properties vary with position); thus, Jn and Jp are respectively expressed as; 

𝐽𝑛(𝑥) = 𝑞𝜇𝑛𝑛 [
𝑑𝐸𝑓𝑛

𝑑𝑥
]                           (2.4) 

𝐽𝑝(𝑥) = 𝑞𝜇𝑝𝑛 [
𝑑𝐸𝑓𝑝

𝑑𝑥
]                           (2.5) 

Equations 2.4 and 2.5 are drift equations obtained from band gap, electron affinity, and 

density of states as a result of electron fields. 
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3. Device Parameters and Simulations 

Many simulation software, such as AMPS, AFORS-HET, Silvaco, SimWindows, and 

SCAPS-1D, are used to calculate solar cell performances [31]. SCAPS (Solar Cell Capacitance 

Simulator) is a numerical simulation tool developed and maintained at the University of Gents. It 

is a general polycrystalline thin-film device simulator. SCAPS-1D solves three coupled PDEs for 

electrons and hole concentration as a function of positions x. The definition of a new problem in 

SCAPS is simple; the device can have up to seven layers, and each layer or contact can have its 

window with all physical and electronic parameters set and changed [32]. The effective states' 

density and thermal velocity are temperature dependent, although other factors like the bandgap 

and mobility are temperature independent [33]. As defined in the introduction, configurations i, ii, 

iii, and iv were labeled S1, S2, S3, and S4, respectively. Opto-electronic parameters used in the 

simulations were as given in Table 2. 

Table 2. Opto-electronics properties of the deployed materials. 

Properties TiO2 Mg2Mn3O8 MASnI3 FTO 

Thickness (nm) 40 100 200 10 

Bandgap(eV) 3.2 1.45 1.3 3.5 

Electron Affinity(eV) 4.0 4.1 4.17 4.0 

dielectric permittivity (relative) 9 9 6.5 9 

CB effective density of states (1/cm^3) 2x1018 1x1018 1x1018 2x1018 

VB effective density of states (1/cm^3) 1.8x1019 1x1019 1x1019 1.8x1018 

Electron mobility (cm²/Vs) 20 50 1.6 20 

Hole Mobility (cm²/Vs) 10 30 1.6 10 

Donor density (1/cm3) 8.41x1019 
 

0 2x1019 

Acceptor Density (1/cm3) 0 8.94x1019 7.1x1020  

Several simulations were conducted via material thickness optimization. The best thickness 

pair for each material deployed in the device is thus shown in Table 3. The four devices' Nyquist 

plots and quantum efficiency were also studied [34]. The effects of defect density, interface defect 

density, donor density, the impact of the optimization of the electron affinity of the ETL and H.T., 

temperature, and band gap engineering on the PCE of the PSC were also studied. 

4. Results and Discussion 

The optimized thickness for each material deployed in each device is given in Table 3, and 

the simulation results of the four devices are presented in Table 4. The optimized thickness of S2 

is the least weight among the four devices, with 1.04 µm, while S1, S3, and S4 have 1.44 µm, 1.74 

µm, and 2.14 µm respectively. All four devices performed exceptionally well. The best-performed 

device is the S4, while S1 is the most efficient in terms of materials costs based on the four figures 

of merit used in the measurement presented in Table 4. The J.V. curve, Nyquist plot, and spectral 

responses of the four devices are shown in Figure 2. Figure 2(a) shows how the current density 

varies with the open-circuit voltage in all the devices. S4 has the highest PCE at 27.63%, and S2, 

the least, has a PCE of 24.78%. It is evident that placing an HTL before the perovskite material 

will not give a PCE better than putting it just before the back contact, as depicted in S1 and S2 

[35]. Also, sandwiching a perovskite between a slice of HTL will not be as efficient as sandwiching 

the HTL between the perovskite, which eventually yielded a higher VOC, JSC, F.F., and PCE, as 
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shown in Table 4 [36]. Figure 2(b) shows the admittance measurement via the Nyquist plot. The 

imaginary part of the impedance density is plotted against the real part. The Nyquist plot is 

employed in this study to understand each device's stability for better experimental decisions [37]. 

S1 shows better stability, followed by S3, S4, and S2, the least stable devices. The perovskite solar 

cell will be more stable if the HTL is placed between the perovskite and the back contact. If 

sandwiching is necessary, then the HTL should be sandwiched, not the perovskite material, for 

better stability. Figure 2(c) shows the spectral response of the devices. S2 shows 100% Q.E. up to 

580 nm, S1, and S3 show 100% Q.E. above 650 nm, and S4 shows a Q.E. of a little higher than 

100% beyond 840 nm. This effect may be due to phonon within the sandwiched MMO for some 

broad photon wavelengths [38]. The impact of intrinsic optoelectronic parameters on the 

optimization of such parameters can be explained by the P.N. junction model given in Equation 

4.1; 

𝐼 =  𝐼0 [𝑒
(

𝑞𝑉

𝑛𝑘𝑇
)

− 1] −  𝐼𝐿,  

𝐼0 =  𝑎𝑞𝑛𝑖
2 [

𝐷𝑒

𝐿𝑒𝑁𝐴
+  

𝐷ℎ

𝐿ℎ𝑁𝐷
],        (4.1) 

𝑉𝑂𝐶 =  
𝑘𝑇

𝑞
ln (

𝐼𝐿

𝐼0
+ 1)  

Table 3. Optimized the thickness of the materials in each of the devices. 
Device Configurations (nm) 

N P 

FTO TiO2 MATI MMO MATI MMO 

S1 10 30 700 700 - - 

S2 10 30 - 300 700 - 

S3 10 30 - 300 700 700 

S4 10 30 700 700 700 - 

Table 4. The four figures of merit are the measurement of the electrical performance of the devices. 

Configurations (p-side) VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

S1 (MATI/MMO) 0.9364 34.3663 84.0567 27.0486 

S2 (MMO/MATI) 0.9163 33.9411 79.6810 24.7795 

S3 (MMO/MATI/MMO) 0.9379 34.3713 83.7128 26.9857 

S4 (MATI/MMO/MATI) 0.9412 34.7784 84.4194 27.6343 

 

   
(a) (b) (c) 

Figure 2. Performance pictorial view of the four devices: (a) J-V curve; (b) Nyquist plot; (c) Quantum efficiency 

measurement. 
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Table 5. Parameter definition of Equation 4.1. 

Parameter Definition (unit) 

I Current (A) 

I0 Dark saturation current (A) 

Q Electron charge (absolute) 

V Voltage 

N Ideality factor 

K Boltzmann’s constant 

T Temperature (K) 

IL Light generated current 

A The quality factor of the device 

ni Intrinsic concentration 

De Diffusion coefficient of the electron 

Dh Diffusion coefficient of the holes 

Le Diffusion length for electron 

Lh Diffusion length for holes 

N.A. Acceptor doping concentration 

ND 

VOC 

Donor doping concentration 

Open circuit voltage 

The parameters in Equation 4.1 are defined in Table 5. These parameters are then optimized 

within the perovskite to understand its effect on the electrical characterization of the modeled 

PSCs. The most stable device (S1) is thus optimized for these effects of intrinsic parameters of the 

perovskite material on the conversion efficiency. The conduction band defect density is varied 

between 1015 cm-3 and 1021 cm-3, as shown in Figure 3. The VOC and PCE increased as the defect 

density increased, and the JSC decreased with the defect density boundary F.F. optimized at 1020 

cm-3 while it disappeared afterward. The higher the defect density, the higher the SRH 

recombination, which lowers the PCE, so it is best to cap the defect density at the optimized value. 

 

  
(a) (b) 

Figure 3. Performance evaluation of the defect density variation in the PSC. (a) The plot of Voc and Jsc against 

Defect density; (b) The plot of FF and PCE against Defect density. 

The electron mobility varies from 1.6 x 10-2 to 1.6 x 102 cm2/Vs.; its effect on the 

performance is shown in Figure 4. The electron mobility is controlled via doping concentration. 

The increment in electron mobility reduces the power of the solar cell. The fastest electrons are 

easily recombined with the holes, which eventually drags the PCE. When the hole mobility is 

varied within the perovskite, as shown in Figure 5, only the VOC shows constancy while JSC, F.F., 

and PCE decrease. It may be attributed to band tailing effects caused by the heavy doping of holes 
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in the material. Only the open circuit voltage would not be affected when perovskite material is 

heavily doped. High-concentration doping deteriorates the PCE of a PSC. 

  
(a) (b) 

Figure 4. Effect of electron mobility on the performance of the PSC. (a) The plot of Voc and Jsc against Electron 

mobility; (b) The plot of FF and PCE against Electron mobility. 

  
(a) (b) 

Figure 5. Effect of electron mobility on the performance of the PSC. (a) The plot of Voc and Jsc against Hole 

mobility; (b) The plot of FF and PCE against Hole mobility. 

The effect of injected donor density from 1015 to 1019 cm-3 in the perovskite material is 

shown in Figure 6. Generally, the donor density of an absorber in a solar cell is assumed to be 

nonexistent. The introduction of the donor density negatively affected the performance of the PSC.  

  
(a) (b) 

Figure 6. Effect of donor density on the performance of the PSC. (a) The plot of Voc and Jsc against Donor 

density; (b) The plot of FF and PCE against Donor density. 

https://doi.org/10.33263/Materials63.021
https://materials.international/


https://doi.org/10.33263/Materials63.021  

https://materials.international/  8 of 12 

 

  

(a) (b) 

Figure 7. Effect of acceptor density on the performance of the PSC. (a) The plot of Voc and Jsc against Acceptor 

density; (b) The plot of FF and PCE against Acceptor density. 

The acceptor density was varied from 1013 to 1016 cm-3; excess doping reduced the 

performance, as shown in Figure 7. The VOC increased linearly with the acceptor density, while 

JSC, F.F., and PCE depreciated non-linearly. 

The electron affinities for both the ETL and HTL were varied, and their effects on the 

performance of the PSC were studied. The materials with electron affinity greater than 4.21 are 

not suitable for use in the solar cell as ETL, as shown in Figure 8. The materials selection based 

on ETL should be between 3.91 and 4.2 eV. Any choice outside this boundary is not suitable for 

the solar cell. On the HTL, materials with electron affinities in the range of 2.19 and 3 eV will 

produce an efficient solar cell, as shown in Figure 9. The simulation revealed a well above 50% 

PCE for HTL within the range. Simulating the solar cell's performance under ambient temperature 

is essential—the ambient temperature increases as the sunlight heats the environment. The 

temperature rise reduces the empirical performance of the PSC. The ambient temperature varied 

between 280 K to 700 K. The effect of ambient temperature on the solar cell performance is shown 

in Figure 10. The ambient temperature adversely affected the performance of the PSC. All four 

figures of merit used to measure performance are greatly affected. The solar cell shows better 

promise in the area where the ambient temperature can be maintained at nearly 300 K. 

  

(a) (b) 

Figure 8. Effect of the electron affinity of the ETL on the performance of the PSC. (a) The plot of Voc and 

Jsc against Acceptor density; (b) The plot of FF and PCE against Acceptor density. 
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(a) (b) 

Figure 9. Effect of the electron affinity of the HTL on the performance of the PSC. (a) The plot of Voc and Jsc 

against the Electron affinity of the HTL; (b) The plot of FF and PCE against the Electron affinity of the HTL. 

 

  

(a) (b) 

Figure 10. Effect of ambient temperature on the performance of the PSC. (a) The plot of Voc and Jsc against 

Temperature; (b) The plot of FF and PCE against Temperature. 

The simulation of the band gap variation of the perovskite material while maintaining the 

thickness and other intrinsic parameters was also investigated. The band gap variation is slower 

than the performance, as shown in Figure 11. The VOC, FF., and PCE deterioration greatly affected 

the solar cell's performance. A band gap of 1.7 eV is the least ideal bandgap for absorber 

deployment in the solar cell. This material will optimally work if its bandgap can be engineered 

between 1.23 eV and 1.35 eV. 

  

(a) (b) 

Figure 11. Band gap tuning effect the performance of the solar cell. (a) The plot of Voc and Jsc against Bandgap; 

(b) The plot of FF and PCE against Bandgap. 
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5. Conclusions 

Four lead-free perovskites were simulated with MMO as the HTL. We investigated 

different scenarios of adaptability in its applications. The photovoltaic configurations of 

(FTO/TiO2/MATI/MMO) are the most stable, with a PCE of 27.05%. S2 

(FTO/TiO2/MMO/MATI) is the least with 24.8%, S3 (FTO/TiO2/MMO/MATI/MMO) with PCE 

of 27%, and S4 (FTO/TiO2/MATI/MMO/MATI) is the most efficient with 27.6%. In terms of 

material cost, S2 will be less expensive with a 1.04 µm thickness, while S1, S3, and S4 with a 

thickness of 1.44 µm, 1.74 µm, and 2.14 µm, respectively, and their material costs are as expressed 

in that order as well. S1 shows the most favorable terms for PCE, stability, material cost, and 

weight. It was also observed that adequate tuning on the electron affinity of the HTL between 2.19 

eV and 3 eV would improve the PCE to above 52%.  
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