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ABSTRACT 

 

Perovskite solar cells (PSCs) have captured widespread recognition in the photovoltaic field 

because of their superior efficiency and affordable manufacturing. The toxicity of lead-based 

perovskites poses environmental concerns. In this context, the Pb-free perovskite 

methylammonium bismuth iodide (CH3NH3)3Bi2I9 presents a viable alternative to the Pb-based 

halide cells, offering a harmless nature and exceptional durability. We have investigated the 

intrinsic impacts of (CH3NH3)3Bi2I9 perovskite by employing SCAPS-1D. We optimised 

different variables, including thickness, Defect Density Nt, energy bandgap, Temperature, and 

carrier density for ETL and HTL, which affect a PSC’s performance. We also investigated the 

effect of diverse HTLs and ETLs on the device’s performance. The simulation results show an 

efficiency of 18.14 % with Voc of 1.67 V, Jsc of 12.72 mA/cm2 and FF of 85.16 %, for the 

configuration FTO/WS2/MA3Bi2I9/NiO/Pt, with a Thickness of 500 nm and Defect D. (Nt) of 

1014 cm-3, at a Temperature of 300K. These findings suggest that (CH3NH3)3Bi2I9 material is a 

promising prospect for future sustainable solar energy technology. 
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CHAPTER:1 

Introduction 

 

Imagine a world where every rooftop, window, or even backpack could generate clean, 

renewable electricity from sunlight. This is no longer a distant dream thanks to the rapid 

evolution of solar technology. As the global population grows and the effects of climate 

change become increasingly urgent, the need for sustainable and accessible energy solutions 

has never been clearer. Among the many contenders in the race toward a greener future, solar 

cells devices that convert sunlight directly into electricity have taken centre stage. 

Traditional solar technologies, especially those based on crystalline silicon, have been 

instrumental in bringing solar power to homes, industries, and even satellites. These cells 

work through a beautifully simple process: when sunlight hits a semiconductor material, it 

energizes electrons enough to set them free, generating an electric current that can power 

anything from a calculator to a city. Over the years, these cells have become more efficient 

and more affordable, but they are still limited by material costs, energy-intensive 

manufacturing, and physical rigidity. Then, something revolutionary happened. In 2009, 

researchers experimenting with a new class of materials discovered that a crystal structure 

known as perovskite could also convert sunlight into electricity, and remarkably well. What 

started as a niche laboratory curiosity has rapidly blossomed into one of the most exciting 

frontiers in solar energy. Today, Perovskite Solar Cells (PSCs) are turning heads across the 

scientific community for their exceptional light-harvesting abilities, low-cost production 

potential, and surprising flexibility. 

Perovskite materials are special not only because they work but because they work so well. 

In just over a decade, their efficiency has skyrocketed from under 4% to over 25%, putting 

them in direct competition with silicon. And they do this with a fraction of the material, on 

flexible surfaces, and with far less energy required to manufacture. Imagine printing solar 

panels like newspapers or integrating them into lightweight fabrics perovskites make these 

futuristic ideas surprisingly feasible. 

What makes them so powerful? Structurally, perovskites have a unique arrangement 

(commonly written as ABX₃) that allows for excellent light absorption, long electron 

lifetimes, and easy tuning of their properties. The most studied perovskites, typically based 

on lead halides, absorb a broad spectrum of sunlight and generate electricity efficiently even 
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under low light conditions. Better yet, they can be layered on top of traditional silicon cells 

in tandem configurations, pushing the boundaries of solar efficiency even further. 

This thesis dives into the fascinating world of perovskite solar cells—from their fundamental 

chemistry and working principles to the cutting-edge advances that are shaping their future. 

It will explore the challenges, innovations, and opportunities that define this dynamic field, 

with the hope that PSCs might one day transform how the world captures and uses solar 

energy. We are standing at the edge of a solar revolution. And perovskites might just be the 

material that takes us over the threshold. 

PSCs have acquired recognition in the P-V industry owing to their excellent efficiency, cost-

effective fabrication, and easy synthesis process [1]. The research field of solar cells has 

been greatly influenced by organic-inorganic PSCs due to their outstanding attributes, such 

as high charge carrier mobility, high absorptivity, an increased dielectric constant, desired 

deposition through solution processing method, cost-effective manufacturing, and low-heat 

deposition unlike traditional silicon-based photovoltaic devices [2]. The huge improvement 

in efficiency and stability in PSCs can be seen in just 10 years. The perovskite material was 

used for the first time in solar cells as documented by Miyasaka and colleagues in 2009, 

achieving a PSC of 3.8 % [3]. The Pb-based perovskite solar cells cause serious issues with 

their sustainability due to their toxic nature, which is highly harmful to both the environment 

and living organisms. Furthermore, Pb-based perovskites suffer from a stability problem 

because of the rapid oxidation of the Pb2+ cation under atmospheric conditions such as 

moisture, dust, and other factors. To eliminate the toxicity and stability issues faced by PSC, 

researchers have explored numerous ways to exchange the Pb with elements such as Sb, Sn, 

Bi, double perovskite, etc. Replacing the Pb2+ cation with Sn2+, which has a similar divalent 

crystal structure, does not alter the composition of PSCs as Sn2+ has a smaller radius than 

Pb2+ cation. The Sn-based perovskites also have narrow band gaps, making them 

theoretically more efficient than the Pb-based perovskite solar cells. CsSnI3 was employed 

in 2012, as reported by Chen et al. [4]; however, the efficiency was reportedly just 0.9%. 

Subsequently, caesium (Cs) was replaced with the (CH3NH3) by Noel et al. with PCE 6% 

[5]. However, tin (Sn)-based solar cells are still facing the problem of stability due to their 

ambient environmental factors as rapid oxidation from Sn2+ to Sn4+ [5,6]. To address toxicity 

and enhance stability, hetero-valent materials like Bi and Sb have been experimentally tested 

in laboratories to evaluate their suitability and durability for use in perovskite solar cells. 

These hetero-valent materials, such as Bi3+ and Sb3+, exhibit a stable oxidation state 
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comparable to homo-valent materials like Pb, Sn, and Ge. However, Bi3+ exhibits superior 

electro-optical properties compared to Pb2+, owing to their similar properties, such as ion 

size and electronic configuration of these materials. Recent studies indicate that Bi-based 

perovskites such as (CH3NH3)3Bi2I9, also known as methylammonium bismuth iodide 

(MBI), are promising candidates for use as light-harvesting layers in PSCs [7]. Previously, 

the Bi-based perovskite solar cell PSC had investigated both theoretical and experimental 

ways [8-10]. The (CH3NH3)3Bi2I9, is perovskite material in which the organic part of 

perovskite (CH3NH3)3+ cation is introduced to maintain charge neutrality in the PSC 

structure, Bi3+ ion acts as the central metal atom that replaces Pb2+ ion while iodide ion forms 

octahedral co-ordination around the Bi+3 ion and generating a linkage that supports the 

perovskite material [11]. Researchers have demonstrated keen attention to bismuth-based 

perovskite materials owing to exceptional electronic properties, non-toxic nature, and 

outstanding durability in moist environments. Take a look at some previous studies on 

bismuth-based perovskite materials.  Senol Öz and Jan-Christoph H. reported a wide 

bandgap (CH3NH3)3Bi2I9 perovskite utilized as a light-responsive layer in PSCs. They 

observed a conversion rate of around 0.1% for the flat p-i-n PSC [12]. Fengzhu Li and 

Haochen Fan employ the lead-free uniform and tightly packed MBI films using the two 

PSCs. The lead-free MBI films were manufactured by using a two-step deposition method. 

This MBI film obtained a better efficiency of 0.33% [13]. The novelty of (CH3NH3Bi2I9) lies 

in its potential as a harmless, environment-friendly alternative for Pb-based perovskite 

materials in solar cells. In this study, numerical modelling is conducted using SCAPS-1D 

software to optimise ETL and HTL with the CH3NH3Bi2I9 perovskite layer, aiming to 

determine the best configuration for achieving a high-performance device. We also 

optimized several parameters like defect density, thickness, operating temperature, energy 

bandgap of the perovskite layer, and carrier density of ETL and HTL to improve device 

performance. During the simulation, it was observed that the PSC model, designated as 

FTO/WS2/CH3NH3Bi2I9/NiO/Pt, achieved a maximum efficiency of 18.14 % with Voc of 

1.67 V, Jsc of 12.72 mAcm-2, and a Fill factor of 85.16 %. This efficiency is approximately 

double the previous results of 9.04%, as shown in Table 4.4, Furthermore, the incorporation 

of a suitable Metal contact with a work function of 5.65 eV [14] contributed to this enhanced 

performance. 
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CHAPTER: 2  

Literature Review 

2.1 Background Knowledge 

As the world races to embrace cleaner energy sources, solar power has taken centre stage in 

the push for sustainability. Among the most exciting breakthroughs in this area are perovskite 

solar cells (PSCs), a class of materials that has completely reshaped what we thought was 

possible in solar energy. What makes them so special is their unique ABX3 crystal structure, 

which allows them to absorb sunlight remarkably well and convert it into electricity with 

high efficiency. Since their introduction in 2009, PSCs have improved from a humble 3.8% 

efficiency to over 26% in the lab, one of the fastest rises in performance seen in any solar 

technology. 

This leap in efficiency has been driven by clever innovations in how the cells are designed, 

from smarter device architectures and better charge transport layers to simpler and more 

scalable manufacturing techniques. However, there’s a downside: most high-efficiency PSCs 

contain lead (Pb), which poses health and environmental risks. Moreover, these materials 

tend to degrade when exposed to heat, moisture, or sunlight, a major problem for solar panels 

meant to last for decades outdoors. 

To solve these problems, researchers have been developing lead-free alternatives, with a lot 

of attention now turning to a newer class called double perovskite solar cells (DPSCs). These 

materials replace toxic lead with safer elements like bismuth (Bi), silver (Ag), and tin (Sn), 

etc, and offer better stability under real-world conditions. One promising example is 

Cs2BiAgI6, which has shown good potential in early studies. In theory, DPSCs could reach 

efficiencies of 27% or more, but in practice, they’re still playing catch-up with lead-based 

cells, often stuck around 15–20%. That gap is due to a mix of issues, including less efficient 

charge movement, defects at layer interfaces, and energy lost through the recombination of 

charge carriers. 

This is where a new generation of double perovskite materials comes in. Compounds like 

Cs3Bi2I9, MA3Bi2I9, FA3Bi2I9, MASnI3, FASnI3, Cs2AgBiBr6, and Cs2AgBiCl6 have been 

successfully synthesized and show real promise. They are non-toxic, chemically stable, and 

have suitable band gaps for harvesting solar energy. Among these, Cs3Bi2I9 stands out as 

especially promising. It’s not only safe for the environment, but also fairly stable when 
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exposed to light and air. Researchers have found that adding small amounts of potassium 

iodide (KI) during the manufacturing process improves the crystal quality and helps reduce 

flaws that would otherwise hurt efficiency. Thanks to such tweaks, some devices have now 

reached 2.81% efficiency, which, while modest, is a step in the right direction. 

MA3Bi2I9 is another strong candidate. It's also stable and eco-friendly, and current studies 

are focused on improving its composition and fabrication methods to boost both performance 

and durability. Researchers are experimenting with new solvents, additives, and layer 

designs to fine-tune how these materials behave inside a solar cell. 

To make DPSCs truly practical, the focus is also shifting toward building devices that are 

not only efficient but also durable and scalable. For example, inorganic materials like SnO₂ 

and NiO are being explored for use as charge transport layers, offering better stability than 

their organic counterparts. New Protective strategies, ways of sealing the cells against 

moisture and UV damage, are also showing promise. On the production side, techniques like 

slot-die coating allow for larger, uniform films that can be mass-produced without sacrificing 

too much efficiency. 

Excitingly, researchers are also using machine learning to predict which material 

combinations and layer structures will work best. These tools help speed up discovery and 

reduce trial-and-error in the lab. And on the frontier of solar tech, tandem solar cells, where 

DPSCs are layered with other solar materials, are being explored to push overall efficiencies 

above 30%. Figuring out how to combine these materials effectively is still a challenge, but 

the potential payoff is huge. 

In short, while perovskite and double perovskite solar cells have already made a big splash 

in the world of solar research, the journey from the lab to your rooftop is still ongoing. 

Tackling the tough questions around efficiency, stability, and scalability will be key to 

turning these exciting materials into the next generation of mainstream, clean energy 

solutions. 
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2.2 Purpose of Research 

This research is motivated by the vision of creating solar technologies that are not only 

efficient but also safe for both people and the environment. At the heart of this project is 

methylammonium bismuth iodide (MA3Bi2I9), a lead-free perovskite material that holds 

great promise as an alternative to conventional, lead-based perovskite solar cells. While 

traditional perovskites have set new benchmarks in solar cell efficiency, their reliance on 

toxic lead has raised significant concerns about environmental safety and long-term health 

risks. Our work aims to bridge this gap by demonstrating that MA3Bi2I9 can combine strong 

photovoltaic performance with a non-toxic, environmentally friendly profile. 

The primary goal is to show that solar cells based on MA3Bi2I9 can achieve efficiencies and 

operational stability comparable to their lead-based counterparts. To do this, we are focusing 

on optimizing the material’s composition to improve light absorption, refining fabrication 

techniques for better film quality, and designing device architectures that minimize energy 

losses. Recognizing that solar panels must endure real-world conditions, we are also working 

to enhance the durability of MA3Bi2I9 cells by developing moisture-resistant coatings and 

robust charge transport layers. Another key aspect of this research is to make these advances 

scalable, so that the technology can move beyond laboratory prototypes to large-area 

modules suitable for widespread use. This involves exploring cost-effective manufacturing 

methods, such as inkjet printing and roll-to-roll processing, to ensure that MA3Bi2I9 solar 

cells can be produced efficiently and at scale. 

Finally, we are addressing the common limitations of bismuth-based perovskites, such as 

suboptimal film morphology and limited charge mobility, by experimenting with additives, 

interface engineering, and structural modifications. Ultimately, this research seeks not just 

to improve a material but to redefine what sustainable solar energy can be, offering a solution 

that is both powerful and safe, and helping to pave the way for a cleaner, greener future. 
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CHAPTER: 3  

Materials And Methods 

 

3.1 Novelty of Material 

The true novelty of methylammonium bismuth iodide (MA3Bi2I9) lies in its potential to 

fundamentally change how we think about safe and sustainable solar energy. Unlike 

traditional perovskite materials that rely on lead, raising serious concerns about toxicity and 

environmental harm, MA3Bi2I9 swaps out this hazardous element for bismuth, which is far 

less risky for both people and the planet. This simple yet powerful substitution means 

MA3Bi2I9 offers a much safer path forward for the widespread adoption of perovskite solar 

cells. But its advantages don’t stop at safety. MA3Bi2I9 is also known for its impressive 

thermal stability and strong crystal structure, both of which are essential for building solar 

panels that can stand the test of time in real-world conditions. The material’s ability to form 

smooth, high-quality films is another key strength, as it helps maximize the efficiency with 

which sunlight is converted into usable electricity. Researchers are actively experimenting 

with different ways to fine-tune the composition and fabrication of MA3Bi2I9, aiming to push 

its performance even closer to that of its lead-based counterparts. By addressing the twin 

challenges of efficiency and environmental responsibility, MBI stands out as a genuinely 

innovative material, one that could help make solar energy cleaner, safer, and more 

accessible for everyone. 

3.2 SCAPS-1D Software 

• SCAPS-1D Interface: The SCAPS startup interface: central action panel 

•  
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3.2.1: About SCAPS-1D Software 

Imagine testing and refining solar cell designs without ever entering a lab. That’s the promise 

of SCAPS-1D, a one-dimensional solar cell simulation program created by the Department 

of Electronics and Information Systems at the University of Gent, Belgium. Acting as a 

virtual lab, SCAPS-1D enables researchers to model, analyze, and optimize thin-film solar 

cells with high precision, streamlining the path from concept to real-world application. It 

significantly reduces material waste, shortens development time, and lowers research costs, 

making solar innovation more accessible and sustainable. At its core, SCAPS-1D simulates 

how light and electricity interact within the layered structure of a solar cell. It focuses on the 

vertical stack, absorber, buffer, and contact layers, and predicts how material properties, 

thickness, and defects impact performance. The software solves complex physical equations 

numerically, providing key outputs like current-voltage (J-V) characteristics, quantum 

efficiency (QE), and electric field distribution. 

SCAPS-1D also models light behaviour using the Transfer Matrix Method (TMM), which 

tracks how light reflects, transmits, or is absorbed in each layer. This allows for optimizing 

sunlight capture and minimizing energy losses. Its user-friendly interface and flexible input 

options make it ideal for both academic research and industrial prototyping. The two images 

above have been sourced from the SCAPS-1D software documentation. Beyond its 

calculations, SCAPS-1D helps engineers virtually test countless design variations, adjusting 

doping, layer interfaces, and more, to find the best balance between efficiency, durability, 

and cost. This is especially critical for emerging solar technologies like perovskites, where 

small tweaks can greatly impact performance. 
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3.2.2 Basics Action: SCAPS-1D Software 

• Run SCAPS-1D – Launch the simulator to begin your session. 

• Define the device structure – Set up the geometry, select materials, and input all 

necessary physical and electrical properties. 

• Set simulation conditions – Choose the operating environment or working point, 

such as illumination, temperature, or voltage. 

• Select the simulation type – Decide what you want to simulate, like J-V 

characteristics, C-V curves, or quantum efficiency. 

• Start the simulation – Execute the selected calculations based on your input setup. 

• View results – Display and analyze the output curves generated from the simulation. 

The schematic diagram illustrates the main steps typically involved in a SCAPS-1D 

simulation, providing a clear view of the overall process, referenced from [15].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Diagrammatic representation of the fundamental steps involved in the SCAPS-

1D simulator. 
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3.3 Numerical Simulation 

When designing and understanding solar cells, especially perovskite-based ones, numerical 

modeling plays a crucial role in predicting how these devices will perform in real-world 

conditions. For perovskite solar cells, which exhibit intricate and often unpredictable 

behavior, computational methods serve as an essential bridge between theoretical concepts 

and practical applications. These simulations help researchers validate their understanding 

of the underlying physics and predict how modifications to the device structure might affect 

overall performance. 

The SCAPS-1D simulation platform operates by solving fundamental equations that govern 

charge carrier behavior within the solar cell. These include the equations of continuity for 

both holes and electrons, along with Poisson's equation, which together describe how 

charges move, accumulate, and recombine throughout the device. The key equations that 

SCAPS-1D works with are presented below: [16,17]. 
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ⅆ

ⅆ𝑥
 (𝜀(𝑥)

ⅆ𝜙

ⅆ𝑥
) = 𝑞[𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝐷(𝑥) − 𝑁𝐴(𝑥) + 𝜌𝑝 − 𝜌𝑛]                                        (3) 

 

𝐽 = 𝐽𝑛 + 𝐽𝑝 

 

𝐽𝑛 = 𝐷𝑛
ⅆ𝑛

ⅆ𝑥
+ 𝜇𝑛𝑛

ⅆ𝜙

ⅆ𝑥
   Drift Diffusion Equation for Electrons 

 

𝐽𝑝 = 𝐷𝑝
ⅆ𝑝

ⅆ𝑥
+ 𝜇𝑝𝑝

ⅆ𝜙

ⅆ𝑥
   Drift Diffusion Equation for Holes 

 

𝑛 = 𝑁𝐶 𝑒𝑥𝑝 [
𝐸𝐶−𝐸𝑛𝑓

𝑘𝑇
]   Concentration of electrons 
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𝑝 = 𝑁𝑣 𝑒𝑥𝑝 [
𝐸𝑛𝑓

−𝐸𝑣

𝑘𝑇
]   Concentration of holes 

 

𝐿𝑛,𝑝 = √𝐷𝑛,𝑝 𝜏𝑛,𝑝    Diffusion length for electrons and holes 

𝜏 =
1

𝜎𝑁𝑡𝑣𝑡ℎ
      Charge carrier lifetime 

𝑅𝑆𝑅𝐻 =
𝑝𝑛−𝑛𝑖

2

𝜏𝑝(𝑛+𝑛𝑖)+𝜏𝑛(𝑛+𝑝𝑖)
    Defect-level recombination rate  

 

Where 𝜉 denotes the Electric field, n and p are electron-hole concentrations, 𝜙 is the electric 

potential, q represents elementary charge, 𝜀 denotes permittivity, NA and ND, indicate the 

charge carrier density of acceptors and donors, while 𝜌𝑝 and 𝜌𝑛 represent the hole and 

electron distributions. R and G are referred to as the recombination rate and generation rate, 

respectively. Jn and Jp show the electron and hole Current density, Dn and Dp are diffusion 

coefficients for electrons and holes. Nc & Nv show the DOS of the Conduction and Valence 

bands. Ec & Ev represent the conduction band and valence band, respectively. The 𝐸𝑛𝑓
 

represents the Fermi energy level, and T indicates the temperature. μp and μn represent the 

mobilities of holes and electrons. 𝜏𝑝 and 𝜏𝑛 represents holes and electrons’ lifetimes, 

respectively. Finally, 𝜏 is the carrier lifetime, the catch cross-section of the trap is represented 

by 𝜎, and 𝑣𝑡ℎ denotes the carrier’s thermal velocity. 

 

3.4 Device Structure 

The perovskite solar cell configuration investigated in this research follows the structure: 

FTO/ETL/(CH3NH3)3Bi2I9/HTL/Pt. This design utilizes Fluorine-doped Tin Oxide (FTO) as 

the transparent front electrode, leveraging its excellent properties as a transparent conductive 

oxide. The effectiveness of this structure is enhanced through the strategic selection of 

different ETLs and HTLs. 

For the electron transport functionality, this study explores several material options, 

including TiO2, IGZO, ZnSe, PCBM, and WS2. These materials serve as pathways for 

electrons to travel efficiently from the active layer to the front contact. Similarly, for hole 

transport, the investigation includes Cu2O, CuI, NiO, PEDOT: PSS, Spiro-OMeTAD, and 
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CuSCN as potential HTL materials. The back contact consists of Platinum (Pt), chosen for 

its favourable Work function of 5.65 eV, which facilitates proficient carrier collection. 

Figure 1 demonstrates the standard architecture of the optimized perovskite solar cell, clearly 

showing the sequential arrangement of FTO, ETL, absorber layer, and HTL components. 

The illuminated side features FTO configured as a flat-band contact, while the opposite side 

incorporates the Platinum back contact with its 5.65 eV work function serving as an effective 

electrode. The material parameters for each layer used in the simulation are carefully selected 

based on previously published research findings, as detailed in Tables 3.1 and 3.2. 

The photo-absorption behaviour of the different layers is calculated using SCAPS-1D's 

integrated model, which employs equation (4): 

𝛼 = Aa √(ℎ𝜈 − 𝐸g)  

Here, 'Aa' represents a material-specific pre-factor that determines the absorption 

characteristics unique to each layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Standard device structure of PSC with different layers 
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Table 3.1: Input parameters of perovskite material, different ETL, and FTO 

 

Parameters MBI TiO2 IGZO PCBM WS2 ZnSe FTO 

Thickness 

(nm) 
300 100 100 100 50 100 50 

Eg (eV) 2.26 3.2 3.05 2.0 1.8 2.81 3.6 

𝜒 (eV) 3.69 3.9 4.16 3.9 3.95 4.09 4.0 

𝜀r 10 9 10 3.9 13.6 8.6 9.0 

NC (cm-3) 1×1019 1×1021 5×1018 2. 5 ×1021 2. 2 ×1017 2.2×1018 2.2 ×1018 

NV (cm-3) 1×1019 2×1020 5×1018 2. 5 ×1021 2. 2 ×1016 1.8×1018 1.8 ×1019 

𝜇e (cm2/V s) 7.9 ×10-2 20 15 0.02 100 400 100 

𝜇h (cm2/V s) 7.9 ×10-2 10 0.1 0.02 100 110 25 

ND (1/cm3) 1×1019 1×1019 1×1017 2.93×1017 1018 1×1015 5×1018 

NA (cm-3) 1×1019 _ _ _ _ _ _ 

Nt (1/cm3) 3.5 ×1016 1×1015 1×1015 1×1015 1015 1×1015 1×1014 

Reference [16] [19,20] [21] [22] [23] [18,24] [25] 

 

 

Table 3.2: Input parameters for various HTL Materials. 

Parameters Cu2O CuI CuSCN NiO PEDOT: PSS Spiro 

Thickness 

(nm) 
150 100 100 50 100 200 

Eg (eV) 2.17 3.1 3.6 3.6 1.6 3.0 

𝜒 (eV) 3.2 2.1 1.7 2.1 3.4 2.2 

𝜀r 7.1 6.5 10 11.75 3 3.0 

NC (cm-3) 2×1017 2.8 ×1019 2. 2 ×1018 2. 5 ×1020 2. 2 ×1018 2. 2 ×1018 

NV (cm-3) 1.1 ×1019 1 ×1019 1.8 ×1019 2. 5 ×1020 1.8 ×1019 1.8 ×1019 

𝜇e (cm2/V s) 200 100 100 10-3 4.5 ×10-2 
2.10 ×10-

3 

𝜇h (cm2/ V s) 80 43.9 25 10-3 4.5 ×10-2 2.1610-3 

ND (cm-3) _ _ _ _ _ _ 

NA (cm-3) 1×1018 1×1018 1×1018 1×1019 1×1019 2×1019 

Nt (cm-3) 1 ×1015 1 ×1015 1 ×1015 1×1015 1 ×1014 1×1015 

Reference [26] [27] [28] [29] [30] [31] 
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CHAPTER: 4 

 Results and Discussions 

 

In this study, we analyze the results of all parameters of our proposed PSC model. 

(CH3NH3)3Bi2I9 serves as the perovskite layer owing to its non-hazardous nature, excellent 

stability, and superior optoelectronic characteristics. However, adjusting this perovskite film 

with suitable ETL and HTL is challenging due to the band structure of the (CH3NH3)3BI2I9 

perovskite layer. However, to achieve the optimum result during simulation, the required 

configuration FTO/ETL /(CH3NH3)3BI2I9 /HTL/Pt, for five different ETLs and more than 

eight HTLs, are taken for simulation, but only six out of them provide more efficient 

performance. We tested only six HTL materials. 

 

 

4.1 Optimization of ETLs and HTLs 

The optimization of both ETL and HTL of PSCs is vital for achieving a high-performance 

device, as they significantly influence the device’s PCE by regulating electron and hole 

movement. Fig.4.1 shows the band diagrams of different ETL materials used with 

(CH3NH3)3Bi2I9 as the absorber layer, while Fig.4.2 illustrates the band alignment of 

(CH3NH3)3Bi2I9 with various HTL materials, providing insight into the energetic 

compatibility and potential carrier transport across interfaces. By modifying key aspects, 

including an appropriate band gap, superior carrier mobility, optimal thickness and electron 

affinity, etc. Fig.4.3 displays the performance parameters of various PSC configurations 

employing different HTLs like Cu2O, CuI, CuSCN, PEDOT: PSS, Spiro-OMeTAD, and 

NiO, where TiO2 and (CH3NH3)3BI2I9 serve as ETL and perovskite layer, respectively. 

Similarly, Fig.4.4 depicts the performance characteristics of various HTLs, where IGZO acts 

as the ETL alongside a perovskite layer. Figure 4.5 presents the performance parameters of 

various HTLs using PCBM as ETL, while Figure 4.6 reveals the performance parameters 

using WS2 as ETL. Finally, Figure 4.7 also shows the performance parameter of different 

HTLs with ZnSe as the ETL. In Figure 4.6, after the investigation, it has been determined 

that the FTO/WS2/(CH3NH3)3BI2I9 /NiO/Pt configuration offers the best photo-voltaic 

parameter performance when NiO and WS2 are used as HTL and ETL. Across Figure 4.3 to 



15 
 

 

4.7, it is evident that the highest efficiency of 18.14 %, is achieved when NiO and WS2 are 

used as HTL and ETL material respectively, with (CH3NH3)3BI2I9 serving as the absorber 

layer in the PSC. However, Cu2O also demonstrates a notable PCE of over 15% using the 

same WS2 as the ETL and (CH3NH3)3BI2I9 as the absorber layer. The maximum performance 

is achieved using the configuration FTO/WS2/(CH3NH3)3BI2I9 /NiO/Pt. In addition, all 

simulated results for different cell structures with multiple arrangements of different ETLs 

and NiO as HTL are represented in Table 4.2. 

 

 

 

 

 

 

 

 

Figure 4.1 Band diagram of different ETL materials with (CH3NH3)3Bi2I9 as an absorber 

layer. 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Band diagram of (CH3NH3)3Bi2I9, as an absorber layer with different HTL 

materials. 
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Figure 4.3 Performance parameters of various HTLs with TiO2 as ETL and 

(CH3NH3)3Bi2I9 as the perovskite layer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Performance parameters of various HTLs with IGZO as ETL and 

(CH3NH3)3Bi2I9 as the perovskite layer  
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Figure 4.5 Performance parameters of various HTLs with PCBM as ETL and 

(CH3NH3)3Bi2I9 as the perovskite layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Performance parameters of various HTLs with WS2 as ETL and 

(CH3NH3)3Bi2I9 as the perovskite layer  
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Figure 4.7 Performance parameters of various HTLs with ZnSe as ETL and 

(CH3NH3)3Bi2I9 as the perovskite layer. 

 

4.2 Effect of the Perovskite Layer Thickness 

The thickness of the perovskite layer significantly impacts the performance of a PSC. The 

layer thickness can influence its optoelectronic properties through factors like film 

morphology, directly impacting the photo-generated charge carriers, their lifetime, and 

diffusion length [31]. To study the significant performance of solar cells, the thickness of the 

(CH3NH3)3BI2I9, perovskite film ranges from 200 to 600 (nm). Figure 4.8 (a), (b), (c), and 

(d) represent the variations in P-V parameters VOC, JSC, FF, and PCE respectively, with 

varying perovskite layer thickness. It has been observed that VOC decreases from 1.68 to 

1.66V as the perovskite layer thickness increases. This is because of the increased 

recombination of charge carriers for which these carriers have to travel a longer path through 

the perovskite layer to reach the electrodes. However, JSC increases from 10.908 to 12.993 

mAcm-2 as the increment in thickness of the perovskite layer. Since a broader layer can 

capture a greater number of incoming photons, leading to the formation of a larger presence 

of charge carriers. Conversely, the fill factor (FF) decreases from 89.97 to 83.55%, primarily 

due to an enhancement in series resistance and carrier mobility issues. The highest PCE of 

18.14 % is achieved at a Thickness of 500 nm. Beyond this, the PCE decreases, this is 

because of the increase in radiative recombination [32] and charge transport issues. Table 3. 

Input parameter for the optimized (CH3NH3)3BI2I9-based device. 

 



19 
 

 

Table 4.1 Input parameter for the optimized (CH3NH3)3BI2I9-based device 

Parameters/Units FTO WS2 (ETL) MA3Bi2I9 NiO (HTL) 

Thickness(nm) 50 100 500 100 

Eg (eV) 3.6 1.8 2.1 3.6 

Electron Affinity (χ) 4.5 3.95 3.69 2.6 

Dielectric Constant (εr) 10 13.6 10 11.75 

NC (cm-3) 2×1018 2×1018 1×1019 2.5×1020 

NV (1/cm3) 1.8×1019 2×1018 1×1019 2.5×1020 

Electron Mobility (𝜇e) 100 100 7.91×10-2 1×10-3 

Hole Mobility ( 𝜇h) 20 100 7.91×10-2 1×10-3 

Electron Thermal velocity (cm.s-1) 1×107 1×107 1×107 1×107 

Hole Thermal velocity (cm.s-1) 1×107 1×107 1×107 1×107 

ND (1/cm3) 1×1018 1×1018 1×1019 0 

NA (1/cm3) 0 0 1×1019 1×1020 

Nt (1/cm3) 1×1014 1×1013 1×1014 1×1014 

Note: The bolded parameters indicate the optimized input values. 

 

 

 

(a)  (b) 
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(c) (d) 

 

  

 

 

 

 

 

Figure 4.8 Variation of (a) VOC, (b) JSC, (c) FF, and (d) PCE with the changes in the 

absorber layer thickness. 

 

 

4.3 Effect of the Bandgap of the perovskite layer 

The bandgap energy of the perovskite material significantly influences the performance of 

the device. A standout feature of PSC is the tunability of the perovskite layer, which has been 

tuned from 1.9 to 2.2 (eV). Figure 4.9 illustrates the solar cell performance, showing that the 

maximum VOC of 1.698 V, at a bandgap of 2.2 (eV). Additionally, the highest JSC of 15.559 

mAcm-2 is noted at a bandgap of 1.9 eV. The optimized values of PCE and FF are 18.14 % 

and 85.16 %, respectively, at a band gap of 2.1 (eV). However, achieving a lower band gap 

for this absorber layer is challenging due to the complicated morphology of the 

(CH3NH3)3Bi2I9 material. Therefore, an energy band gap of 2.1 eV is regarded as the 

optimized value. Further increasing the bandgap of the perovskite layer causes a drop in PCE 

and fill factor (FF) due to a reduction in electron generation from photons with higher energy 

[33]. Whereas a smaller bandgap may result in significant heating losses. The optimized 

energy bandgap of 2.1 (eV) [34], enables the achievement of a maximum PCE of 18.14 %. 
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(a) (b) 

 

 

 

 

 

 

 

 

Figure 4.9 J-V Plot and VOC, JSC, FF, and PCE at different band gaps of the Perovskite 

layer. 

4.4 Effect of defect density 

The absorber layer significantly influences the efficiency of PSCs. An increase in the defect-

density of the (CH3NH3)3Bi2I9 layer negatively impacts solar cell performance by raising the 

recombination rates. The Solar cell’s performance, after changes in defect-density (Nt), is 

illustrated in Figure 4.10 (a) and (b). These figures show the changes in the performance 

parameters including VOC, JSC, PCE, and FF with a simultaneous increase in (Nt) of the 

perovskite layer. The maximum performance of a PSC is reached at a defect concentration 

of 1014 cm-3. Further ahead, the performance reduces rapidly as (Nt) increases. This decline 

occurs because a higher (Nt) decreases the distance photo-generated carriers can travel and 

increases the likelihood of recombination within the perovskite layer [35]. Therefore, 

maintaining a minimal (Nt) is crucial for facilitating efficient carrier transfer and achieving 

outstanding photo-voltaic performance in PSCs. Defect density Nt is a key factor in 

identifying solar cell efficiency, as it significantly influences carrier recombination rates and 

improves the overall efficiency of PSCs. This study employed simulation-based computation 

to determine the correlation between photovoltaic parameters and interface defect density at 

the “WS2 (ETL)/Perovskite” interface, as depicted in Figure 4.11 (c) and (d). Experimentally, 

interfacial defect densities lying within the range of 1011 to 1014 cm-3 have been reported to 

enhance PSC performance 
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(a) (b)  

 

 

 

 

 

 

 

 

Figure 4.10 The effect of various Nt levels on (a) VOC, JSC, and (b) PCE, FF. 

 

 

 

(c) (d)  

 

 

 

 

 

 

 

 

 

Figure 4.11 The variation of (c) VOC, JSC, and (d) PCE, FF for the defects at 

ETL/Perovskite (cm-3). 
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4.5 Effect of the Carrier Density 

Carrier density in a perovskite solar cell is a crucial factor influencing its performance. The 

carrier density can be increased through the doping in both ETL and HTL, which are 

accountable for transporting electrons and holes to the electrodes, respectively. The higher 

carrier density can enhance the formation of electrons and holes triggered by incident light, 

bringing about an increase in photovoltaic parameters and overall device efficiency. 

However, it is essential to maintain a balanced carrier density for optimal PSC performance. 

Excessively high carrier density may result in greater recombination rates, leading to a 

decline in device efficiency. 

4.5.1 Effect of the Donor density of ETL  

To determine the most appropriate doping level of the ETL, the Donor density of WS2, 

selected as the ETL in our study, varies from 1015 to 1019 cm-3. The alteration in key 

parameters Voc, Jsc, PCE, and FF concerning the donor density of the ETL is represented in 

Figure 4.12 (a) and (b). With a rise in the donor density of the ETL from 17.39 to 18.12% 

and FF increased from 82.88 to 84.43 %. The other remaining two parameters in which JSC 

is almost constant 12.725 to 12.722 mA/cm2 with donor density, but sudden drop in JSC at 

donor density 1019 cm-3. Moreover, the Voc is enhanced from 1.64 to 1.68 V with increasing 

the donor density (ND). The optimized value of ND is 1018 cm-3 at which the maximum PCE 

of 18.14 % has been obtained. Thereafter, a minor drop in PCE at 1019 cm-3. By increasing 

the ND value, charge generation and transport can be more easily achieved [36]. 

 

(a) (b) 

 

 

 

 

 

 

 

Figure 4.12 The influence of the Donor density of the ETL (WS2) on (a) Jsc and Voc, (b) 

FF & PCE. 
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4.5.2 Effect of the Acceptor density of HTL  

The Acceptor density (NA) of NiO, used as HTL, plays a crucial role in influencing the 

device’s performance. The stability of PSC is influenced by variations in the doping 

concentration of NA. To optimize its value, NA is adjusted from 1016 to 1021 cm-3. Figures 

4.13 (a) and (b) illustrate the variations in photo-voltaic parameters, such as Voc, Jsc, FF, 

and PCE, as a function of NA impurity level. Figure 4.13 (a) indicates a little increment in 

Voc from 1.66 V to 1.67 V and Jsc from 12.718 to 12.725 (mA cm-2), which is observed with 

an increase in NA of the HTL. Similarly, as depicted in Figure 4.13 (b), PCE and FF are 

improved from 17.01 to 18.13 % and 80.13 to 85.16 %, respectively, with variation in NA 

from 1016 to 1021 cm-3. The maximum value of PCE is 18.14 % at NA of 1020 cm-3, therefore, 

the optimized value of NA is 1020 (1/cm3). The higher value of NA can augment the transport 

of positive charges (holes) within the HTL of PSC which leads to better efficiency of the 

device [37]. This is due to a decrease in recombination losses and improved charge 

extraction. 

 

(a)  (b) 

 

 

 

 

 

 

 

 

Figure 4.13 The influence of the Acceptor density of the HTL(NiO) on (a) Jsc and Voc, (b) 

FF & PCE. 
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4.6 Effect of the Temperature on the device’s performance 

The temperature has a significant role in determining the performance of a solar cell. On 

increasing the temperature, the efficiency of PSC can be reduced because of heightened 

thermal instability and Deterioration of perovskite material. This study presents the 

variations in photo-voltaic parameters, including VOC, JSC, FF, and PCE with temperature 

changes ranging from 300K to 350 K as indicated in Figure 4.14 (a) and (b). The key 

parameters Voc, Jsc, FF, & PCE decline with temperature rise, indicated by Figure 4.14(b), 

and on the other side, the variation of temperature on the J-V plot in Figure 4.14(a). This 

reveals that the lower value of VOC can be observed at a higher temperature. It has been 

reported that high temperatures can cause phase transition in perovskite material, due to 

which the structural stability of the material can be affected. An increase in temperature can 

promote the formation of grain interfaces and introduce defect disorder in the material, 

contributing to a rise in carrier recombination [38]. These imperfections can lead to a 

negative impact on the performance of devices. 

 

 (a) (b)   

 

  

 

                                                                           

 

 

  

 

 

Figure 4.14 (a) Effect of Temperature on J-V curves and (b) Characteristics of key 

parameters, VOC, JSC, FF & PCE. 
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Table 4.2 Simulated results for different device structures employing various ETLs with 

NiO as HTL. 

Device Structures Voc (V) Jsc (mAcm-2) FF (%) PCE (%) 

FTO /TiO2 / (CH3NH3)3Bi2I9/NiO/Pt 1.680 10.25 85.06 14.65 

FTO/ZnSe/ (CH3NH3)3Bi2I9/NiO/Pt 1.687 10.265 76.09 13.17 

FTO/PCBM/ (CH3NH3)3Bi2I9/NiO/Pt 1.441 10.948 81.58 12.87 

FTO/WS2/ (CH3NH3)3Bi2I9/NiO/Pt 1.673 12.725 85.16 18.14 

FTO/ IGZO/ (CH3NH3)3Bi2I9/NiO/Pt 1.693 10.251 71.41 12.39 

 

 

 

4.7 Comparison of the initial and optimized devices 

A comparison of the perovskite solar cell (PSC) performance before and after optimization 

is presented in Figure 4.15, highlighting a significant improvement in the J-V characteristics 

and QE after optimization. Figure 4.15(a) shows the key performance parameters of the PSC. 

The J-V characteristics clearly demonstrate that the improved model achieves superior 

current-voltage behaviour compared to the unoptimized model. This is further supported by 

Table 4.3, which presents the performance parameters of both initial and optimized device 

structures. Similarly, Figure 4.15(b) shows that the quantum efficiency (QE) of the optimized 

model exceeds that of the initial PSC model. The QE for both the optimized and initial 

models is analyzed over a wavelength range of 300nm to 900nm. Within this range, the QE 

varies due to modifications in key input parameters of the PSC, such as the absorber layer 

thickness, energy bandgap, defect density (Nt), and carrier concentration. QE reflects the 

ability of the perovskite solar cell to generate charge carriers in response to incident photons. 

As depicted in Figure 4.15(b), maximum QE can be achieved by precisely tuning the device 

parameters. This optimization enhances the production of electron & hole pairs in the 

perovskite layer, leading to a higher charge carrier production rate and, consequently, 

improved overall solar cell efficiency. Figure 4.16 illustrates the energy band diagram of the 

optimized (CH3NH3)3Bi2I9-based PSC, providing further insight into the charge transport 

mechanism and energy level alignment within the device. Figure 4.17(a) presents the 

optimized device structure, while Figure 4.17(b) illustrates the corresponding bandgap 

alignment for the (CH3NH3)3Bi2I9-based PSC, essential for understanding energy level 

matching across the device architecture.  
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(a) (b)   

  

 

 

 

 

 

 

Figure 4.15 (a) J-V Characteristics and (b) Q.E. of PSC unoptimized & optimized final 

model. 

 

Table 4.3 Comparison of P-V parameters of initial and optimised device structure 

Parameters Initial PSC Optimised PSC 

Voc (V) 1.6855 1.6734 

Jsc (mA/cm2) 8.187519 12.731527 

FF (%) 65.10 85.17 

PCE (%) 8.98 18.14 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 Energy band diagram of Optimized (CH3NH3)3Bi2I9-based PSC. 
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(a) (b) 

 

 

 

 

 

 

 

 

 

Figure 4.17 (a) Optimized Device Structure and (b) Bandgap Alignment for 

(CH3NH3)3Bi2I9-based PSC. 

 

 

 

 

4.8 Comparative study of MBI-based PSC with observed experimental results 

 

Nickel oxide (NiO) is a promising material selected as HTL in PSCs. It can be produced 

flexibly and this material has an easy manufacturing method, therefor this material is most 

commonly used in commercial and industrial fields. The NiO material as HTL is suitable for 

a PSC due to better environmental stability, moderate manufacturing cost, and typically 

exhibits low mobility in pure form, but doped NiO can significantly improve its hole 

mobility for use as HTL in PSCs. The tungsten disulfide (WS2) is used as ETL, and it has 

high e--mobility, which helps in improved charge (electron) movement while 

minimizing recombination losses. WS2 has a promising energy band gap of 1.8 eV [39], 

suitable for absorbing a wide range of solar radiation, and is non-toxic, which means 

beneficial for environmental safety purposes. The designed (CH3NH3)3Bi2I9-based PSC 

model and its simulation show better performance after optimization, which is compared 

with previously reported results as depicted in Table 4.4.  
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Table 4.4 Comparison of the simulated MBI-based PSCs with previously reported results. 

Authors Structures 
VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

Zhang et al 

[40] 

FTO/c-TiO2/mp-TiO2/ MBI/ Spiro-

OMeTAD/Au 
0.830 3.000 79.000 1.640 

MKA 

Mohammed 

[41] 

(Simulation) 

FTO/TiO2/MBI/Spiro-OMeTAD /Au 1.05 10.24 83.65 9.04 

Sanjeewani T. 

Jayawardane 

[42] 

(Simulation) 

FTO/TiO2/MBI/Spiro-OMeTAD/Au 1.14 18.06 57.33 11.82 

Present works 

(SCAPS-1D 

Simulation) 

FTO/WS2/(CH3NH3)3Bi2I9/NiO/Pt 1.65 12.87 85.73 18.14 

*ITO: Indium Tin Oxide, PEDOT: PSS Poly(3,4-ethylenedioxythiophene): Poly (styrene sulphonate), PCBM: 

Phenyl-C61-butyric acid methyl ester.   
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CHAPTER: 5  

My Journey of Learning Through Research Writing 

 

Looking back on my research journey, I am amazed at how much I have learned and grown 

not just as a student but as a person. When I first started working on my dissertation, I was 

honestly a bit lost. The world of research, with its unfamiliar methods and technical 

language, felt overwhelming. I spent hours reading articles, trying to make sense of new 

concepts, and slowly building up my understanding from the ground up. Before I even began 

writing my paper, I made it a point to grasp the basics, knowing that a strong foundation was 

essential. 

Throughout this process, I was incredibly lucky to have the support of my dissertation 

supervisor, Dr. Sarita Baghel. Their patience and guidance helped me navigate both the 

theoretical and practical sides of my project, especially as I explored the fascinating area of 

perovskite solar cells. Whenever I hit a roadblock or felt stuck, my Ph.D. scholar, Dr. Rahul 

Kundara, was always there to offer advice, encouragement, and hands-on help. Their 

mentorship made a huge difference, giving me the confidence to keep going even when 

things got tough. 

Both my supervisor and Ph.D. scholar also taught me the importance of approaching research 

and writing in a structured way. They showed me how to break down complex tasks, review 

my drafts carefully, and stay organized throughout the process. Thanks to their guidance, I 

was able to complete and submit my research paper for publication—a goal that once seemed 

out of reach. 

This journey has been more than just an academic exercise; it has been a real lesson in 

perseverance, patience, and the value of having mentors who genuinely care. I’m deeply 

grateful to my supervisor and Dr. Kundara for their invaluable support and motivation. Their 

belief in me helped turn a daunting challenge into a rewarding and transformative 

experience. 

 

 

 

 

 



31 
 

 

CHAPTER: 6 

Conclusion 

This study presents the modeling and performance analysis of MBI perovskite solar cell 

using the SCAPS-1D software. The results demonstrate that MBI, possessing a bandgap of 

2.1 eV, is an appropriate Pb-free absorber layer. The selection of this layer is due to its 

exceptional stability and non-toxicity for PSC applications. TiO2, ZnSe, PCBM, IGZO, and 

WS2 are used as ETL material, and Cu2O, CuI, Spiro-OMeTAD, CuSCN, PEDOT: PSS, and 

NiO are used as HTL material. Additionally, platinum (Pt) is taken as the metal back contact. 

A distinctive configuration for the PSC model involved the use of WS2 as the ETL and NiO 

as the HTL, combined with the (CH3NH3)3Bi2I9 perovskite layer. To enhance the 

performance, the layer thickness is changed from 200nm to 600nm, and the best efficiency 

of 18.14 % (with Voc of 1.67 V, Jsc of 12.72 mAcm-2 and FF is 85.16 %) obtained at a 

thickness of 500 nm, Nt of 1014 1/cm3 and temperature of 300K for the configuration of 

FTO/WS2/(CH3NH3)3Bi2I9/NiO/Pt. The maximum PCE is obtained with the ND of ETL at 

1018 (1/cm3). The optimized acceptor density of HTL is 1020 cm-3. The performance of the 

MBI-based PSC has been significantly enhanced, which is applicable for the production of 

cost-effective PSC devices. 

 

CHAPTER: 7 

Future Scope 

 

The double perovskite material (CH3NH3)3Bi2I9 stands out as a promising contender for 

advancing solar cell technology. A simulated power conversion efficiency of 18.14%, 

achieved using SCAPS-1D software, highlights its significant potential. Moving forward, 

research can aim to enhance the material's structural quality, chemical stability, and film 

uniformity to support long-term device performance. Addressing the challenges of large-

scale production will also be crucial to make this technology commercially viable. 

Furthermore, integrating (CH3NH3)3Bi2I9 into tandem architectures could unlock even 

greater efficiencies by pairing it with complementary absorbers. Inspired by these 

possibilities, I am eager to investigate this material experimentally to validate its simulated 

potential and contribute to developing efficient, lead-free, and cost-effective solar solutions. 
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APPENDICES 

A.1 PROOF OF SUBMISSION AND STATUS OF PAPER: 
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A.2 PROOF OF SCI/SCOPUS/SCIE/ESCI INDEXING: 

 


