292

EasTt EUROPEAN JOURNAL OF PHYSICS. 2. 292-301 (2026)
DOI:10.26565/2312-4334-2026-2-31 ISSN 2312-4334

A NUMERICAL SIMULATION STUDY INVESTIGATING THE FUNCTIONALITY
OF A PEROVSKITE SOLAR CELL BASED ON FASnI; IN BOTH CONVENTIONAL
AND INVERTED CONFIGURATIONS USING COMPATIBLE Zn(0¢.3So.7)

AS THE ELECTRON TRANSPORT LAYER

M.V. Kavitha'?**, ®K.S. Sudheer'>*
'Opto-electronic Device Simulation Research Lab, Department of Physics, Christ College (Autonomous), Irinjalakuda, University of
Calicut, Kerala, India, PIN-680125
’Department of Physics, Sree Narayana College, Nattika, University of Calicut, Kerala, India, PIN-680566
3Department of Physics, St. Aloysius College, Thrissur, University of Calicut, Kerala, India, PIN-680611
*Corresponding Author email: sudheersebastian@christcollegeijk.edu.in; **e-mail: kavitha.9667@christci.in
Received February 1, 2026; revised April 22, 2026; accepted April 24, 2026

Formamidinium Tin Iodide is a promising candidate as an absorber layer in perovskite solar cells due to its tunable bandgap, high
absorption coefficient, and good thermal stability. The selection of suitable charge transport layers with the proper band offset can
effectively reduce recombination at interfaces and improve solar cell performance. The study focuses on enhancing the performance
of a perovskite solar cell in which Formamidinium Tin Iodide (FASnl3) is the absorber layer, Zn(Oo.3So.7) is the ETL and Spiro-
OMeTAD is the HTL using numeric simulation. These charge-transport-layer materials are selected based on their adequate energy
band alignment with the absorber. The structure Glass substrate/FTO/Zn(00.3S0.7)(ETL)/FASnl3/Spiro-OMeTAD(HTL)/Au, which is
an unexplored combination in n-i-p architecture, is simulated through SCAPS-1D and optimization of cell parameters- absorber
thickness, absorber doping concentration, absorber defect density, ETL thickness, ETL defect density, HTL thickness, and HTL defect
density- is carried out. The variation of cell performance parameters with interface defect density and temperature is also analyzed.
With this optimization, the cell delivers an open circuit voltage (Voc)= 1.0145V, short circuit current density (Jsc ) =37.82mA cm?, fill
factor (FF) = 83.31% and Power Conversion Efficiency (PCE) =31.97%. The optimized parameters are used to simulate the p-i-n
inverted architecture, and the cell output is as follows.Voc = 1.0919V, Jic = 37.293mA cm?, FF = 83.01% and Power Conversion
Efficiency(PCE) =33.8%.
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1. INTRODUCTION

In the realm of renewable energy, perovskite solar cells have demonstrated immense potential, with efficiency
increasing exponentially over the past decade. Their unique opto-electronic properties, excellent absorptivity, simple and
low-cost preparation and processing, etc., made them inevitable in the field of photovoltaics [1-3]. Organic and inorganic
Lead halide perovskite are highly efficient candidates among perovskite solar cells. Even though Lead-based perovskite
solar cells reported a breakthrough advancement in efficiency of 25.7%[4—6], their toxicity hinders large-scale
commercialization.

Among the Tin-based perovskite solar cells, FASnl; possesses an appropriate bandgap (1.41 eV) and high mobility,
which are desirable for solar cell applications. The oxidation of Sn?" into Sn*'is the major stability problem associated with
FASnI;.This increases the p-type conductivity of the material and results in low value of efficiency[7,8]. The incorporation
of organic additives can enhance the efficiency and act as passivating agents of defects in FASnI3[9,10]. The addition of
SnF; is also an efficient method to tackle the problem of Sn?*" oxidation in FASnI;[11].The FASnI; layer fabricated with
vertical Sn** gradient using Lewis base-assisted recrystallization method showed an efficiency of 13.82%[12].

Electron Transport Layer (ETL) and the Hole Transport Layer (HTL) are essential for the extraction and collection
of photogenerated electrons and holes produced inside the absorber layer in a solar cell structure. Effective charge
transport is the primary factor determining the efficiency of a solar cell. The band offset at the interface of the absorber
and charge transport layer plays a crucial role in the extraction of charge carriers[13]. The device modelling and
optimization of perovskite solar cell with FASnl; as absorber material, Spiro-OMeTAD as Hole Transport Layer (HTL)
and Zn(0Oo3S¢.7) as Electron Transport Layer forms the basis of the current work. Zn(O¢3So7) is a worthy candidate as an
ETL in perovskite solar cells. It provides a suitable band alignment with FASnI3, thereby reducing charge recombination
at the interface. Since Zn(Oy3So.7) has significantly greater electron mobility than the commonly used ETL TiO-, electrons
can be extracted from the perovskite absorber layer more quickly and effectively. This improves current density (Js;) and
power conversion efficiency (PCE) by lowering charge accumulation and recombination losses[14]. By reducing
interfacial trap states and suppressing charge recombination, a well-matched ETL like Zn(O03S0.7) can indirectly passivate
the perovskite surface defects[15]. Zn(Oy3S¢.7) as ETL can restrict the amount of oxygen and moisture that can enter from
the top contact of the cell and lessen the possibility of Sn oxidation at the interface and improves the chemical stability of
the underlying FASnIs[15]. Ayush Tara et al. simulated the structure FTO/Zn(Og3S0.7)/FASnls/CuSCN/Au and attained
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an efficiency of 25.94%[16]. Au/NiO/FASnI3/Zn0y25S¢75/FTO is simulated by Srinivas Mattaparthi et al. and an
efficiency of around 31.57% is obtained[17].

The PV community is searching for hole transport materials that are inexpensive, provide high charge carrier
mobility, and stability. Both organic and inorganic materials can be used as HTLs. Even though inorganic materials are
abundant, low-cost and stable, they are still behind organic HTLs from the efficiency point of view[18]. For the effective
extraction of the carriers, the Highest Occupied Molecular Orbital (HOMO) of HTL should be placed above the HOMO
level of absorber and Lowest Unoccupied Molecular Orbital (LUMO)level of ETL should be placed below the absorber
LUMO level. The chosen HTL spiro-OMeTAD satisfies this condition. The additive engineering can greatly improve the
stability of spiro-OMetAD, which is a major challenge faced by researchers. Also, photo-accelerated oxidation of Spiro-
OMeTAD is an efficient and rapid process for the manufacturing and industrial applications of Spiro-OMeTAD[19]. The
impact of absorber layer thickness, doping concentration, defect density, ETL thickness, doping concentration, HTL
thickness, doping concentration, interface defect density and temperature, on the cell performance parameters is discussed
in detail and performance optimization is done in this work.

2. METHODOLOGY AND DEVICE MODELLING
The device simulation and optimization of the structure Glass substrate /FTO/Zn(0¢3S0.7)(ETL)/FASnls/Spiro-
OMeTAD(HTL)/Au is done with Solar Cell Capacitance Simulator software. A lot of research is being done with this
computational software and it is based on solving the Poisson’s equation and continuity equations for the charge carriers
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¢ stands for the permittivity, g, for the free space permittivity, y for the electrostatic potential, and q for the charge. n and p
represent the concentration of electrons and holes, whereas Np and N4 denote the ionized donor and ionized acceptor doping
concentrations. pgerstands for defect distribution, whereas J, and J, stand for electron and hole current densities. U, represents
the electron recombination rate, U, the hole recombination rate, G stands for the generation rate of carriers. Electron and
hole mobilities are represented by p, and pp. Er, and Ep, represent the electron and hole quasi-Fermi levels[20].

The standardization of the software is done by comparing the simulation results of the structure Glass
substrate/FTO/TiO2(ETL)/FASnIs/Spiro-OMeTAD(HTL)/Au with the experimental data [8,20,21] in our previous work.
Figure 1 shows the schematic representation of the structure being studied. Figure 2 shows the HOMO and LUMO levels
of the layers. While the LUMO level of Zn(Oy3S¢7) is below FASnI; the HOMO level of Spiro-OMeTAD is in the same
level as FASnI;. The offset of valence band (VBO) at the Spiro-OMeTAD/FASnI; interface is zero and the offset of
conduction band (CBO) at this interface is -1.47eV. The CBO at the FASnI3/Zn(003S¢.7) interface is 0.08 eV and the
VBO at this interface is -1.5 eV. For the efficient charge carrier extraction and collection, a small value of VBO and a
large value of CBO are preferable at the Spiro-OMeTAD/FASnI; interface. Also small value of CBO and a large value
of VBO are preferable at the FASnI3/Zn(O¢3S¢.7)interface[20].
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Figure 1. Device configuration Figure 2. HOMO and LUMO levels of absorber, ETL and HTL

The required simulation parameters are obtained from the published literature. Table 1 lists the parameters needed
for simulation. The electron and hole thermal velocities are fixed at 10’cm/s. The defect density at the Spiro-
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OMeTAD/FASnl; as well as at the FASnI3/Zn(O3S07) interface is set at 10'° cm™. The simulation is performed at an

operating temperature of 300K under an illumination of AM1.5G spectrum with an intensity of 1000 mW/cm?.

Table 1. Simulation parameters of each layer

Parameters FTO Zn(00.3S0.7) FASnI; Spiro-OMeTAD
Thickness (nm) 500[8] 30 350021] 200022]
Band gap ,E¢(cV) 3.5[8] 283[16] 1.41[21] 2.88[22]
c-affinity (V) 478] 3.6[16] 3.52[23] 2.05[22]
Dielectric Permittivity, & 9[8] 9[16] 8.2[23] 3[22]
Effective density of states at CB(cm 3 ) 2.2 10"%[8] 22x10%[22] | 1.0 x 10[23] | 2.2x 10"%[22]
Effective density of states at VB (cm™ ) 1.8x101[8] 1.8x1019[22] 1.0x10°[23] 1.8x101[22]
e—mobility pn,(cm2V 1S 1) 20[8] 100 22[23] 2.0 x 10°[22]
h'mobility pp, (cm?V 1S 1) 10[8] 25 22[23] 2.0 x 10°[22]
Donor density Np (cm™) 2.0x10'[8] 9.0x10'° - -
Acceptor density Na (cm™) - - 7.0x10'9[23] 2.0x10"[22]
Density of defects, Ni (cm 3 ) 1.0<1055[8] 1.0x105[13] | 2.0x105[23] | 1.0x10"5[22]

Figure 3 depicts the structure's energy band diagram. Since Spiro-OMeTAD and Zn(0Oy3So7) provide adequate band
offset at the interface of FASnl;, there are no cliffs or peaks found at the interface. The performance parameters- Open
circuit Voltage(Voc), short circuit current density (Jsc), fill factor (FF) and power conversion efficiency (PCE) -of the device
on initial simulation are summarized in Table 2. Figure 4 shows the variation of quantum efficiency with wavelength of
radiation. The quantum efficiency curve spans the whole visible spectrum and shows maximum efficiency at 500nm. The
cell performance parameters on the initial simulation are listed in Table 2. The variation of cell performance parameters
with respect to thickness of absorber, defect density of absorber, doping concentration of absorber, defect density of ETL,
thickness of ETL, defect density of HTL, thickness of HTL, defect density at the HTL/absorber interface, defect density
at the absorber/ETL interface and temperature etc are analyzed in the next section.
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Figure 3. Energy band diagram Figure 4. Quantum efficiency curve
Table 2. Initial performance parameters of the cell
Voo(V) Jse(mA/cm?) FF (%) PCE(%)
0.3464 14.797194 49.35 2.53

3. RESULTS AND DISCUSSION
3.1 Influence of Varying Absorber Layer Thickness

The variation of cell performance parameters with thickness is depicted in Figure 5. Power conversion efficiency
increases with thickness from 0 to 1 pm, peaks at 3.26% at 0.75 pm, and then decreases. An increase in thickness leads
to greater photon absorption, thereby improving efficiency. However, after saturation, efficiency diminishes because
charge carriers may not reach the appropriate electrodes, as the thickness is considerably greater than the diffusion
length [4]. Js also shows the same behaviour. V.. decreases first, becomes constant over a range and slightly decreases
after 0.75um. This could be due to the increase in recombination rate. Fill factor decreases first due to the increase in
series resistance [22], becomes constant and increases after 0.75um. This is because of the decrease in V. and Jsat this
value of thickness.
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Figure 5. Effect of varying absorber thickness on performance parameters

3.2 INFLUENCE OF VARYING ABSORBER LAYER DEFECT DENSITY
The creation of processing sequences that can reduce harmful impurities, point and cluster defects, is the key task in
the production of solar cells. A lot of methods are introduced for passivating unavoidable defects. The defects act as trap
states, which can lead to non-radiative SRH recombination[24,25]. Here we study the variation of performance parameters
with varying defect density from 10'* to 10'® cm™. The results are portrayed in Figure 6. As the defect density increases,
the Vo, Jsc and efficiency decrease. Fill factor slightly rises first, but this is compensated by the decrease in V,cand Jsc and
thereby reducing the value of PCE. The defect density and the diffusion length of the carriers are related by the equation

L=+Drt (6)
L stands for the diffusion length, D for the diffusion coefficient and t for the carrier lifetime.
The equation for the diffusion coefficient is

kpT
D = HksT qB (7)

u stands for charge carrier mobility, Kg for the Boltzmann constant, T for the temperature and q for the charge
Relaxation time of carriers is given by the equation

T=— ®)

oNtVien

o stands for the capture cross-section of carriers, N; for the defect density and Vi, for the thermal velocity of carriers.
Figure 7 shows the variation of the generation rate of carriers with depth at different defect densities. It is seen that the
generation rate is the same for all defect densities. Figure 8 shows the variation of the recombination rate of carriers with
depth at different defect densities. As the defect density rises, so does the recombination rate. Since it offers the highest
efficiency of 2.59%, 10'* cm™ is selected as the optimum value of defect density. Also, it provides a diffusion length of
1.687um and the chosen thickness lies within this limit of diffusion length.
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Figure 8. Variation of recombination rate with depth at different defect densities

3.3 INFLUENCE OF VARYING ABSORBER LAYER DOPING CONCENTRATION

The absorber material is a p-type semiconductor and the doping concentration represents the concentration of holes.
Generally, increasing the doping level improves the conductivity of the material and hence, the performance parameters
increase. Here, the doping concentration is varied from 10'* to 10! ¢cm™ and Figure 9 shows the variation of cell
performance parameters. The performance parameters remain almost constant with a rise in doping concentration up to
10" cm™ and then decrease. The initial doping concentration is 7x10'¢ cm™. The doping has a great impact on the cell
performance. On reducing the doping concentration to 10'* cm™, the efficiency increases to 8.18%. The decrease in
performance at high doping concentration can be attributed to the increase in Auger recombination [26-28].
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Figure 9. Effect of varying doping concentration on performance parameters

3.4 INFLUENCE OF VARYING ETL AND HTL THICKNESS
The thickness of ETL is varied from 20 to 50nm, whereas the thickness of HTL is varied from 100 to 500nm. The
performance parameters obtained are depicted in Figure 10. The figure shows that the HTL thickness does not have much
influence on the performance parameters. So, it is optimized at a minimum thickness of 100nm. As the ETL thickness
increases, the performance parameters decrease. The efficiency is maximum (3.17%) at an ETL thickness of 20nm. The
decrease in efficiency is attributed to the partial absorption of photons by ETL at high thickness[20,29].So the optimum
ETL thickness is selected as 20nm.
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3.5 INFLUENCE OF VARYING ETL AND HTL DOPING CONCENTRATION
ETL and HTL are necessary for the extraction and transport of charge carriers to the respective electrodes. The
increase in doping concentration of ETL and HTL improves the performance parameters. This is because of the increase
in the electric field at the interface[30,31].The results of varying doping concentration on the performance parameters are

portrayed in
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Both the ETL and HTL doping concentrations are varied from 10'® to 10%° cm?. All the performance parameters
increase with the ETL and HTL doping concentration. The performance parameters yield the maximum value at a doping
concentration of 102 cm™ for both the transport layers. The efficiency reaches a maximum value of 11.2% at this doping
concentration.

3.6 INFLUENCE OF VARYING INTERFACE DEFECT DENSITY AT THE HTL/ABSORBER INTERFACE
AND ETL/ABSORBER INTERFACE

The defect density at both the HTL/absorber and ETL/absorber interface is varied from 10'° to 107 cm™. The
variation of performance parameters is depicted in Figure 12 and Figure 13. The defects at the interfaces are common
because it is the junction between two structurally different layers. As the interface defect density increases, the
performance parameters decrease. The efficiency varies from 3.09 to 2.52% with the variation of HTL/absorber defect
density. The efficiency varies from 10.57 to 2.52% with the variation of ETL/absorber defect density. The ETL/absorber
interface defect density has a much higher impact on performance parameters. At the interfaces, minority charge carrier
recombination occurs and the recombination rate increases with an increase in interface defect density. So, interface
modification to control the defect density is very essential in the fabrication of highly efficient perovskite solar
cells[32,33].The optimum value of defect density is chosen as 10'° cm at both the interfaces.
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3.7 INFLUENCE OF VARYING TEMPERATURE
Figure 14 shows how the performance parameters vary with the operating temperature. The range of temperature
variation is from 280K to 320K. As the temperature increases, the performance parameters decrease. V. varies from 0.39
to 0.30V. Ji slightly decreases from 14.74 to 14.71mA/cm?. The Fill factor decreases from 52.07 to 45.54% and the
efficiency decreases from 3.06 to 2.01%. The increase in series resistance owing to the increased recombination rate
accounts for the observed behaviour of performance parameters[20,34,35].
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Figure 14. Effect of varying temperature on the performance parameters
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The simulation is again performed with the optimized parameters such as absorber thickness of 750nm, absorber defect
density of 10"cm, absorber doping concentration of 10'*cm?, ETL thickness of 20nm, ETL doping concentration of
10%%cm, HTL thickness of 100nm, HTL doping concentration of 10%°cm=, interface defect density of 10'°%cm™ at both
ETL/absorber interface and HTL/absorber interface and a temperature of 300K. The performance parameters obtained after
optimization are listed in Table 3. All the cell performance parameters show a high improvement on optimization. The
cumulative effect of all optimized parameters improves the efficiency to 31.97%.

Table 3. Cell performance parameters after optimization

Voe (V) Jse (MA/om?) FF(%) PCE(%)
1.0145 37.824196 83.31 31.97

3.8 THE INVERTED (p-i-n) STRUCTURE
The optimized parameters are used to investigate the inverted (p-i-n) architecture of the solar cell, in which ETL
replaces HTL and vice versa. The simulation of the architecture glass substrate/FTO/Spiro-
OMeTAD(HTL)/FASnI3/Zn(003S0.7)(ETL)/Au is executed, and the performance parameters obtained are listed in
Table 4. The inverted structure offers better power conversion efficiency, and this could be due to the better material
compatibility.
Table 4. Cell performance parameters of the inverted structure

Voe (V) Joe (mA/cm?) FF(%) PCE(%)
1.0919 37.29378 83.01 33.8

4. CONCLUSIONS

In this work, the eco-friendly solar cell n-i-p architecture, Glass substrate/FTO/Zn(O¢3S0.7)(ETL)/FASnls/Spiro-
OMeTAD(HTL)/Au, is simulated using SCAPS-1D software. The impact of cell parameters, including absorber
thickness, absorber doping concentration, absorber defect density, ETL thickness, ETL defect density, HTL thickness,
HTL defect density, interface defect density, and temperature, on cell performance is investigated. The optimized values
of each of these cell parameters have been determined. The optimization resulted in an improved performance with Vo
of 1.0145 V, Js of 37.82mAcm?, fill factor of 83.31% and PCE of 31.97%. The inverted structure yielded a V. of
1.0919 V, Js. of 37.293mA cm?, fill factor of 83.01%, and PCE of 33.8%. The greatest impact on efficiency is achieved
by optimizing the absorber doping concentration. ETL doping concentration and interface defect density at the
ETL/absorber interface also contribute much to the efficiency. So, careful optimization of cell parameters can significantly
improve the performance. The proposed structure is a great option for experimental exploration and can be implemented
with minimal performance compromise.
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YUCJOBE MOJEJIOBAHHSA JOCIIIKEHHS @ YHKINIOHAJIBHOCTI HEPOBCKITHOT'O COHAAYHOT'O
EJEMEHTA HA OCHOBI FASnI3 Y 3BUYAMHIN, TA IHBEPTOBAHIN KOH®IT'YPALISIX 3 BAKOPUCTAHHAM
CYMICHOTI'O Zn(00.3S0.7) SIK IAPY EJIEKTPOHHOT' O TPAHCIIOPTY
M.B. Kagira'?, K.C. Cyaxip'?

! Tocnionuywbka nabopamopia MoOenio6anHs OnmoereKmporHUX npucmpois, kageopa gizuxu, Konedxc Xpucma (asmornommuti),
Ipinoocanaxyoa, Kanixymcokuil ynisepcumem, Kepana, Inois, PIN-680125
’Kagpeopa izuxu, Koneoxc Ilpi Hapasna, Hammixa, Karixymcoxuii ynisepcumem, Kepana, Indis, PIN-680566
3Kagpeopa hizuxu, Koneoac Cesmozo Anoisia, Tpiccyp, Kanikymcoruii ynisepcumem, Kepana, Inois, PIN-680611
Momun bopMaminuHito 010Ba € MEPCEKTHBHIM KaHIMIATOM Ha POITh TONIHHATBHOTO APy B NEPOBCKITHUX COHSAYHHMX CIEMEHTAX
3aBISKH PEryJbOBaHIl MIHMPHHI 3a00pOHEHOI 30HH, BUCOKOMY KOe]illieHTy MOTTIHHAHHS Ta JoOpid TepMmiuHiil crabinpHocTi. Bubip
BIJIIOBITHUX IIApiB MEPEHOCY 3apsAAy 3 HAICKHUM 3MIIICHHSAM 30HH MOKe e()eKTHBHO 3MEHIIUTH PeKOMOiHAIiI0 Ha MEXi PO3ALITY Ta
MiABUIIATH TPOLYKTUBHICTH COHSYHOTO eleMeHTa. JlOCHiIKeHHS 30CepePKeHO Ha MiJBHIICHHI MPOTYKTUBHOCTI MEPOBCKITHOTO
COHSIYHOTO €JIEMEHTa, B IKOMy Hoaun popmamiauito onosa (FASnls) € mormunansaum mapom, Zn(0o.3S0.7) - ETL, a Spiro-OMeTAD
- HTL, 3a momomoror 4mcioBoro MmopemoBaHHs. Lli MaTepianu mapy mepeHoCcy 3apsmy BHOpaHi Ha OCHOBI IX aJgeKBaTHOTO
BUPIBHIOBAaHHS CHEpreTH4Hoi 30HM 3 mnormmmHaueM. Crpykrypa cxisHa —1imioxka/FTO/Zn(0o3S0.7)(ETL)/FASnls/Spiro-
OMeTAD(HTL)/Au, sika € HEOCIIPKEHOI KOMOIHAII€I0 B N-i-p apXiTeKTypi, Oyia 3mMonenpoBana 3a gonomororo SCAPS-1D, ta
MPOBECHa ONTUMI3allisi apaMeTpiB KOMIPKH — TOBIIMHM IMOTJIMHAYa, KOHIEHTpALl JIeryBaHHs MOTJIMHAYa, LUITBHOCTI Ae(eKTiB
nornuHava, topumHn ETL, mineHocti nedextie ETL, ToBumaun HTL Ta minsaocti aedexris HTL. Takox nmpoaHanizoBaHO 3MiHY
rmapaMeTpiB poOOTH KOMIPKH 3aJIeXKHO BiJ IIITBHOCTI Ae()EeKTiB Ha MEXi PO3AUTY Ta TeMIIepaTypH. 3aBIsAKH Lil ONTHMI3allil KoMipKa
3a6e3nedye Hanpyry xoaoctoro xoxy (Voc) = 1,0145 B, mwiibHICTs cTpyMy KOpoTKOro 3aMukanns (Jsc) = 37,82 MA cm2, koedilieHT
3anoBHeHHs (FF) = 83,31% Ta xoedinient nepersopenns eneprii (PCE) = 31,97%. OntumizoBaHi mapaMeTpy BUKOPUCTOBYIOTHCS JUIS
MO/ICIIIOBAHHS IHBEPTOBAHOI P-i-N apXiTeKTypH, a BUXiHa Hanpyra eiemenma maka: Voc = 1,0919 B, Jsc = 37,293 mA cw?, FF =

83,01% ma KKJ[ nepemsopenns enepeii (PCE) = 33,8%.
KurouoBi cinoBa: neposckimuuii consiunuii enemenm; SCAPS; popmamiouniti-onoe'suuil tiooud,; cnipo-OMeTAD, ZnOS





