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Abstract: In This research article represents the study of optical, and electrical properties of Methylammonium lead (MAPbBr3-nIn; n=0, 1, 2 and 3) (CH3NH3PbI3, CH3NH3PbI2Br, CH3NH3PbIBr2, and CH3NH3PbBr3) based Perovskite solar cell. An FTO/TiO2/ MAPbBr3-nIn/Spiro-OMeTAD/Al based structure with TiO2  as electron transport layer and Spiro-OMeTAD hole transport layer has been used for this study. The opto-electrical properties such as resonance time period, indirect and direct band gap have been studied. The results shows that the resonance time period, indirect band gap, and direct band gap for each of the Perovskite layer CH3NH3PbI3 is 9.09 µs, 1.4 

eV and 2.6 eV, for CH3NH3PbI2Br is 6.25 µs, 1.5 eV and 2.7 eV, for CH3NH3PbIBr2 is 6.25 µs, 1.7 eV, and 2.8 

eV and for CH3NH3PbBr3 is 5.55 µs, 2.1 eV and 2.9 eV respectively. 

Keywords: Solar cell; Perovskite; SCAPS-1D; Photovoltaic; Opto-electrical; Simulation 1. Introduction

Organic-inorganic Perovskite based solar cellsconsisted of an organic-inorganic based lead compound having basic structure of AMX3, where X is an anion which is a halide like Br, I, Cl or F and A & M are cations of different atomic radius [1, 2]. The most common organic-inorganic lead-based Perovskite compound studied for photovoltaic application is Methylammonium Lead Iodide, which has CH

+

3NH3 cation and has octahedron of PbI6 

to form the crystal structure [3]. Such hybrid organic-inorganic halide PSC has several advantages like greater light absorptivity, charge carrier mobility, higher exciton diffusion length, lower exciton binding energy and tuneable band gap. As a result, the power conversion efficiency (PCE), of the Perovskitesolar cells (PSCs) is higher compared to other photovoltaic devices. Such hybrid halide compound was first introduced by Kojima et al.  [4] 

with CH3NH3PbI3 and CH3NH3PbBr3 active material for PV application with a PCE up to 3.8%. Later the group further improved the conversion efficiency by the introduction of Perovskite quantum dots along with TiO2. Spin coating technique was used for fabrication of the solar cells and could record unto 6.5% [5]. Further, extensive research on CH3NH3PbI3  solar cell recorded highest conversion efficiency >20% which is higher than any traditional DSSCs [6, 7].  Pb-based PSC is most suitable for Photovoltaic application because of its Physical, Chemical and Opto-electronic properties making it perfect candidate for PV application. These properties lead to a record PCE of 23.8% [8]. Organometallic halide Perovskites, MAPbX3 (X=Br, I, Cl) has been widely studied as it shows excellent photovoltaic properties. A study on improving the morphology of the CH3NH3PbI3  based perovskite layers by adding toluenewas presented by Ashurov et al.    under different conditions for obtaining the absorber layers [9]. Wang et al. [10] investigated the structural and photophysical properties of single-crystalline MAPbBr3 based Perovskite using temperature-dependent XRD and various spectroscopy techniques and found that this Perovskite undergoes three phase transitions from cubic i.e.,  to tetragonal, orthorhombic I, and orthorhombic II, as the temperature decrease from 300 K to 20 K. The PSC consists of three layers that are an electron transport layer (ETL), Perovskite active layer, and hole transport layer (HTL). Both the ETL and HTL 

has an important influence on device performance. TiO2 and ZnO are the most common materials used for ETL in https://doi.org/10.56578/jse010104 
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the device architecture. A TiO2 nanosheets/nanoparticles homogeneous hybrid structure as ETL for application in PSCs under ambient conditions and found that the PSCs based on homogeneous hybrid structure shows a maximum power conversion efficiency higher than that of pure TiO2 nanosheets [11].  Turaeva and Oksengendler 

[12] demonstrated the Ising model of segregation of halide ions in hybrid perovskites for obtaining the relationship between the long-range order parameter of segregation and temperature under illumination, by allowing the interaction of iodide ions fluctuations with an electron-hole pair generated by the light source. Luo and his group demonstrated a dopant-free spiro-OMeTAD as HTL to improve the ambient stability of planar PSC and found that the device achieved a power conversion efficiency of 16.92% [13].    

Many efforts were put forward in understanding the unique structure, optical and electronic properties of PSCs to  achieved excellent photovoltaic performance. Some investigations have been carried out to explore good stability and to improve the power conversion efficiency of the PSCs. Methylammonium lead iodide-bromide 

[MAPb(I1-xBrx)3 (x=0-0.11)] based Perovskite was used as a model system to study its impact on photovoltaic performance by Zhou and his team. The opto-electrical study of the Perovskite suggested that the carrier lifetime in the Perovskite and the charge extraction at the Perovskite/TiO2 interface are improved in the mixed halide Perovskite samples [14]. A comparative 1D opto-electrical simulation study of the MAPbI3 based PSC was reported by Haidari [15] using solar cell capacitance simulator (SCAPS), the simulation study reveals that due to high field intensity at larger wavelengths, the broader absorption could lead to a significant improvement to the PSC efficiency. Mohebpour et al. [16] studied the structural and optical properties of CH3NH3PbI3-xBrx (x=1-3) based mixed halide PSC for values by employing density functional theory (DFT), the results suggested that adding halogen bromide to CH3NH3PbI3 based Perovskite causes the relocation of energy bands in band structure that leads to increase in the band gap. The enhancement of both optical and electrical characteristics of MAPbI3 based PSC’ through the addition of gold/silver nanoparticles were studied using Silvaco TCAD-ATLAS (Electrical Modeling) simulation, the simulation study results reveal that the added nanoparticles have improved the external quantum efficiency of the PSC at certain parts of the spectrum [17].  The study of optical and electronic properties of PSCs using simulation-based analysis suggests for the accomplishment of the device with higher energy conversion efficiency. There were studies on different properties such as optical, structural and electrical properties of a novel class of organic-inorganic metal halide based like Perovskite. 

In this present work, we have used a simulation software Solar Cell Capacitance Simulator (SCAPS) 1D to study the optical and electrical properties viz. absorption coefficient, optical band gap, impedance, conductance, resonance time period for the four Perovskite absorbing layer, CH3NH3PbI3, CH3NH3PbI2Br, CH3NH3PbIBr2, and CH3NH3PbBr3, respectively.  The relevant parameters of SCAPS-1D simulator have been incorporated in the device parameters table section. 

2. Simulation Method  

For our study we have used SCAPS-1D simulator for study the various optical and electrical properties of the CH3NH3PbI3, CH3NH3PbI2Br, CH3NH3PbIBr2, and CH3NH3PbBr3absorbing layer for the FTO/TiO2/MAPbBr3-nIn/Spiro-OMeTAD/Al device structure [18, 19]. The schematic diagram of device is shown in Figure  1. Here, TiO2 is electron transport layer (ETL) and Spiro-OMeTAD is hole transport layer (HTL). FTO and Al is used as front contact and back contact electrode respectively. The thickness of the absorbing material is taken as 1.0 µm (optimal) for our study under optimal temperature condition with 1000 W/m2 solar power AM 1.5 G illumination 

[20, 21]. The optimum thickness of the absorbing materials is associated with the four factors PCE, VOC, ISC, and FF which are directly measured the device performance. The details of basic parameters for the absorbing layer (CH3NH3PbI3, CH3NH3PbI2Br, CH3NH3PbIBr2, and CH3NH3PbBr3), base material (TiO2, Spiro-OMeTAD, FTO) and metal (Al) have been shown in Table 1 and Table 2 respectively. 





 

Figure 1.  The schematic view of FTO/TiO2/MAPbX3/Spiro-OMeTAD/Pt device 28

Table 1.  The parameters set for CH3NH3PbX3 (MAPbX3) based solar cell Parameters 

CH3NH3PbI3  CH3NH3PbI2Br  CH3NH3PbIBr2  CH3NH3PbBr3  References 

Band gap(eV) 

1.59 

1.70 

2.03 

2.31 

[22] 

Electron affinity(eV) 

3.9 

3.6 

3.45 

3.7 

[23, 24] 

Dielectric permittivity 

10 

15 

6.5 

7.5 

[25, 26] 

Donor density (1/cm3) 

0 

1x1010 

Variable 

1x1013 

[27] 

Acceptor density (1/cm3) 

2.1×1017 

1x1010 

Variable 

1x1013 

[28] 

Electron mobility (cm²/Vs) 

10 

15 

2 

24 

[19] 

Hole mobility (cm²/Vs) 

10 

15 

2 

24 

[19] 

 

Table 2.  The base material parameters for the PSC device and work function of metals used in simulation Parameters 

FTO [29]  TiO2 [30]  Spiro-OMeTAD [31] 

Thickness (µm) 

0.5 

0.03 

0.3 

Band gap(eV) 

3.5 

3.2 

3 

Electron affinity(eV) 

4 

4.26 

2.45 

Dielectric permittivity 

9 

9 

3 

Donor density (1/cm3) 

2×1019 

6x1019 

0 

Acceptor density (1/cm3) 

0 

0 

2x1018 

Electron mobility (cm²/Vs) 

20 

4 

2x10-4 

Hole mobility (cm²/Vs) 

10 

2 

2x10-4 

Parameters 

FTO [29]  TiO2 [30]  Spiro-OMeTAD [31] 

Thickness (µm) 

0.5 

0.03 

0.3 

Band gap(eV) 

3.5 

3.2 

3 

Electron affinity(eV) 

4 

4.26 

2.45 

Dielectric permittivity 

9 

9 

3 

Donor density (1/cm3) 

2×1019 

6x1019 

0 

Acceptor density (1/cm3) 

0 

0 

2x1018 

Electron mobility (cm²/Vs) 

20 

4 

2x10-4 

Hole mobility (cm²/Vs) 

10 

2 

2x10-4 



3. Results and Discussion 



3.1 Study of Optical Properties of the Absorbing Materials 

In this section, optical parameters including optical absorption coefficient (A,  cm-1), indirect optical transition(√Ahv) and direct optical transition  (Ahv)2  in form of Tauc plot of the absorbing layerMAPbX3 

(CH3NH3PbI3, CH3NH3PbI2Br, CH3NH3PbIBr2, and CH3NH3PbBr3) has been studied at the optimized value of thickness and device temperature [32]. The optical absorption coefficient is defined as how far a light with particular wavelength can penetrate the absorbing material before absorption. A lower absorption coefficient leads to lower absorption of light through the absorbing material. On the other side, material direct and indirect band gap nature can be determined from the direct and indirect transition Tauc plot of the material with the help of optical absorption coefficient. Tauc plot for the absorbing layer can be determine by drawing a linear line in that plot to estimate the indirect band gap of the absorbing materials approximately. The mathematical equation to estimate the optical absorption coefficient is defined as [15]: 



(1) 

= (

 N

 A

 M +

)(  hv −  E  

 g )

 hv

where,  h is the Planck’s constant, hv is the photon energy (eV),  Eg is the band gap ( eV) and  M,  N are optical absorption parameters. For any Perovskite material usually,  M is 105 and  N is 0. 

Here, subgraphs (a), (b) and (c) of Figure 2 show the optical absorption coefficient, indirect and direct optical transition Tauc plot for the absorbing layer respectively. By observing the subgraph (a) of Figure 2, the optical absorption coefficient is fall significantly with the wavelength for all the Perovskite materials. At the 300 nm wavelength the optical absorption coefficient of CH3NH3PbI3, CH3NH3PbI2Br, CH3NH3PbIBr2, and CH3NH3PbBr3 material is 1.59×105 cm-1, 1.56×105 cm-1, 1.45×105 cm-1, and 1.35×105 cm-1 respectively. In further look,  At the 500 nm wavelength the optical absorption coefficient of CH3NH3PbI3,  CH3NH3PbI2Br, CH3NH3PbIBr2, and CH3NH3PbBr3 material is 0.94×105 cm-1, 0.88×105 cm-1, 0.67×105 cm-1, and 0.41×105 cm-1 

respectively. This indicates at 300 nm wavelength the penetration of light in the absorbing material is better. Thus, higher photo energy can be achieved at 300 nm wavelength compared to 500 nm wavelength. Optimal wavelength can be determined through the quantum efficiency determination. The reason behind that fall in the absorption of 29
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the absorbing materials after 300 nm wavelength is enhancement of the reflection. Similarly, subgraphs (b) and (c) of Figure 2 show the indirect optical transition Tauc plot,  √ahv  vs hv and direct optical transition Tauc plot, (ahv)2 vs hv for the absorbing layer and we have drawn a line (Yellow) in the Tauc plot to estimate the indirect and direct band gap of the material. The CH3NH3PbI3, CH3NH3PbI2Br, CH3NH3PbIBr2, and CH3NH3PbBr3 

material has indirect band gap of 1.4 eV, 1.5 eV, 1.7eV, and 2.1 eV and direct band gap of 2.6 eV, 2.7 eV, 2.8 eV, and 2.9 eV respectively. The following factors are important when selecting absorption layers- band gap (Eg), electron affinity (Ea), relative permittivity (ℇr), donor density (ND), acceptor density (NA), electron mobility (µn) and hole mobility (µp). Leguy et al. [33] using the relativistic quasi particle self-consistent GW approximation (QSGW), showed that the optical response of MAPbX3 (X = I, Br, Cl) is dominated by the transition between the highest valence band the lowest conduction band, (with minor contributions from the second highest VB and the second lowest CB.  The nature of the band gap of the absorbing materials CH3NH3PbI3, CH3NH3PbI2Br, CH3NH3PbIBr2, and CH3NH3PbBr3 shows that superior direct band gap nature compared to indirect band gap nature. Such superior direct band gap nature of the material indicates that the absorbing material is suitable for both photovoltaic and LED application. 







(a) 

(b) 



 

(c) 



Figure 2.  Plot of a) optical absorption coefficient vs wavelength, b) indirect and c) direct optical transition Tauc plot for the MAPbX3 absorbing layer 



3.2 Study of Opto-Electrical Properties of the Absorbing Materials 

  EISA (Electrical Impedance Spectroscopy Analysis) is an effective technique to study the device responses in an AC signal small frequency domain [34]. In EISA, we have used Nyquist plot and Bode plot to find the nature of changes (electronic or ionic) in the device irrespective of response of the device and resonance time period of the device. Two important frequency domain tools Bode plot and Nyquist plot has been studied to find the resonance time period and the nature of changes in the device whether ionic or electronic. Here, subgraphs (a) and (b) of Figure 3 indicate the Bode plot and Nyquist plot of the MAPbX3 solar cell. From the subgraph (a) of Figure 

3,  it is observed that at 0.11 MHz (CH3NH3PbI3), 0.16 MHz (CH3NH3PbI2Br), 0.16 MHz (CH3NH3PbIBr2) and 0.18 MHz (CH3NH3PbBr3) frequency the device has a peak and the corresponding peak time (resonance time) of the material is 9.09 µs  (CH3NH3PbI3), 6.25 µs  (CH3NH3PbI2Br), 6.25 µs  (CH3NH3PbIBr2) and 5.55 µs (CH3NH3PbBr3). This faster response of the device indicates all the changes in the device is purely electronic based. By looking at subgraph (b) of Figure 3, it is clearly observed that CH3NH3PbI3 absorbing layer has perfect semi-circular Nyquist arc where as for other three absorbing layer CH3NH3PbI2Br, CH3NH3PbIBr2  and CH3NH3PbBr3has inferior semi-circular Nyquist arc shape. Nyquist arc is the parallel formation of shunt resistance (R)-junction capacitance (C) pair in the device. The probable reason behind those dissimilarities in semi-circular shape of Nyquist plot is the existence of multiple reactive elements in the device and as a result a proper parallel RC couple formation is not established in device. 
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(a) 

(b) 

Figure 3.  Impedance analysis: a) Bode plot, b) Nyquist plot for the FTO/TiO2/MAPbX3/Spiro-OMeTAD/Pt device 

The conductivity (G,S/cm2) of the CH3NH3PbI2Br, CH3NH3PbIBr2, CH3NH3PbBr3, and CH3NH3PbI3absorbing material has been studied under the optimal condition. Conductivity of a material is an intrinsic property and it determines the ability to carry the amount of current by that material. Here, Figure 4 shows the G-V graph for the CH3NH3PbI2Br, CH3NH3PbIBr2, CH3NH3PbBr3, and CH3NH3PbI3absorbing material. By looking at Figure 4,  we can observe that CH3NH3PbI3absorbing material has significant enhancement in the conductivity with the open circuit voltage (V) and other three material CH3NH3PbI2Br, CH3NH3PbIBr2, and CH3NH3PbBr3 has no change with the voltage. Optical efficiency is the theoretical basis for CH3NH3PbI3 absorption layer to have better current carrying capacity than the other three absorption layers and the external quantum efficiency (EQE), optical absorption coefficient (a) are the useful tool to measure the optical efficiency. This phenomenon suggests that CH3NH3PbI3 absorbing layer has superior current carrying capability with compare to other three absorbing layer. 

Figure 4. G-V plot for the FTO/TiO2/MAPbX3/Spiro-OMeTAD/Pt device 4. Conclusions

In this work, optical and electrical properties of mixed halide based Methylammonium lead based PSC has been studied using the SCAPS-1D. Various electrical parameters were investigated to observe its effect on the device performances. The results shows that FTO/TiO2/MAPbBr3-nIn/Spiro-OMeTAD/Al structure based solar cell device has 9.09 µs, 6.25 µs, 6.25 µs and 5.55 µs resonance time, 1.4 eV, 1.5 eV, 1.7 eV, and 2.1 eV indirect band gap and 2.6 eV, 2.7 eV, 2.8 eV, and 2.9 eV direct band gap respectively for the CH3NH3PbI2Br, CH3NH3PbIBr2, CH3NH3PbBr3, and CH3NH3PbI3 absorbing layer, respectively. 
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Abstract: In This research article represents the study of optical, and electrical properties of Methylammonium
lead (MAPbBr3.41y; n=0, 1, 2 and 3) (CHsNH;3Pbl;, CH;NH;Pbl,Br, CH;NH;PbIBr2, and CH;NH;PbBr3) based
Perovskite solar cell. An FTO/TiO»/ MAPbBr3..1/Spiro-OMeTAD/Al based structure with TiO> as electron
transport layer and Spiro-OMeTAD hole transport layer has been used for this study. The opto-clectrical properties
such as resonance time period, indirect and direct band gap have been studied. The results shows that the resonance
time period, indirect band gap, and direct band gap for each of the Perovskite layer CH3NH;PbI; is 9.09 ps, 1.4
eV and 2.6 eV, for CHsNH3PbI2Br is 6.25 ps, 1.5 eV and 2.7 eV, for CH;NH3PbIBr2 is 6.25 ps, 1.7 ¢V, and 2.8
eV and for CH;NH;3PbBrs is 5.55 s, 2.1 €V and 2.9 eV respectively.

Keywords: Solar cell; Perovskite; SCAPS-1D; Photovoltaic; Opto-electrical; Simulation
1. Introduction

Organic-inorganic Perovskite based solar cellsconsisted of an organic-inorganic based lead compound having
basic structure of AMXs, where X is an anion which is a halide like Br, I, Cl or F and A & M are cations of
different atomic radius [1, 2]. The most common organic-inorganic lead-based Perovskite compound studied for
photovoltaic application is Methylammonium Lead Iodide, which has CH;NH;"cation and has octahedron of Pbls
to form the crystal structure [3]. Such hybrid organic-inorganic halide PSC has several advantages like greater
light absorptivity, charge carrier mobility, higher exciton diffusion length, lower exciton binding energy and
tuneable band gap. As a result, the power conversion efficiency (PCE), of the Perovskitesolar cells (PSCs) is higher
compared to other photovoltaic devices. Such hybrid halide compound was first introduced by Kojima et al. [4]
with CH;NH3Pbl; and CH;NH;3PbBr; active material for PV application with a PCE up to 3.8%. Later the group
further improved the conversion efficiency by the introduction of Perovskite quantum dots along with TiO2. Spin
coating technique was used for fabrication of the solar cells and could record unto 6.5% [5]. Further, extensive
research on CH3NH;Pbl; solar cell recorded highest conversion efficiency >20% which is higher than any
traditional DSSCs [6, 7]. Pb-based PSC is most suitable for Photovoltaic application because of its Physical,
Chemical and Opto-electronic properties making it perfect candidate for PV application. These properties lead to
arecord PCE of 23.8% [8]. Organometallic halide Perovskites, MAPbX; (X=Br, I, Cl) has been widely studied as
it shows excellent photovoltaic properties. A study on improving the morphology of the CH;NH;Pbl; based
perovskite layers by adding toluenewas presented by Ashurov et al. under different conditions for obtaining the
absorber layers [9]. Wang et al. [10] investigated the structural and photophysical properties of single-crystalline
MAPDBr; based Perovskite using temperature-dependent XRD and various spectroscopy techniques and found
that this Perovskite undergoes three phase transitions from cubic i.c., to tetragonal, orthorhombic I, and
orthorhombic II, as the temperature decrease from 300 K to 20 K. The PSC consists of three layers that are an
electron transport layer (ETL), Perovskite active layer, and hole transport layer (HTL). Both the ETL and HTL
has an important influence on device performance. TiO; and ZnO are the most common materials used for ETL in
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