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ABSTRACT 

The desire to decarbonise the global energy system has paved the way for renewable energy 

alternatives like solar energy, which is more dependable, affordable, inexhaustible, and 

sustainable. Nonetheless, there are significant challenges associated with stability, durability, 

and scalability with photovoltaic technologies. By carefully optimizing the interfacial 

engineering of device architectures, these bottle-necks can be addressed, lowering the cost of 

fabrication while improving the performance and longevity of the solar cell designs. Solar cell 

capacitance simulator (SCAPS-1D) was utilized to model the electrical behaviour of perovskite 

solar cells. Accordingly, this study presents a thorough examination of performance indicators 

for a range of perovskite solar cell (PSC) configurations, comprising both traditional and 

innovative architectures. Various hole transport layers (HTLs) and electron transport layers 

(ETLs) have been tested. The configurations examined include HTL-free architecture, 

ITO/PC61BM/CH3NH3SnI3/Pt, as well as those integrating hole transport materials such as 

graphene oxide (GO) and Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS). The simulations recorded impressive photovoltaic parameters – HTL-free 

configuration, ITO/PC61BM/CH3NH3SnI3/Pt, achieved a remarkable PCE of 38.11%, Jsc of 

35.32 mA/cm², Voc of 1.2168 V, and FF of 88.67%. Another configuration, 

ITO/PC61BM/CH3NH3SnI3/GO/Fe, delivered a PCE of 36.27%, Jsc of 34.84 mA/cm², Voc of 

1.3462 V, and FF of 77.32%. On the other hand, the cell with the configuration, 

ITO/PC61BM/CH3NH3SnI3/PEDOT:PSS/Mo, gave a PCE of 37.66%. Furthermore, cadmium 

sulphide (CdS), zinc selenide (ZnSe) and titanium oxide (TiO2) were investigated as a buffer 

layer across the HTL-free configuration in order to enhance charge collection, charge transport 

and minimize recombination losses. The HTL-free design demonstrated significant potential 

for producing cost-effective and efficient solar cells with outstanding electrical and optical 

properties. Configurations incorporating GO as the HTL showed remarkable improvements in 

thermal stability and efficiency, driven by excellent charge separation, low recombination 

rates, and high quantum efficiency (QE). This work underscores the necessity of developing 

high-performance, lead-free PSCs to mitigate the environmental and health risks associated 

with traditional lead-based designs, and offers valuable guidance for the future development of 

PSC technology.  
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CHAPTER ONE 

INTRODUCTION 

1.1 Background information 

Maximizing the potential of green energy is crucial for tackling the escalating 

environmental issues caused by rising pollution from fossil fuels and woody biomass (Raihan 

& Tuspekova, 2022). Photovoltaic systems are particularly versatile due to their ability to 

convert solar energy into electricity (El Hammoumi et al., 2022). Perovskite solar cells (PSCs) 

offer a promising alternative to traditional solar cells due to their potential for low-cost 

production, lightweight nature, and ease of processing. However, their commercialization is 

hindered by low stability. To address this issue, polymers are employed to enhance the stability 

of PSCs, paving the way for the development of more affordable solar cells with improved 

conversion efficiencies. In this study, optical modelling will be utilized to efficiently and 

comprehensively model these devices. This approach will aid in identifying new materials and 

techniques for better designs, eliminating unfavourable component combinations in 

experimental devices, and ultimately accelerating the advancement of highly efficient organic 

perovskite solar cells. By carefully analysing the complex interactions among material layers 

and interfaces within the MASnI3 solar cell architecture, this study aims to optimize electron 

transport, charge separation, and overall device efficiency. Through innovative interface 

engineering and precise adjustments to the perovskite layer thickness, this research aspires to 

unlock the full potential of lead-free PSCs, paving the way for highly efficient and 

environmentally sustainable solar energy conversion. 

This work introduces a novel approach in order to tackle the critical challenges of 

stability, scalability, and environmental sustainability in PSC technology. By exploring a range 

of both conventional and innovative PSC configurations, the study emphasizes the importance 

of optimizing interfacial engineering using buffers and interfacial layers to boost device 

performance while reducing fabrication costs. One of the standout innovations is the 

exploration of the HTL-free architecture which has the capability to revolutionise the 

affordability and simplicity of photovoltaic cells. This underscores the potential for creating 

highly efficient solar cells without relying on expensive or potentially unstable HTLs, thereby 

paving the way for more cost-effective solutions. The study also highlights the significant role 

of graphene oxide (GO) and PEDOT:PSS as hole transport layers. The incorporation of these 

materials has the potential to improve the thermal stability, charge separation, and overall 

device efficiency.  
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Solar cells convert sunlight into electricity, and have evolved through four distinct 

generations, each with its own advantages and challenges. The first-generation solar cells are 

characterized by crystalline silicon solar cells, which currently dominate the photovoltaic 

market with an established efficiency of approximately 25% (Pattelath et al., 2023). The major 

drawback is enormous cost associated purification of silicon. On the other hand, thin-film solar 

cells, introduced as the second generation, offer lower material costs but their efficiency is 

generally lower than that of crystalline silicon cells, typically around 10% to 12% (Chopra et 

al., 2004). Further, the use of toxic materials such as Cd in some thin-film technologies also 

raises environmental and disposal concerns.  

The third generation introduces emerging technologies that aim to exceed the efficiency 

limits of traditional cells (Solak & Irmak, 2023). These solar cells use innovative materials like 

perovskites, organic compounds, and quantum dots, which offer the potential for high 

efficiency and cost-effective production; however, these technologies face significant 

challenges, including stability issues that limit their long-term viability. Examples of third-

generation solar cells include perovskite cells, which have achieved efficiencies exceeding 

25% in laboratory settings, and organic photovoltaics (OPVs), which are flexible and 

lightweight although they exhibit low efficiencies of around 10%-12% (Alhamada et al., 2023). 

The fourth generation focuses on hybrid and advanced solar cells that combine the strengths of 

earlier technologies to achieve high efficiency, low cost, and improved stability. Examples 

include multi-junction solar cells, which use multiple layers to capture different parts of the 

solar spectrum and have achieved efficiencies above 40% (Pearce et al., 2024). 

Simulation strategies in PSCs are crucial for optimizing device performance, 

understanding material behaviour, and predicting experimental results. Popular tools like 

SCAPS-1D, wxAMPS, and TiberCAD focus on solving drift-diffusion equations to model 

charge transport, recombination, and generation processes within PSCs (Chouchen et al., 

2024). These simulation tools enable researchers to investigate how factors such as absorber 

thickness, band alignment, defect states, and interface properties influence key performance 

metrics like Voc, FF, and PCE. By modelling various device architectures, including planar and 

mesoporous designs, researchers can evaluate the effects of different ETLs and HTLs, as well 

as back contact materials, under varying temperature and illumination conditions. This 

approach helps streamline experimental efforts, guiding material selection and device 

optimization for improved stability and efficiency. 
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According to estimates released in 2019, global energy consumption is projected to rise 

to 17 billion tonnes of energy equivalent (TOE) by 2035 (Newell et al., 2019). The 

unprecedented surge in electricity demand is attributed to the rapid growth of the human 

population and the swift expansion of the industrial and technology sectors (Madhav & Tyagi, 

2022).  Unfortunately, this has led to a significant dependence on fossil fuels for power 

generation, further exacerbating the already high pollution levels (Ali & Seraj, 2022).  

Consequently, promoting sustainable practices and reducing emissions from power production 

have become increasingly crucial in the energy sector. Solar cell technology is advocated as an 

eco-friendly solution to the emerging energy challenge due to its abundance of resources, 

sustainability, renewability, and ease of deployment (Olujobi et al., 2023).  The earlier and 

current generations of solar cell technologies, including those based on silicon and thin films, 

face several challenges. These include a long energy payback period, higher costs due to the 

need for purer active materials, material shortages, poor performance in low-light conditions, 

inflexibility, and issues with opacity and aesthetics. However, next-generation PSCs are being 

developed as a promising alternative. Lead-free tin halide perovskites, known for their eco-

friendly properties, high carrier mobility, and bandgap close to the Shockley-Queisser limit (S-

Q), are considered to be particularly promising candidates (Jang et al., 2023). 

The quest for solar cells that are non-toxic, highly efficient, and environmentally 

friendly remains a central focus of scientific research (Ikram et al., 2022). The upcoming 

generation of PSCs is anticipated to utilize lead-free tin halide perovskites. These materials are 

expected to offer high mobility, a suitable bandgap close to the S-Q limit, and other 

environmentally friendly properties (Wu et al., 2022).  Another approach to enhancing the 

stability of perovskite solar cells involves the use of interfacial layers. In a standard perovskite 

solar cell, an electron-selective contact (ESC) and a hole-selective contact (HSC) interface are 

formed by placing a perovskite layer between two electron-selective contacts. ).  Perovskite 

solar cells could play a significant role in advancing sustainable development objectives by 

enhancing clean energy generation (SDG 7) and supporting climate action efforts (SDG 13) 

(Olabi et al., 2023).  Therefore, this work contributes immensely towards the global transition 

in renewable energy, access and uptake in order to a sustainable energy future. 

1.2 Statement of the problem 

Transitioning to a net-zero pollution future is dependent on overcoming key challenges 

in solar energy technology. Perovskite solar cells (PSCs) offer promise due to their cost-

effectiveness and efficiency, but issues such as lead toxicity and stability must be addressed 

for environmental sustainability. Enhancing interfacial engineering is vital for improving 
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efficiency and extending solar panel lifespan. There is need to introduce sophisticated 

modelling and experimental validation to optimize perovskite solar cells for better 

performance. This aligns with broader ambitions to advance solar energy technology globally, 

contributing to cleaner energy sources and climate change mitigation. Perovskite solar cells 

represent a significant step towards a cleaner and more cost-effective energy future, addressing 

environmental concerns and meeting growing energy demands. This work underscores a 

commitment to tackling urgent environmental challenges through innovative technological 

solutions, and ultimately shaping a sustainable and equitable global energy system. 

1.3 Objectives 

1.3.1 General objective 

To explore the electrical output characteristics of the simulated methylammonium tin 

iodide perovskite solar cell with the purpose of understanding its efficiency and potential for 

renewable energy applications. 

1.3.2 Specific objectives 

i. To determine how different material layers will affect the performance of the solar cell 

architecture based on methylammonium tin iodide photoactive layer 

ii. To calculate numerically the electrical characteristics of the proposed solar cell 

structure such as current density (Jsc), open circuit-voltage (Voc), power conversation 

efficiency (PCE) and Fill factor (FF). 

iii. To compute the optical characteristics of the proposed solar cell architecture based on 

the optimization of various thicknesses of the perovskite. 

1.4 Research questions 

i. How will different material layers affect the performance of the proposed solar cell 

device? 

ii. What are the numerical values of the electrical characteristics of the proposed cell 

architecture? 

iii. How do the optical characteristics of the simulated solar cell vary with the thickness 

of the perovskite? 

1.5 Justification  

The urgent push for 100% renewable energy, especially through solar power, faces 

challenges like making perovskite solar cells economically viable and addressing lead toxicity 

concerns. Overcoming these requires significant investment in improving electron movement 

and charge separation in solar cell structures. This is crucial for a pollution-free future, as these 
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barriers affect solar energy system effectiveness, safety, and scalability. While PSCs offer 

promise due to cost-effectiveness and efficiency, lead contamination and stability issues must 

be addressed for environmental sustainability. Optimizing interface engineering is also vital 

for energy conversion efficiency and solar panel lifespan. Solar energy, particularly through 

perovskite cells, aligns with sustainable development goals (SDGs) and climate action agendas, 

emphasizing the importance of technological solutions in the face of rising energy demand and 

climate change. Research focusing on optimizing perovskite absorber layers is essential for 

advancing solar cell technology and accelerating the transition to sustainable energy. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

The continuous global warming, technological advancement, and improving living 

conditions worldwide drive the requirement for dependable, safe, and clean energy sources. As 

a result, traditional fossil fuels are inadequate to sustain the human society's ability to expand 

sustainably and protect the environment (Wang et al., 2023). For many years, humanity has 

relied on energy sources that harm the environment, contributing to global warming and 

climate change, and public health issues. Consequently, intensive scientific research has 

increasingly focused on identifying sustainable renewable energy solutions. Among the various 

alternatives, including biofuels, geothermal energy, and nuclear power, solar energy stands out 

as one of the most viable, reliable, and inexhaustible resources. In essence, a solar cell is a 

device that harnesses the photovoltaic effect or photochemical reactions to convert light energy 

directly into electrical energy (Kong et al., 2023). 

In recent years, PSCs have garnered significant attention due to their exceptional 

photovoltaic functionality. The general chemical structure of PSCs is represented as ABX₃, 

where X is a halogen anion, B is a divalent cation, and A is a monovalent cation, such as 

potassium or caesium. Materials for perovskites are considered leading candidates for next-

generation photovoltaic technology, owing to their unique characteristics, including high 

electron mobility (up to 800 cm²/Vs), extended carrier diffusion lengths (exceeding 1 µm), and 

excellent charge transport properties (Roy et al., 2022).  The key distinction between organic 

absorbers and inorganic photoactive materials lies in their high exciton transport capability 

(Ghaithi, 2020). 

The main challenge in scaling up solar energy production has been its expensive price. 

However, over the past century, the manufacturing the price of traditional silicon-based solar 

devices has significantly dropped, from $76.67 per watt in 1977 to as low as $0.36 per watt in 

2022 (Sarker et al., 2022).  However, the price of manufacturing such a solar device remains 

10 to 20 times higher than the cost of energy produced from fossil fuels. Perovskite stands out 

as a promising photovoltaic technology with the potential to replace traditional silicon solar 

cells, while also presenting strong rivalry with other cutting-edge solar technologies like dye-

sensitized solar cells (Elseman et al., 2020). PSCs are a highly efficient emerging solar cell 

technology with significant commercial potential to meet global energy needs. Unlike 

traditional fossil fuels, PSCs harness abundant solar energy and convert it into electricity 

without causing pollution (Green et al., 2014; Min et al., 2021). Guo et al., (2022) highlight 
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that PSCs have achieved remarkable advancements, with their PCE surpassing 31.01% in just 

about a decade. (Sarker et al., 2022), While traditional silicon solar cells achieved 26% 

efficiency after four decades of research, they face significant challenges such as short 

lifespans, instability, high production costs, and issues with recombination, reflection, 

absorption losses, and overall efficiency (Lal et al., 2017; Liu et al., 2020). Conversely, 

solution-processed perovskite-based solar cells have achieved a PCE of 20% (Li et al., 2016). 

The appealing qualities of PSCs lie in their exceptional photovoltaic performance and 

cost-effective processing methods. PSCs can be readily fabricated using straightforward, 

methods used locally include dip coating, spin coating, dual-source evaporation, and screen 

printing (Roy et al., 2020). To surpass the Shockley-Queisser (SQ) limit of 35.5% in perovskite 

solar cells (PSCs), advancements have been made in tandem perovskite solar cells (Turkevych 

et al., 2019). Accordingly, PSCs are environmentally friendly in their conversion of solar 

energy into electricity. Perovskite solar cells hold promise for advancing sustainable 

development goals, including boosting sustainable energy production (SDG 7) and supporting 

climate action (SDG 13) (Aljaghoub et al., 2022). Figure 2.1 depicts a picture of a lead-based 

perovskite.  

 

Figure 2.1: Structure of a methylammonium perovskite based on lead (Choi et al., 2014). 

The potential of perovskite materials in solar cells is attributed to their exceptional 

efficiency and stability. The initial perovskite crystal identified was calcium titanium oxide, 

which shares the same crystal structure as the general class of materials known as perovskites. 

Perovskite compounds typically follow the chemical formula ABX3, where 'A' and 'B' represent 

cations, and 'X' denotes an anion that bonds with both (Cheng et al., 2022; Khirade & Raut, 

2022).   Perovskite structures can be engineered by integrating a diverse array of components. 

This flexibility in composition enables scholars to tailor perovskite crystals with a wide 

spectrum of physical, optical, and electrical properties.  
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Nowadays, perovskite crystals are utilized in a range of technologies, including solar 

cells, memory chips, and ultrasound devices. Perovskite solar cells typically feature a basic 

structure including a hole transport layer (HTL) and an electron transport layer (ETL) into 

which free electrons and holes are injected. Generally, each cathode and anode in these solar 

cells are made from fluorine-doped tin oxide (FTO) and indium gallium zinc oxide (IGZO) 

glass materials, along with a metal back contact. 

At present, cell architectures predominantly use either p-type or n-type silicon, with 

efficiency largely influenced by the busbar configuration, type of junction, or passivation 

method (Zhou, Su, et al., 2022). Theoretically, positioning the contact grids on the rear of the 

cell instead of the front can help prevent shading losses, potentially leading to higher 

efficiencies for inter-digitated back contact (IBC) solar cells. IBC cells, which utilize high-

purity n-type silicon, can achieve efficiencies of 20–22%. Additionally, panels incorporating 

advanced technologies such as passivated emitter and rear contact (PERC) cells made of 

monocrystalline silicon, heterojunction (HJT) cells, and n-type tunnel oxide passivated contact 

(TOPCon).have the potential to exceed efficiencies of 21% (Gao et al., 2019).  Tandem silicon-

perovskite solar cells have achieved theoretical efficiencies of up to 43% and have shown 

testing efficiencies surpassing 30%. However, these cells are still primarily in the development 

phase and are not yet widely available commercially (Fang et al., 2021).  However, various 

factors like temperature, shading, panel orientation, and irradiance at the installation site can 

influence efficiencies. Maximizing electricity output can be achieved by enhancing the solar 

cell installation's overall efficiency (Mohammadnia et al., 2020). 

2.3 Lead-based perovskite solar cells 

As a visible light sensitizer, perovskite structures with PCE of 3.8% have previously 

been employed, specifically those based on methylammonium lead bromide (CH3NH3PbBr3) 

and methylammonium lead iodide (CH3NH3PbI3) (Chaudhary et al., 2019; Husainat et al., 

2020). Researchers were particularly interested in PSCs due to their affordability and 

straightforward manufacturing process. In 2019, the PCE of PSCs increased from 3.8% to an 

impressive 25.2% by 2020 (Su et al., 2020).  Lead-based perovskite solar cells exhibit almost 

perfect optical and electrical properties. Recently, they have surpassed the efficiency of solar 

cells made from Cu(In,Ga)(S,Se)2, CdTe, and Si, achieving a remarkable efficiency of 23.7%. 

However, these Pb-based perovskite solar cells face two significant issues: limited stability and 

high toxicity (Singh & Nagarjuna, 2014). For every parameter, optimization is performed to 

achieve the highest possible PCE. CH3NH3PbI3 has emerged as an excellent light harvester due 

to its outstanding attributes, which include an ideal band gap, a broad absorption spectrum, 
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efficient carrier transport, ease of fabrication on flexible substrates, a tunable band gap, and a 

long diffusion length (Mandadapu et al., 2017). 

 

Figure 2.2: Lead halide-based PSC device architecture utilizing SnO₂ as the ETL is shown, 

with the red line representing the reverse scan and the black line indicating the forward scan  

(Ke et al., 2015). 

Figure 2.2 shows a typical CH3NH3PbI3-based solar cell, which includes a p-type 

(PEDOT: PSS) electrode at the top and an n-type (PC61BM) electrode at the bottom (Ke et al., 

2015; Mandadapu et al., 2017). Previous reports have shown that the top-performing planar 

cell utilizing a SnO2 ETL achieved an average efficiency of 16.02%, based on measurements 

taken from both reverse and forward voltage scans, as depicted in Figure 2.2. The exceptional 

performance of SnO2 ETLs is credited to the superior characteristics of nanocrystalline SnO2 

films, including effective antireflection properties, appropriate band edge alignment, and high 

electron mobility (Ke et al., 2015). 

Initially, the highest achievable PCE for perovskite solar cells using CH3NH3PbI3 was 

3.8%.(Liu et al., 2014; Ye et al., 2015) recently, the PCE of perovskite solar cells has improved 

to 22.1%, driven by innovative fabrication techniques, enhanced band alignment, and more 

robust cell architectures (Fu et al., 2018; Li et al., 2018). Methylammonium lead halide 

perovskite materials are readily accessible and can be produced using cost-effective 

manufacturing methods. However, due to the increasing adoption of photovoltaics, lead has 

become widely used in the solar cell industry, raising significant environmental and 

occupational health concerns. If solar panels, especially those made with PSCs, are damaged, 

lead could potentially leach into the environment, contaminating the air, soil, and groundwater 

(Ren et al., 2021). The leaching and dispersal of toxic elements like Pb from lead-based PSCs 

into water, air, and soil could pose significant etiological risks to both animals and plants. 
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2.4 Lead-free perovskites 

Although lead is allowed in solar modules, it would be preferable to find alternatives 

that maintain the unique optoelectronic properties of lead halide perovskites. Previous research 

has demonstrated that less toxic ions such as Sn²⁺, Bi³⁺, Ge²⁺, Sb³⁺, Mn²⁺, and Cu²⁺ can serve as 

potential replacements for Pb²⁺ in perovskites to develop new lead-free perovskite solar cells 

(Nakita et al., 2014; Wang et al., 2021).  The addition of these metal cations not only broadens 

the range of perovskite types but also improves the eco-friendly characteristics of PSCs (Wang 

et al., 2021). In Sn-based PSCs, the material's absorption coefficient is comparatively high 

approximately 1.80 × 104 cm−1. However, the primary obstacle to advancing Sn-based PSCs is 

the oxidation of Sn2+ to Sn4+ (Wang et al., 2021).   

Various methods have been proposed to mitigate the oxidation of Sn to improve its 

performance; yet managing its chemical stability remains challenging (Wang et al., 2021).  A 

range of non-toxic or minimally toxic perovskite materials has been employed in the creation 

of lead-free perovskite solar cells that are environmentally friendly, with several exhibiting 

exceptional optoelectronic properties and device performance (Wang et al., 2021). Tin is 

considered a crucial alternative to lead to reduce the risk of lead poisoning. Lead can enter the 

human body, bind to enzymes, and accumulate in soft tissues like the spleen, kidneys, liver, 

and brain via the bloodstream. This accumulation can lead to lead poisoning, which manifests 

as functional impairments in the neurological, digestive, and circulatory systems (Mani et al., 

2020). Symptoms of lead poisoning usually manifest in most individuals when their exposure 

exceeds 0.5 mg per day (Cao et al., 2022). A detailed analysis of the fundamental physical 

properties of Sn-based perovskites, compared to those of Pb-based perovskites, reveals a high 

degree of similarity. Consequently, these Sn-based materials have the potential to match the 

efficiency of APbI3 systems (Ke & Kanatzidis, 2019).  To achieve this goal, all-inorganic, lead-

free, as well as organic-inorganic hybrid and lead-free PSCs have demonstrated both reliability 

as well as affordability. 

Double perovskites with the formula A2M+M3+X6 are being explored alongside the 

more familiar Sn and Ge-based perovskites. These 3-D materials generally have broader band 

gaps, approximately 2 eV, and tend to be more stable in air. However, they are characterized 

by indirect band gaps, forbidden transitions, zero-dimensional electronic properties, and large 

effective masses for both holes and electrons. These characteristics lead to low exciton 

mobilities and suboptimal carrier transport. While bismuth-based double perovskite solar cells 

share some similarities with those made from Cs2SnI6, they have not yet achieved high Jsc or 

PCE (Ke & Kanatzidis, 2019). Earlier, the efficiency of tin-based perovskite solar cells 
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decreased markedly as the cell area increased, owing to the uneven quality of tin perovskite 

films from a one-step deposition method. This problem has been resolved with the two-step 

deposition technique, which employs appropriate solvents to achieve better film uniformity 

and boost cell performance (Liu et al., 2022). Currently, there is a pressing need for novel lead-

free perovskite materials with adjustable optical and electrical properties to develop highly 

efficient and stable lead-free perovskite solar cells. 

2.5 Lead-free double perovskite solar cell 

Recently, metal halide perovskites have garnered attention as promising semiconductor 

materials for optoelectronic applications due to their attractive properties. Nonetheless, they 

face two significant challenges: instability and the presence of toxic lead (Bibi et al., 2021). As 

a result, lead-free double perovskites (LFDPs) are becoming the favoured choice for 

photoactive absorbers due to their excellent photovoltaic properties, including inherent 

chemical stability and environmental friendliness (Kung et al., 2020a). Lead-free halide double 

perovskite nanocrystals are regarded as highly promising alternatives to lead halide perovskite 

nanocrystals due to their remarkable features, including non-toxicity, robust internal 

thermodynamic stability, and versatile, tunable optoelectronic properties (Tang et al., 2021).  

Lead-free double perovskites have recently revolutionized photovoltaic research, 

although a comprehensive understanding of their transport, excitonic, and optical 

characteristics is still lacking (Jain et al., 2022; Zhang et al., 2021). Jain and colleagues have 

demonstrated that alloyed LFDPs exhibit a longer exciton lifetime compared to pristine LFDPs. 

This extended lifetime indicates reduced electron-hole recombination, resulting in higher 

quantum yield and improved power conversion efficiency in the alloyed materials (Jain et al., 

2022). Inorganic halide double perovskites exhibit enhanced stability due to their inorganic 

counterions (Ghosh et al., 2022). LFDPs are exceptional photoactive layers for efficient solar 

harvesting due to their enhanced hole and electron mobilities (Jain et al., 2022; Kung et al., 

2020b).  

Double perovskites have become significant because of their comparable properties to 

lead halide perovskites, and they demonstrate intriguing optical and morphological 

characteristics (Ghosh et al., 2022). Despite their potential, LFDPs face several challenges, 

including low photoluminescence quantum yields, the need for high-temperature synthesis, 

which complicates device fabrication, and difficulties in tuning their morphology. 

Nevertheless, double perovskites have recently attracted significant research interest and are 

growing in popularity as viable substitutes for lead halide perovskites (Ghosh et al., 2022).  
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At present, the LFDP structure, Cs2AgBiBr6, is attracting significant attention for its 

potential use as a light-harvesting component in PSCs (Rai  et al., 2021). The numerical 

simulation of the device configuration, FTO/SnO2/Cs2AgBiBr6/P3HT/Au, using SCAPS-1D 

resulted in a low PCE of 1.81% (Rai et al., 2021). This issue was due to the inadequate band 

alignment of P3HT with the perovskite, along with its low carrier mobility and significant 

charge recombination (Li et al., 2021). The result of defect density on the device's performance 

was assessed by varying the absorber's defect density from 1×10¹³ cm⁻³ to 1×10¹⁹ cm⁻³, using 

CuSbS₂ as the HTL for the most effective device (Rai et al., 2021). Additionally, optimizing 

the thickness of the double-perovskite layer to 400 nm led to further improvements in the 

device's photovoltaic performance, achieving peak efficiency with a PCE of 18.18% (Singh et 

al., 2021). The optimized values were Voc at 1.39 V, Jsc at 16.04 mA/cm², and FF at 78.34%, 

indicating that the double-perovskite absorber layer (Cs2AgBi0.75Sb0.25Br6) is a promising 

choice for developing a highly efficient Pb-free double-perovskite solar cell (DPSC) (Singh et 

al., 2021). Figure 2.3 illustrates an improved LFDP solar cell design. 

 

Figure 2.3: Enhanced double perovskite solar cells without lead (Singh et al., 2021) 

Tin is a crucial element in lead-free PSCs due to its comparable atomic radius and 

valence to lead. Consequently, researchers are substituting lead with tin to develop ASnX3 

perovskite films (Yan et al., 2022). In contrast to lead-based perovskite solar cells, the highest 

power conversion efficiency (PCE) achieved by the tin-based device was only 6.4% (Nakita K 

Noel et al., 2014; Wu et al., 2018). More importantly, Sn²⁺ ion instability in the substance 

readily transforms into Sn⁴⁺, leading to a reduction in photovoltaic performance (Liu et al., 

2023). In tin-based perovskites, there is a significant relationship between the molecular 

hardness of Lewis base molecules and their effectiveness in passivating the material (Yan et 

al., 2022). By inducing redistribution of charge and saturated phases of hanging charge while 

reducing the presence of deep band gap states, it is shown how the hardness of the Lewis 
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adsorbate influences the stabilization of the photovoltaic device (Yan et al., 2022). The initial 

effect is altering the persistent spatial distribution of tin vacancies (VSn). Creating novel 

perovskites devoid of lead with adequate intrinsic stability for solar applications remains a 

significant challenge (Wu et al., 2018). 

2.6 Organic-inorganic hybrid solar cell 

Lead halide hybrid perovskites, both organic and inorganic, have demonstrated to be 

ground-breaking optoelectronic semiconductors for a wide range of device applications. 

However, concerns about their long-term stability and lead toxicity have led to increasing 

interest in all-inorganic, lead-free perovskites as a viable alternative for use in solar cells and 

optoelectronic devices (Wang et al., 2019). Halide perovskites are made from inexpensive 

materials and utilize highly efficient deposition methods that have been previously used in 

organic electronics (Abate, 2017; Marinova et al., 2017). To leverage the cost-effective 

manufacturing of organic photovoltaics (OPV) while also benefiting from the inorganic 

components, which offer tunable absorption spectra, hybrid solar cells combine both organic 

and inorganic materials. 

Organic-inorganic hybrid PSCs have lately gained significant attention within the 

photovoltaic community. However, recent studies have revealed that the loss of hydrogen due 

to poor stability can lead to substantial energy losses, potentially making them unreliable over 

time (Zhang et al., 2021). Hybrid organic-inorganic perovskites have shown solar efficiencies 

exceeding 25% (Li et al., 2017). The presence of organic molecules containing carbon and 

hydrogen in the material is crucial for achieving exceptional photovoltaic performance, as these 

molecules are believed to reduce energy-draining "non-radiative recombination" events. 

Although hybrid solar cells have the potential to achieve high PCE, the efficiencies currently 

realized remain modest (Liu et al., 2018). Despite the fact that the PCE currently achieved by 

hybrid solar cells is relatively low, there is potential for them to reach higher levels. 

The electrical structure of the inorganic material used as the electron acceptor in hybrid 

solar cells plays a crucial role in determining the device's performance. Ideally, an inorganic 

acceptor should have an optimal electrical design. Four primary categories of materials have 

been investigated: silicon, metal oxide nanoparticles, narrow band gap nanoparticles, and 

cadmium compounds, which have previously achieved a PCE of 4% (Wright & Uddin, 2012). 

In hybrid inorganic-organic heterojunction solar cells, organometallic halide perovskites can 

serve as both a hole conductor and a light absorber. The sequential deposition process, as shown 

in Figure 2.4, achieves a power conversion efficiency of 15% (Singh & Nagarjuna, 2014). 
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Although organic–inorganic tin halide perovskites have exhibited favourable semiconducting 

characteristics, the instability of tin in its +2 oxidation state has presented a major challenge 

(Noel et al., 2014). 

 

Figure 2.4: The structural design of organic-inorganic hybrid solar cells (Kandjani et al., 

2015) 

Photovoltaics are considered a potential solution to the challenges in advancing 

renewable energy and achieving a clean environment due to their high-power conversion 

efficiency and zero emissions. However, two major obstacles for high-performance solar cells 

are the limited spectral absorption range and significant recombination events at the 

electrode/electrolyte interfaces, along with non-radiative losses and charge transport 

inefficiencies (Wang et al., 2020; Wright & Uddin, 2012).  

To leverage the cost-effective manufacturing of organic photovoltaics (OPV) while 

benefiting from the adjustable absorption spectra of inorganic materials, hybrid solar cells 

integrate both organic and inorganic components. Although these hybrid cells have the 

potential for higher PCE, the efficiencies achieved so far remain relatively low. The 

performance of the device is significantly influenced by the electrical structure of the inorganic 

material used as the electron acceptor. An optimal electrical structural design for the inorganic 

acceptor is crucial to boost the functionality of the gadget (Wright & Uddin, 2012). The 

materials explored encompass cadmium compounds, silicon, metal oxide nanoparticles, and 

narrow band gap nanoparticles. Currently, the most advanced option is cadmium sulphide 

(CdS) quantum dots, which achieve a practical PCE exceeding 4% (Sanglee et al., 2022; 

Wright & Uddin, 2012). 

2.7 Tandem perovskite solar cells 

Perovskite-based tandem solar cells (TSCs) represent a new photovoltaic technology 

having the capacity to exceed the S-Q theoretical efficiency limit of single-junction silicon 

solar cells. By fully optimizing their optical and electrical parameters, TSCs could achieve 
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efficiencies of around 45% (Khan et al., 2022). By employing a tandem strategy, efficiencies 

of up to 29% have been attained (Akhil et al., 2021). Silicon solar cells possess a theoretical 

bandgap of 1.2 eV, which corresponds to a maximum PCE of 32% (Prasanna et al., 2022).  

Perovskite-perovskite tandems can be formed using either physical stacking of 4-terminal (4-

T) sub-cells or monolithic series integration of 2-terminal (2-T) sub-cells (Liu et al., 2023). A 

2-T configuration requires precise bandgap alignment to ensure current matching between the 

cells, while a 4-T configuration is primarily reliant on the performance of each individual sub-

cell and is less sensitive to bandgap (Eg) matching. Figure 2.5 illustrates examples of 

Perovskite-perovskite tandem devices. 

 

Figure 2.5: The design of perovskite cells and their PCE, comparing PSCs (indicated by the 

red line) with perovskite tandem solar cells (indicated by the green line) (Liu et al., 2023) 

Nevertheless, the 2-T setup is preferred over the 4-T because it exhibits lower parasitic 

absorption, greater practicality, and better economic advantages (Razzaq et al., 2022).  For 

hybrid perovskite, a 2-T structure with an optimal bandgap ratio of 1.2 to 1.8 eV could 

theoretically achieve a PCE of approximately 36% (Rajagopal et al., 2017). Thus, enhancing 

2-T perovskite tandems presents an intriguing scientific obstacle that could drive the 

development of new hybrid perovskite technologies and lower photovoltaic costs, thereby 

facilitating technology transfer (Wang et al., 2021). The efficiency of tandem solar cells, which 

combine two layers of perovskite material, has now surpassed that of traditional solar cells 

made from a single layer of perovskite (Gil-Escrig et al., 2022).   

The best perovskite solar cells can reach a PCE of over 31%. Scientists can adjust the 

chemical makeup of the perovskite crystal to get it closer to the ideal bandgap (Wang et al., 

2021). Creating solar cells with multiple layers of perovskite materials, each with a different 



18 

 

energy bandgap, is a promising strategy to achieve the optimal bandgap for maximum 

efficiency (Akhil et al., 2021). Because of its multi-layered structure, solar cells can efficiently 

convert sunlight into electricity. Low-energy photons excite electrons in the outer layers, while 

high-energy photons excite electrons in the inner layers (Sun et al., 2020).   Multi-junction 

perovskite solar cells with varying band gaps have achieved a conversion efficiency of 26% 

(Bacha et al., 2022).  In addition to silicon cells, a customizable perovskite layer can be added 

to a tandem cell structure to harvest more light and improve overall energy efficiency (Amri et 

al., 2021). 

2.8 All-inorganic perovskite solar cells 

Owing to their remarkable all-inorganic perovskite materials have been shown to have 

thermal and environmental stability swiftly developed using purely inorganic cations to replace 

the organic cations at the A-site in the ABX3 structure. Currently, all-inorganic perovskite solar 

cells (I-PSCs) have achieved efficiency levels of 19% and offer a broad spectrum of potential 

applications (Xiaohui et al., 2020).  Inorganic CsPbI3 perovskites hold significant promise for 

tandem solar cells and various photovoltaic applications. However, CsPbI3 PSCs still encounter 

numerous challenges, resulting in a reduced PCE in contrast to their organic-inorganic PSC 

equivalents (Zhong et al., 2022).  

Organometallic lead halide perovskites show promise as a material for solar cells 

because of their impressive properties. These properties include a flexible bandgap, resistance 

to defects, long-lasting exciton diffusion, high carrier mobility, and strong light absorption 

(Ouedraogo et al., 2020). Organometallic lead halide perovskite solar cells have demonstrated 

remarkable power conversion efficiencies, with a record high of 25.2% (Ouedraogo et al., 

2020). The organic components of traditional perovskite solar cells are prone to environmental 

damage, limiting their lifespan. This has led scientists to explore all-inorganic perovskites, such 

as cesium lead tri-iodide, which is more chemically stable. However, cesium lead tri-iodide 

suffers from phase instability and the toxicity of lead (Ouedraogo et al., 2020). Figure 2.6 

depicts an example of device architecture for an all-inorganic perovskite solar cell. 
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Figure 2.6: An example of a configuration for an all-inorganic perovskite solar cell (Wang et 

al., 2019)  

The hybrid organometallic tri-halide perovskite (CH3NH3SnI3) has become a focus of 

significant scientific attention since its appearance in research literature (Demic et al., 2017; 

Quarti et al., 2020).  This material exhibits favourable photoelectric characteristics, including 

a direct bandgap of 1.55 eV, a low binding energy of about 0.03 eV, and a high absorption 

coefficient exceeding 104 cm-1. Its solution-based processing is straightforward, and the 

difference between its bandgap potential and open-circuit voltage (Voc) is minimal (Kong & 

Dai, 2022). A numerical simulation using the SCAPS-1D software was conducted to evaluate 

the impact of iodide HC(NH2)2- (SnI3:FASnI3) on doping concentration, layer thickness, and 

defect density in PSCs. The simulation results indicated an optimal PCE of 14.03%, with a 

corresponding Voc of 0.92 V, Jsc of 22.65 mA/cm², and FF of 67.74% (Qasim, 2021).  

Lakhdar and Huma (2020) used SILVACO ATLAS simulation software to report the 

highest PCE of 18.16% for CH3NH3PbI3 solar cells and 9.56% for CH3NH3SnI3 solar cells 

(Hima et al., 2019). Aseena and his team (2021) explored the relationship between the absorber 

layer thickness, electron mobility, and defect density in planar perovskite solar cells with 

efficiencies exceeding 20%. They employed the AMPS-1D simulation tool to assess these 

parameters (Hima et al., 2019).  PSCs using gallium-doped zinc oxide (GZO) sheets have been 

developed, reaching a theoretical power conversion efficiency of up to 21.132% (Lakhdar & 

Hima, 2020; Xu et al., 2019). A greater density of photo-generated excitons contributes to this 

phenomenon 

2.9 Quantum dot solar cells 

Quantum-dot-sensitized solar cells (QDSCs) offer a potential, affordable solution to 

traditional photovoltaic technologies like crystalline silicon and thin inorganic films. QDs can 

be produced using inexpensive methods, and their size can be adjusted to match specific 

wavelengths of light, making them a promising option for solar energy (Rühle et al., 2010).  
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To create electron-conducting/quantum dot (QD) monolayer/hole-conducting junctions with 

strong light absorption, traditional dye-sensitized solar cells (DSCs) are employed as a source 

of nanostructures with a large microscopic surface area, redox electrolytes, and solid-state hole 

conductors (Markna & Rathod, 2022). QD solar cells exhibit a size-specific absorption 

spectrum resulting from the limited movement of electron-hole pairs within the quantum dot 

material (Hwang et al., 2023).    

A QD monolayer sensitizer is integrated into a wide-bandgap nanostructure to form 

QDSCs (Basit et al., 2022; Rodhuan et al., 2023).  Theoretically, the QDSC is capable of 

producing up to 66% efficiency due to a unique process called multi-exciton generation (Dubey 

et al., 2022).  QDSC could be a promising third-generation solar cell technology capable of 

multi-exciton generation (Dubey et al., 2022). The experimental efficiency of quantum dot 

solar cells (QDSCs) is significantly lower than theoretical predictions. One potential reason for 

this discrepancy is the formation of electron-hole pairs in the quasi-neutral region. To enhance 

QDSC efficiency, it is essential to select appropriate HTLs and ETLs that minimize 

recombination losses (Dubey et al., 2022; Rahman, 2021).  When tetrabutylammonium iodide-

coated lead sulphide (PbS-TBAI) is used as the active layer and tungsten trioxide (WO3) is 

used as the electron transport layer, a PCE of 15.51% is achieved (Dubey et al., 2022). 

 

Figure 2.7: The schematic diagram of the quantum dot solar cell shows a structure composed 

of 20 repetitions of indium arsenide (InAs) (Lam et al., 2015) 

Figure 2.7 illustrates a typical quantum dot solar cell design. To improve the oxidation 

resistance of PbX quantum dots, their surface can be passivated with halides. This process 

involves binding halide ions to the Pb atoms on the surface, which decreases the quantity of 

locations where oxygen can attach (Siguan et al., 2021). The bandgap of quantum dots (QDs) 

determines their absorption properties. The lowest energy states of QDs establish this bandgap. 
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Resonant tunnelling can enhance the efficiency of capturing photo-excited charge carriers 

within QDs (Du et al., 2022).  The Stranski-Krastanov method, a common technique for 

growing thin films, can be used to produce dense arrays of quantum dots (Yao et al., 2022).  

The vertical alignment of quantum dots (QDs) is induced by strain fields originating from the 

underlying QD layer that penetrate the barrier material. This strong vertical coupling between 

QDs creates quasi-one-dimensional electronic states, resembling wires. As a result, the aligned 

QDs can effectively channel photo-excited electrons and holes, leading to enhanced internal 

quantum efficiency for carrier collection. This phenomenon facilitates efficient separation and 

injection of generated carriers into nearby p and n regions (Zinan et al., 2021). 

The size and shape of InAs islands, and therefore their quantized energy levels, can be 

controlled through changing the deposition technique, the thickness of the intermediate layer, 

and the number of repetitions of the island layer. This allows for precise control over the light 

absorption spectrum.  

2.10 Lead colloidal quantum dot solar cells 

Lead sulphide (PbS) colloidal quantum dots are highly sought-after for their potential 

in developing cutting-edge optoelectronic devices, including solar cells photosensing devices, 

and biological label (Han et al., 2022). PbS colloidal quantum dots (QDs) have garnered 

attention as potential components in optoelectronic devices due to their adjustable bandgap, 

which is influenced by their size, and their adaptability through surface modification and 

solution-based processing (Sukharevska et al., 2021). Developing a cost-effective and 

environmentally friendly method to produce high-quality quantum dots (QDs) in a wide range 

of sizes is a significant challenge. While lead sulphide (PbS) colloidal QDs offer promising 

potential for next-generation photovoltaic devices due to their ease of processing, low cost, and 

customizable optoelectronic properties, their toxicity and the need for expensive precursors 

remain obstacles (Tang et al., 2022).  

Once the material has solidified, the bulky aliphatic ligands surrounding PbS quantum 

dots (QDs)  act as insulators, preventing efficient charge transfer and transportation between 

adjacent QDs (Ma et al., 2022).  Ligand-exchange, a process used to shorten ligands on 

quantum dots, can inadvertently create surface defects like vacancies and dangling bonds. 

These defects can reduce device efficiency through recombination. However, surface 

passivation methods have been developed to mitigate these issues, leading to significant 

improvements in the power conversion efficiency (PCE) of lead sulphide quantum dot 

photovoltaics (QDPVs), exceeding 10% (Yang et al., 2018).  Despite these advancements, the 

power conversion efficiency remains significantly below expectations, and surface traps pose 
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a substantial obstacle to the performance of PbS quantum dot photovoltaic devices. Figure 2.8 

shows a lead-based colloidal quantum dot. 

 

Figure 2.8: PbS colloidal quantum dot solar cell displaying J-V characteristics and 

PCE(Zhang & Johansson, 2017) 

Design and use ligands that can enhance the interaction between the metal and the 

semiconductor, leading to better charge separation and collection have gained significant 

attention in material engineering (Zhou et al., 2021).  Choi et al. demonstrated that ternary 

PbSxSe1x quantum dots could significantly improve the performance of Schottky solar cells 

compared to traditional binary PbS or PbSe materials. By strategically introducing a thin 

oxidized layer between the PbS quantum dots and the metal contact, they were able to enhance 

the Schottky barrier, resulting in a more efficient and functional device (Zhou et al., 2021). An 

inverted Schottky quantum dot solar cell was constructed using a lead sulphide quantum dot 

sheet sandwiched between a low level of functionality material and an elevated work function 

metal anode. The optimal device configuration achieved a power conversion efficiency of 3.8% 

and a record open-circuit voltage of 0.75 V (Deshmukh et al., 2021; Liu et al., 2019).   

2.11 Stability of all-inorganic perovskite solar cells 

All-inorganic perovskite solar cells (PSCs) have garnered significant attention because 

of their exceptional compatibility with tandem devices, high carrier mobility, and robust 

thermal stability (H. Wang et al., 2020). The power conversion efficiency (PCE) of all 

perovskite solar cells (PSCs) has surpassed 19% due to extensive research and continuous 

advancements in process development. However, manufacturing PSCs for long-term 

applications under advanced weathering conditions is still challenging due to their relatively 

low phase stability. To address this, many researchers have proposed various strategies, 

including Interface engineering and additive engineering, and the development of all-inorganic 



23 

 

perovskite quantum dot solar cells, aimed at improving the long-term stability of these cells 

(Huirong et al., 2021).  

To overcome the issues caused by environmental degradation, researchers have 

proposed using inorganic cations like caesium (Cs+), rubidium (Rb+), tin (Sn+), and potassium 

(K+) to create a completely inorganic perovskite material, CsPbX3 (where X is a halide) 

(Bernasconi et al., 2019). Unlike organic-inorganic hybrid solar cells, this cation substitution 

aims to improve the chemical and thermal stability of the material. Currently, the most common 

inorganic perovskite solar cells are made with CsPbI3, CsPbI2Br, CsPbIBr2, and CsPbBr3. Of 

these, CsPbI3 is especially good at harvesting solar energy because it has a relatively small 

band gap (Eg = 1.73 eV). Among all inorganic solar cells, caesium lead halide perovskite solar 

cells have the highest efficiency (Ouedraogo et al., 2020).  To enhance phase stability, 

substituting iodide ions with bromide ions in Cs-perovskite can produce CsPbBr3. However, 

this material's wide band gap (Eg = 2.25 eV) limits its light absorption capabilities, which in 

turn reduces the cells' efficiency (Ouedraogo et al., 2020). 

More stability is said to exist with inorganic perovskite solar cells compared to hybrid 

solar cells (Ouedraogo et al., 2020). In fact, some studies have found that inorganic solar cells 

often exhibit remarkable stability over time, even without protective encapsulation. For 

example, inorganic perovskite solar cells have been touted as a potential solution to the stability 

issues faced by hybrid PSCs, particularly their susceptibility to moisture due to their 

hygroscopic nature. However, it is important to note that the most common inorganic lead 

halide perovskite, CsPbI3, is prone to significant phase instability when exposed to ambient air 

(Deng et al., 2019; Ouedraogo et al., 2020). The all-inorganic perovskite solar cells show only 

a slight decrease in performance in humid conditions (90–95% relative humidity, 25 °C) for 

over 3 months (2640 hours) without encapsulation and can tolerate exceptionally low 

temperatures as low as –22 °C (Liu et al., 2016). 

2.11.1 Perovskite efficiencies and band gap characteristics 

Electrons are consistently found orbiting each atom's nucleus where they are attracted 

to the positively charged nucleus. The quantity of electrons an atom has dictates the number of 

atoms that can combine to form a molecule. Electrons that are shared among atoms move 

around the molecule. The electrons in the outermost shell of an atom, which orbit the nucleus, 

are referred to as being in its "valence band" (Yang et al., 2022).  When photons of light interact 

with the outer electrons of a semiconductor material, they excite these electrons to a higher 

energy state, causing them to shift from the valence band to the conduction band. This transition 

produces an electric current. The band gap represents the minimum energy required to promote 
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an electron moving from the conduction band into the valence band (Chen et al., 2021). When 

an electron transitions to the conduction band and is no longer bound to the molecule's orbit, it 

becomes a charge carrier that can flow through the material. This property allows it to be used 

in photovoltaic cells for transporting electrical energy. 

Photons of various hues in light have varying energy levels, expressed in electron volts 

(eV). For visible light, photon energies range from 1.75 eV (intense red) to 3.1 eV (violet). 

With a bandgap of 1.34 eV, an optimal photovoltaic material should be capable of converting 

the maximum amount of visible light into charge carriers (Chen et al., 2021).  Power 

conversion efficiency (PCE) quantifies the proportion of solar energy that a solar cell can 

convert into electrical energy. Research indicates that layers of materials with optimized 

bandgaps modified positively and negatively, play a crucial role in achieving high PCE (Jošt 

et al., 2020). The term "S-Q limit" refers to this optimal efficiency (Zheng et al., 2022).  The 

S-Q limit implies that no single material can achieve the ideal bandgap required to reach the S-

Q efficiency limit. Multi-junction (tandem) solar cells (TSCs), which consist of multiple light 

absorbers with distinct band gaps, have significant potential to exceed the S-Q efficiency limit 

of single-junction solar cells by absorbing light across a broader spectrum of wavelengths. 

Perovskite solar cells (PSCs) are particularly well-suited for TSCs due to their customizable 

band gaps, high efficiency up to 25.2%, and straightforward manufacturing process. PSCs can 

be effectively mixed with a variety of solar cell types, including dye-sensitized, organic, 

quantum dot, and narrow band gap PSCs, often using a low-temperature solution approach, 

resulting in high efficiencies (Li & Zhang, 2020). 

Presently, technologies based on crystalline silicon dominate the photovoltaic market 

due to their low production costs and high reliability in both material and manufacturing 

processes (Tyagi et al., 2013). An impressive 22.2% efficiency has been reached, while 

standard module efficiencies are generally around 17–18% (Huang, et al., 2022). Research 

cells have achieved efficiencies greater than 25%, whereas the theoretical maximum efficiency 

for silicon solar cells is about 33% at 25 °C (Bhattacharya & John, 2019b). Therefore, with the 

theoretical performance ceiling of 29.4% for crystalline silicon-based solar cells, only marginal 

gains in performance remain possible (Zhou, Huang et al., 2022). This limit is determined by 

accounting for Auger recombination and intrinsic losses, which encompass, among other 

factors, the high-energy photons' thermalization and the absorption of sub-bandgap photons by 

the absorber layer (Werner et al., 2018). Combining both silicon-based and perovskite solar 

cells can yield tandem devices with the potential to surpass the performance of single-junction 

silicon cells that currently lead the photovoltaic market. 
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2.11.2 Recent progress in chemical stability of perovskite solar cells 

Previous advancements elevated the record efficiency of perovskite solar cells (PSCs) 

from 9.7% to 20.1% which is currently aprroximately 25% (Niu et al., 2015).  Despite 

significant advancements, research into the stability issues of these solar cells remains limited, 

which hampers their practical use outdoors. To achieve reliable and long-lasting perovskite 

solar cells (PSCs) with high efficiency, it is crucial to address both perovskite degradation and 

device stability promptly. Without thorough stability studies, it is challenging to transition 

promising laboratory results to industrial and real-world applications. Recent investigations 

into the device's performance at elevated temperatures have shown that increasing the 

temperature from 300 K to 375 K reduces the power conversion efficiency (PCE) from 31.01% 

to 27.84% for 4-T cells and from 18.56% to 16.14% for 2-T cells (Sarker et al., 2022). 

Moisture and oxygen in the atmosphere can adversely affect the stability of device 

components throughout the assembly and testing phases. CH3NH3PbI3, in particular, is prone 

to moisture, which leads to its hydrolysis and subsequent degradation of the perovskite. The 

following reactions are involved in this degradation process. 

                              (2.1)  

                                  (2.2)  

                                          (2.3) 

                                                                                           (2.4) 

Thus, moisture, oxygen, and UV light are crucial factors influencing the PSC 

deterioration (Asghar et al., 2017). In addition, the equilibrium established by reaction 2.2 leads 

to the coexistence of CH3NH3I, CH3NH2, and HI in the perovskite thin film. HI can then 

deteriorate through two main mechanisms in the following steps (Lee et al., 2018).  One 

process entails a redox reaction that occurs with the presence of oxygen 2.2, whereas the other 

process involves a photochemical reaction triggered by UV radiation, leading to the breakdown 

of HI into H₂ and I₂ 2d (Heller et al., 2021; Yang et al., 1998). The entire process of 

deterioration is driven through HI consumption, according to reactions 2.3 and 2.4. Because 

both oxygen and moisture can lead to the degradation of organic-inorganic halide perovskite, 

the majority of the fabrication needs to take place in a glove box filled with inert gases, such 

as helium or argon (Philippe et al., 2020). When devices are tested under natural lighting 

conditions, organic-inorganic halide perovskite often undergoes significant degradation. This 
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deterioration leads to an unintended decrease in efficiency, thereby restricting the practical use 

of perovskite solar cells (PSCs) in outdoor environments (Jones et al., 2021). Several 

investigations have examined the influence of oxygen and humidity on the long-term 

performance of perovskite solar cells. 

2.11.3 Perovskite solar cell configuration 

PSCs present a broader variety of device structures compared to other photovoltaic 

technologies. These devices can be classified based on their architecture, morphology (such as 

mesoporous or meso-superstructure), and conductivity type, including n-type or p-type 

configurations (n-i-p, p-i-n, p-n, or n-p) (Mali & Hong, 2016) The structure of perovskite is 

classified into two primary categories: (i) normal or regular p-n type and (ii) planar, which 

includes either n-i-p (conventional planar) or p-i-n (inverted planar), depending on the device's 

electrical properties, specifically whether electrons or holes are collected at the bottom 

transparent conducting oxide (TCO). The traditional planar-designed perovskite device 

consists of two components: (a) mesoporous and (b) meso-superstructure, as illustrated in 

Figure 2.9. 

 

Figure 2.9: Categorization of n-i-p and p-i-n mesoscopic as well as planar shaped perovskite 

devices (Song et al., 2016) 

Through the use of layers of doped charge transfer in the device design allowed for the 

creation of p-i-n and n-i-p PSCs with an improved PCE of 20.3% (Li et al., 2020; Yao et al., 

2022). HTL-free PSCs demonstrated a significant performance boost, from 5.5% to 12.8%, in 

both planar and mesoscopic heterojunction configurations due to improved charge extraction 

(Pitchaiya et al., 2020). Additionally, these advancements were achieved by modifying the 

interface between the layers, changing the transporting and perovskite layers' thickness, and 

incorporating novel supporting layers (Wang & Jiang, 2021).  
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The effectiveness of PSC devices has not been fully investigated in various 

configurations, manufacturing methods, combinations of perovskite and charge-selective 

layers. While the most efficient absorbers contain lead, many PSC architectures still have 

stability issues (⁓13 mg m-2). PSCs are also sensitive to high oxygen, moisture, UV rays, and 

temperatures, which hinders their commercialization (Rao et al., 2021). 

2.11.4 Solar device performance enhancement 

The percentage of sunlight that a solar panel can convert into electricity is called power 

conversion efficiency. To make solar energy more affordable than fossil fuels, solar panel 

manufacturers need to improve their efficiency (Guangul & Chala, 2019). The highest possible 

efficiency that solar panels can theoretically achieve is around 30% (Bhattacharya & John, 

2019a). Incorporating plasmonic nanoparticles into carbon-based perovskite cells can 

significantly improve their efficiency (Eswaramoorthy & Rajaram, 2022; Omrani et al., 2022).  

In addition, when metal nanoparticles are exposed to sunlight, they scatter and bend light, 

which increases the amount of electricity produced in the solar cell and accelerates the creation 

of electrons (Hu et al., 2020). Nanoparticles that can scatter light have been shown to be just 

as good as up-conversion materials at improving the efficiency of perovskite solar cells by 1%. 

By altering the size, shape, and arrangement of these nanoparticles, we might be able to boost 

efficiency even further (Patel et al., 2018). 

To increase the effectiveness of solar cells, improving light management can decrease 

light loss. One method to achieve this is by using transparent conducting oxide layers to 

minimize absorption losses and silicon oxide layers to capture more light (Azani et al., 2020; 

Duan et al., 2021). Surface gratings can enhance the internal reflection of light within a cell, 

leading to higher electrical and optical performance. These gratings can significantly boost the 

efficiency of solar cells, often exceeding 20% (Hu et al., 2020). The following factors affect 

solar panel efficiency the cells' ability to convert sunlight, the way the cells are configured, and 

the amount of surface area exposed to sunlight (Kandeal et al., 2020). 

Enhanced PV device performance has been achieved by employing KSnBr₃, an 

inorganic material, as the photoactive layer, leading to better stability, increased charge carrier 

mobility, and improved PCE, positioning it as a strong contender for future solar cell 

technologies. The functionality of the gadget was contrasted with theoretical and empirical 

designs. Results showed that higher fault density in the absorber contact and lower operating 

temperatures negatively impacted device performance. Under ideal conditions, the solar cell 

achieved 19.5% PCE, FF of 14.68%, a Voc of 5.32 V, and a Jsc of 25.55 mA/cm-2 (Rono et al., 
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2022). Semiconductors, like other electrical components are sensitive to temperature changes 

as can be observed in Table 2.1. 

Table 2.1: The influence of temperature changes on Voc, Jsc, FF, and PCE in a PSC employing 

a copper thiocyanide (CuSCN) hole transport layer 

Temp (K) Voc (V) Jsc(mA/cm2) FF (%) PCE (%) 

260 1.9210 35.367021 39.69 26.96 

270 1.5703 35.367897 47.72 26.51 

280 1.3392 35.367246 54.97 26.04 

290 1.1534 35.366813 62.58 25.53 

300 1.0626 35.366642 66.53 25.00 

310 0.9964 35.366514 69.41 24.46 

320 0.9438 35.366119 71.61 23.90 

330 0.9008 35.366236 73.23 23.33 

As opposed to other solar cell technologies with similar characteristics, the PCE of 

KGeBr3 is notably higher. While KGeBr3 offers promising properties, its limited usage is 

primarily due to its high initial cost, reliance on intermittent solar energy, significant space 

requirements, and relatively small environmental impact during production, transportation, and 

installation (Rono et al., 2022; Saikia et al., 2022). The model examined how various factors 

affect the overall performance of a solar cell. These factors included operating temperature, the 

thickness of the hole and electron transport layers, and the back-contact metal work function. 

Additionally, the doping densities of these layers and the density of defects in the absorber 

layer were also investigated.  

The simulation results indicated that optimizing the absorber's thickness and defect 

density, along with adjusting the width and doping levels of the hole transport and electron 

transport layers, can enhance the device's performance. It was observed that a higher defect 

density at the absorber contact led to poorer device performance. Nickel, platinum, and Pt 

metallic back contacts produced results similar to those of gold, suggesting that these more 

cost-effective metals could serve as viable alternatives to gold. 

When a semiconductor gets hotter, its bandgap shrinks. This affects how the material 

behaves and can impact the performance of devices made from it, such as solar cells (Owens 

& Peacock, 2004; Scharber & Sariciftci, 2021). As temperature rises, the energy levels of 

electrons in a semiconductor widen, causing the band gap to shrink (Chen et al., 2019). The 

open-circuit voltage of a solar cell is most sensitive to changes in its internal temperature. 
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2.12 Hole transport and electron transport materials 

A key element in perovskite solar cells is the hole transport layer (HTL). Inverted (p-i-

n) PSCs commonly utilize PSS, an organic HTL. Due to their intrinsic stability in chemicals 

and higher cost, inorganic HTLs are often preferred for selective contact materials. Inorganic 

HTLs that possess the correct energy levels as well as strong carrier mobility can improve 

charge transport and enhance the stability of PSCs at ambient temperatures, while also being 

cost-effective to produce (Wang et al., 2021).  Despite being expensive, unstable, and acidic, 

PEDOT: PSS may cause damage to the absorber (Haider et al., 2019). Copper zinc tin sulphide 

(CZTS) is a promising material for use as a HTL in solar cells due to its low cost, easy 

synthesis, and high hole mobility (Haider et al., 2021). A planar perovskite solar cell is 

composed of three primary layers sandwiched between conductive electrodes. 

Table 2.2: Several HTLs used in perovskite solar cells (Pitchaiya et al., 2020; Wang et al., 

2021b) 

Organic, Inorganic, and Carbonaceous Hole-Transport Materials: 

Their Role in Optimizing Perovskite Solar Cell Performance 

1. Inorganic HTMs: 

- P – type semiconductors based HTMs: CuPc, CuSCN. 

- Transition metal-based HTMs: 

- Nickel & copper based HTMs: NiO, CuI, Cu2O, CuO, CuCrO2CuGaO2. 

- MoO3, V2O5, VOx, WOx 

2. Organic HTMs: 

- Small molecule-based HTMs: Pyrene, Thiophene, porphyrin, Carbazole. 

- Long polymer based HTMs: Spiro-OMeTAD, Fluorine doped Spiro- 

- OMeTAD and MoOx (interlayer in Spiro-OMeTAD), PEDOT: PSS, P3HT 

and PTAA. 

3. Carbonaceous HTMs/electrode:  

Conducting Carbon, CNTs, GO, r-GO. 

Table 2.2 shows that extremely effective PSCs are achieved by employing HTLs that 

facilitate the removal and transfer of holes from the perovskite layer to the electrodes. An 

efficient HTL for devices exhibiting stability over the long run is being developed by utilizing 

dopant-free HTLs in PSC devices, showcasing demonstrating strong operational characteristics 

(Niu et al., 2021). Perovskite solar cells can be categorized based on the different perovskite 
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materials used in their HTLs. These HTLs can be classified by their molecular structure or 

device configuration. 

Planar heterojunction perovskite solar cells usually feature a HTL, a back electrode, 

and an ETL. Recent studies indicate that enhancing the conductivity of the hole transport 

materials through doping and optimizing the absorber thickness to enhance charge collection 

can positively impact the efficiency of these solar cells (MaríSoucase et al., 2016). A crucial 

element of perovskite solar cells is the use of materials that transport electrons (Saianand et al., 

2021).  A quantitative simulation can be used to assess how various electron-transporting 

materials would influence the final output of a PV device. Figure 2.10 illustrates some of the 

common inorganic HTL materials employed in perovskite solar cells. 

 

Figure 2.10: Inorganic hole-transporting layers for perovskite solar cells (Lin et al., 2021) 

Simulation methods can be used to optimize various photovoltaic factors, including 

absorber thickness and the thicknesses of other layers like the hole transport layer and electron 

transport layer. These optimized parameters can then be implemented experimentally (F. Liu 

et al., 2014; MaríSoucase et al., 2016). The efficiency of a device is significantly influenced 

by the acceptor concentration and hole mobility in the hole transport layer, as well as the trap 

density and work function of the back contact metal (Wang et al., 2021). While these significant 

benefits are promising, it remains crucial to address challenges such as enhancing the hole 

mobility and conductivity of the HTL, improving the stability of both the perovskite material 

and the ETL, and finding suitable alternatives to toxic lead (Wu et al., 2022). By enhancing the 
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efficiency of perovskite solar cells through careful design of the absorber material, selective 

contacts, and charge transport layers (HTL and ETL), we can significantly boost both the 

device's performance and its longevity (Liu et al., 2014; MaríSoucase et al., 2016).  

The main function of HTLs in solar cells is to collect and move excitons generated by 

the light harvester. This separation of electrons and holes is essential for the efficient operation 

of PSCs (Calió et al., 2016). An ideal HTL material possesses excellent photochemical and 

thermal stability, long-term durability energy levels in the air that align well with the perovskite 

layer, and inherently high hole mobility (Casas et al., 2017). There are two primary types of 

HTLs used in perovskite solar cells (PSCs): organic and inorganic semiconductors. Inorganic 

HTLs, such as CuSCN, CuS, CuInS2, and CuI, generally use simpler and less expensive 

materials than organic HTLs, such as 1-(3-methoxycarbonyl) propyl-1-phenyl [6,6]C61 

(PCBM) and Spiro-OMeTAD. However, inorganic HTLs often require more costly deposition 

techniques, like sputtering, atomic layer deposition, or pulsed laser deposition (Pham et al., 

2020). While inorganic HTLs generally have better long-term stability due to their lack of need 

for dopants or additives and higher inherent hole movement, they often have a smaller variety 

of options compared to organic HTLs. As a result, many inorganic HTL devices exhibit lower 

efficiency than their organic counterparts (Pham et al., 2020). Organic semiconductors used 

for hole transport layers in perovskite solar cells typically fall into three main groups: small 

molecules, polymers, and organometallic compounds (Pham et al., 2020).  

To enhance cell power efficiency, it's crucial to optimize the design parameters of key 

components. In perovskite solar cells, HTLs play a vital role in collecting and transporting 

holes generated from the perovskite/HTL interface to the perovskite absorber layer. Efficient 

charge extraction through ETLs is equally essential. While HTLs are indispensable for high-

performance PSCs, they often require significant doping with additives like nanoparticles, 

graphene, ZnO, or polyaniline to improve charge mobility and substrate compatibility. This 

doping, however, can lead to stability issues, increased costs, and experimental complexities 

(Pham et al., 2020). The combination of TiO2's excellent thermal properties, cost-

effectiveness, and energy alignment makes it the most popular choice for ETLs in perovskite 

solar cells (Casas et al., 2017). Zinc oxysulphide (ZnOS) has recently emerged as a promising 

alternative for electron transport materials due to its superior resistance to sulphur degradation, 

low toxicity, and adjustable bandgap (Korir et al., 2021). The n-i-p and p-i-n solar cell 

architectural examples are illustrated in Figure 2.11. 
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Figure 2.11: Structures of perovskite solar cells: (a) n-i-p configuration and (b) p-i-n 

configuration (Laalioui et al., 2020) 

The band gap is the energy difference between the highest energy level occupied by 

electrons (valence band) and the lowest energy level that electrons can occupy but is not yet 

filled (conduction band) (Eperon et al., 2016). There are two primary configurations for 

perovskite solar cells: n-i-p and p-i-n. These configurations are inverted versions of each other, 

leading to planar solar cells with minimal hysteresis and high efficiencies. The n-i-p 

configuration has achieved an efficiency of 16.5%, while the p-i-n configuration has reached 

an efficiency of 20% (Momblona et al., 2016). Figure 2.12 gives an example of a mesoscopic 

perovskite solar cell. 

 

Figure 2.12: Mesoscopic perovskite solar cells (Chen & Tseng, 2017) 

In order to guarantee peak efficiency, planar perovskite solar cells using a p-i-n 

configuration utilize layers for both electron and hole transport. These layers play a crucial role 

in efficiently gathering and separating the photo-generated holes and electrons, thereby 

boosting the overall efficiency of the solar cell (Huang et al., 2016).  Conversely, mesoscopic 

solar cells are part of third-generation solar technology. A key feature of these cells is their 

ability to create the absorber layer using a solution-based technique.  
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2.12.1 Impact of doping on ETL and HTL 

Hole and electron transport materials play a key role in exciton transport. Perovskite 

solar cell designs often incorporate both organic and inorganic p-type semiconductor materials 

(Pitchaiya et al., 2020). he electrical conductivity of the solar cell's layers is influenced by the 

doping of its photoactive material, affecting the device's performance. Optimizing the doping 

of the HTL and ETL enhances the device's overall efficiency by increasing the electric field at 

their interface (Bouazizi et al., 2022; Ijaz et al., 2023). Figure 2.13 illustrates the relationship 

between the defect density in the HTL and ETL and the various parameters that affect the 

efficiency of the photovoltaic device (Mandadapu et al., 2017).  

 

Figure 2. 13: The relationship between the concentration of defects in a photovoltaic material 

and its key electrical characteristics (Mandadapu et al., 2017) 

There are two doping techniques for HTL and ETL. One method, using minority 

carriers, can significantly reduce fill factor and efficiency and alter the J-V curve to an S-shape 

(Allen et al., 2011). Another factor concerns the majority carriers, which contributes to higher 

efficiency and fill factor. Mild doping levels can enhance carrier transport and achieve suitable 

energy positioning (Mansour et al., 2017). Deep-level defects in electronic devices can be 

minimized through careful optimization of doping processes, including self-doping. To 
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investigate the impact of HTL and ETL doping on device performance, doping concentrations 

were systematically varied from 1014 cm-3 to 1019 cm-3 (Nine et al., 2019).  

2.12.2 HTL and ETL free perovskite solar cells 

Both HTL and ETL play a critical role in achieving efficient photovoltaic performance, 

but one of them has a more significant influence on the overall solar cell efficiency (Huang et 

al., 2021). Without a HTL, the photoactive layer directly contacts the glass substrate (like ITO), 

hindering hole injection and reducing cell efficiency. An ideal HTL needs to have low electron 

affinity, high hole mobility, and energy levels corresponding with perovskite, high thermal 

stability, and be cost-effective (Akhil et al., 2021).  The TCAD Atlas tool (Technology 

computer-aided design) has been employed to design multiple ETL-free perovskite solar cells, 

with the goal of boosting device performance and decreasing production expenses (T. Wang et 

al., 2022). Simulations of PEDOT:PSS-CH3NH3PbI3-PCBM and CuSCN-CH3NH3PbI3-

PCBM p-i-n perovskite solar cells (PSCs) have closely matched experimental results. In ETL-

free PSCs, different hole transport layers (HTLs) were directly combined with n-CH3NH3PbI3, 

with CuSCN-CH3NH3PbI3 proving to be the most effective HTL. The study explores how 

various factors including the back electrode material, gradient band gap, layer thickness, 

doping concentration, and bulk defect density affect the performance of CuSCN-CH3NH3PbI3-

based PSCs, aiming to better understand their performance characteristics (Saeed & Gelani, 

2022). 

Table 2.3: The efficiency of solar cells made with different layers (PCM, perovskite, 

PEDOT:PSS, and ITO) is highest when the perovskite layer is thickest (Shpatz Dayan & Etgar, 

2022) 

Cell architecture PCE (%) 

Full solar cell ~7.8 

ETM free ~6.2 

HTL free ~3.8 

The optimization of the design is achieved through the careful alignment of the energy 

band and the electric field's dispersion, resulting in an improved efficiency of the CuSCN-

CH3NH3PbI3-based PSC (Tao et al., 2022). HTL-free PSCs have garnered attention due to their 

various advantages, including reduced costs, a more straightforward manufacturing process, 

and the ability to prevent oxidation, which in turn improves stability and extends the device's 

lifespan (Shafi et al., 2022). Table 2.3 provides an overview of the performance of fully 
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perovskite solar cells, as well as HTL-free and ETL-free configurations. This suggests that the 

perovskite layer is most important for light absorption and charge generation in these cells. 

Recent efforts have concentrated on simplifying PSC designs by reducing the number 

of components. This strategy seeks to expedite PSC development by eliminating electron 

transport layers and leveraging advanced material combinations and solvent engineering to 

improve device performance and fine-tune energy level alignment at the interfaces (Huang et 

al., 2021; Shpatz Dayan & Etgar, 2022). ETL and HTL materials facilitate charge extraction, 

but their removal hinders exciton extraction, leading to hysteresis and reduced cell performance 

(Huang et al., 2021; Shpatz Dayan & Etgar, 2022).  

2.12.3 Hole conductor free all-perovskite heterojunction solar cells based on tin-lead 

halide 

In modern times, HTL-free PSCs, characterized by their simple design and production, 

affordable manufacturing, and remarkable durability, hold significant value (Vivo et al., 2017).  

A highly effective and innovative HTL-free PSC structure has been developed, featuring 

carbon as the back electrode, WS₂ as the ETL, and a photoactive layer composed of 

CH₃NH₃Pb(I₁₋ₓClₓ)₃/FA₀.₇₅Cs₀.₂₅Pb₀.₅Sn₀.₅I₃, resulting in optimal photovoltaic performance 

(Rai, Pandey, & Dwivedi, 2021). This structure underwent numerical analysis using the 

SCAPS-1D solar cell simulator. Various parameters, including ETLs, absorber thickness, 

defect density, and doping concentration, were adjusted to identify the optimal values (Du et 

al., 2016).  

The device reached its highest efficiency with a carbon back contact, exhibiting an Voc 

of 0.82 V, a Jsc of 31.94 mA/cm2, a FF of 77.95%, and a PCE of 20.53% (Rai, Pandey, & 

Dwivedi, 2021).  When gold was used as the back contact, the cell parameters; Voc of 0.84 V, 

Jsc of 34.34 mA/cm2, a fill factor of 78.54%, and PCE of 22.72% were attained (Rai, Pandey, 

& Dwivedi, 2021). To optimize the energy level alignment between the absorber and electron 

transport layer, a thin interfacial layer was incorporated, which resulted in higher power 

conversion efficiency (Agha & Algwari, 2022). The proposed structure has a layer of spiro-

OMeTAD as the hole transport layer, a layer of MAPbI3 as the absorber layer, and a layer of 

CdS as the electron transport layer (Bag et al., 2020).  Prior to introducing the interfacial layer, 

the perovskite solar cell's performance was enhanced by fine-tuning the thickness of the 

perovskite layers and the doping concentrations of the electron and hole transport layers. The 

maximum power conversion efficiency achieved was 18% (Agha & Algwari, 2022) using a 

layer thickness of 250 nm for the ETL, 400 nm for the absorber layer, and 200 nm for the HTL, 
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respectively. Additionally, the ETL and HTL were doped with concentrations of 1022 and 1019 

cm3, respectively (Agha & Algwari, 2022). 

The inorganic-organic perovskite is garnering significant attention for its role in solar 

cells as a light harvester. Tin-lead halide perovskites, in particular, show great potential in 

mesoscopic solar cells as energy harvesters with heterojunctions, thanks to their excellent 

optical absorption, high carrier mobility, and impressive stability. One of the unique attributes 

of tin-lead halide perovskites in device applications is their dual function as both a light 

harvester and a hole conductor in photovoltaic panels (Aharon et al., 2015).  The surface 

photovoltage and optoelectronic properties of various perovskites show their p-type behaviour 

and band gap (Chang et al., 2022). Tin-lead iodide perovskites are seen as the most attractive 

choice for low-bandgap photovoltaic materials, offering both excellent performance and 

reduced toxicity in perovskite solar cells (Song et al., 2020).  While tin-lead iodide perovskites 

show promise, their performance still lags behind that of pure lead-based perovskites. A crucial 

factor in improving the efficiency of PSCs is the HTL (Raza et al., 2022).  The annealing 

process, specifically the methylammonium to formamidinium cation ratio, can affect the band 

gap and stability of the layers in perovskite solar cells. Pure MAPbI3 and FAPbI3 solar cells 

demonstrate superior stability in their photovoltaic performance across various temperatures 

compared to their mixed compositions (Mahapatra et al., 2022). 

The PSCs with a composition of (FASnI3)0.6(MAPbI3)0.4, arranged in an inverted 

configuration, have been fabricated using a CuI/PEDOT:PSS bilayer as the hole transport layer 

(Song et al., 2020).  The CuI/PEDOT:PSS layer exhibits a smooth surface and a strong 

connection with the perovskite. The introduction of CuI can influence the crystal formation 

process of (FASnI3)0.6(MAPbI3)0.4, leading to the development of high-quality perovskite 

films (Mahajan et al., 2022). The combination of CuI's high mobility and the cascading energy 

levels within the device allows for efficient hole extraction and transportation from the 

perovskite material to the anode (Mahajan et al., 2022).  Additionally, the electrochemical 

impedance spectroscopy measurements revealed that the efficiency of the solar significantly 

impacted by the amount of CuI present, which determines its thickness. Consequently, by 

utilizing a double-layer CuI/PEDOT:PSS as the HTL with a CuI concentration of 10 mg/mL, 

the resulting PSCs based on 60% Sn perovskite achieved a higher PCE of 15.75% with minimal 

J-V hysteresis (Song et al., 2020). The improved stability of the PSCs, which is crucial for the 

advancement of highly efficient PSCs, is due to the use of a double HTL consisting of CuI and 

PEDOT:PSS (Song et al., 2020). 
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2.12.4 Effect of HTLs on the efficiency PSCs 

HTLs play a crucial role in efficiently extracting holes from the perovskite layer and 

transporting them to the counter electrode. They also act as a barrier, preventing electrons from 

flowing back to the metal electrode Hole transport materials play a crucial role in efficiently 

extracting holes from the perovskite layer and transporting them to the counter electrode. They 

also act as a barrier, preventing electrons from flowing back to the metal electrode (Jones et 

al., 2021). To enhance the performance and longevity of perovskite solar cells, it is crucial to 

focus on the design of the hole transport layer (HTL). While various organic HTLs have 

demonstrated promising efficiency, the influence of molecular structure on HTL performance 

remains unclear. Isomers, with their distinct electronic properties but similar chemical 

composition and molecular structures, offer a valuable opportunity to investigate the structure-

property relationship of HTLs (Meng et al., 2022). The impact of heteroatoms and the 

incorporation of double bonds into the conjugated structure on the optical, electrochemical, 

hydrophobic, film-forming, and photovoltaic properties of PSCs have been investigated. 

Molecules with double bonds exhibit higher hole mobility and improved hole extraction 

capability due to their enhanced planarity and intermolecular charge transfer (Xu et al., 2021). 

2.12.5 The metal back contact in PSCs 

The use of metal back contacts in photovoltaic cells aims to create inexpensive, resistant 

to chemicals, simple to produce, and readily manufactured solar cells. The back contact plays 

a crucial role to guarantee efficient transmission of charge to the external circuit of the cell. 

Historically, gold has been the most popular standard back contact for PSCs, facilitating charge 

transfer from the HTL to the external circuit. But the exorbitant price of gold has limited the 

large-scale production of PSCs. Therefore, exploring alternative metal back contacts that can 

replace gold is essential. Table 2.4 summarizes some of the research efforts dedicated to finding 

suitable substitutes for gold in back contacts. 
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Table 2.4: Effects of altering metal back contact on Jsc, FF, and PCE (Korir et al., 2021b; 

Vishnuwaran et al., 2022). 

Back contact type Metal Work Function 

(eV) 

Voc (V) Jsc FF (%) PCE (%) 

Silver 4.26 0.9115 35.246924 35.15 11.29 

Tin 4.28 0.8604 35.256642 39.28 11.92 

Titanium 4.33 0.8272 35.278009 46.23 13.49 

Vanadium 4.50 0.8258 35.330082 65.08 18.99 

Iron 4.50 0.8258 35.330082 65.08 18.99 

Tungsten 4.55 0.8433 35.341368 69.21 20.63 

Molybdenum 4.60 0.8898 35.351059 70.73 22.25 

Copper 4.65 0.9625 35.358882 69.69 23.72 

Cobalt 5.00 1.0626 35.365407 66.53 25.00 

Gold 5.10 1.0626 35.365407 66.53 25.00 

Palladium 5.12 1.0626 35.365407 66.53 25.00 

Nickel 5.15 1.0626 35.365407 66.53 25.00 

Platinum 5.65 1.0626 35.365407 66.53 25.00 

Accordingly, Table 2.5 shows that as the work function of the metal increases from 

4.26 to 5.1 eV, the power conversion efficiency of the cell also improves, going from 11.29% 

to 25%. Gold, with a work function of 5.1 eV, seems to provide the best performance for the 

cell (Baptayev et al., 2022). However, alternative metals can be used instead of gold that is not 

just costly but can also migrate through the HTL into perovskite films, leading to device 

degradation (Domanski et al., 2016).  Alternative metals like palladium (Pd) and nickel (Ni) 

have been explored as replacements for gold in back contacts of solar cells. These alternatives 

are cheaper and more accessible while offering similar performance. Studies have shown that 

nickel, platinum, and palladium can produce results comparable to gold. Because of their lower 

cost, various metals can serve as gold's replacement. Additionally, both gold and silver can 

interact with the halide ions in the perovskite solar cell, potentially leading to performance 

issues because of the combined effects of metal migration and perovskite breakdown (Guerrero 

et al., 2016).  When these devices are in use, the perovskite layer is directly exposed to light. 

This means that using a back contact structure, like in the p-i-n design, can help to minimize 

light energy that is lost as it passes through the device. 
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Table 2.5: The impact of modifying metal back contacts on Jsc, FF, and PCE (Korir et al., 

2021; Vishnuwaran et al., 2022) 

Back contact 

type 

Metal Work Function (eV) Voc (V) Jsc FF (%) PCE (%) 

Silver 4.26 0.9115 35.246924 35.15 11.29 

Tin 4.28 0.8604 35.256642 39.28 11.92 

Titanium 4.33 0.8272 35.278009 46.23 13.49 

Vanadium 4.50 0.8258 35.330082 65.08 18.99 

Iron 4.50 0.8258 35.330082 65.08 18.99 

Tungsten 4.55 0.8433 35.341368 69.21 20.63 

Molybdenum 4.60 0.8898 35.351059 70.73 22.25 

Copper 4.65 0.9625 35.358882 69.69 23.72 

Cobalt 5.00 1.0626 35.365407 66.53 25.00 

Gold 5.10 1.0626 35.365407 66.53 25.00 

Palladium 5.12 1.0626 35.365407 66.53 25.00 

Nickel 5.15 1.0626 35.365407 66.53 25.00 

Platinum 5.65 1.0626 35.365407 66.53 25.00 

Platinum, a noble metal often utilized in DSSC, could also be applied in perovskite 

solar cells. Despite the fact that platinum is significantly cheaper than gold, its use in PSC 

devices has been limited due to concerns about cost and availability. When selecting alternative 

metals, the main criteria include ensuring elevated PCE and robust stability throughout time 

conditions, alongside financial factors. 

Perovskite solar cells are highly valued for their broad availability, affordability, and 

enhanced efficiency. As a type of fourth-generation solar cell, PSCs feature rear contacts and 

a layer of light-absorbing material made from either hybrid organometallic halides or inorganic 

perovskite materials. Additionally, these cells include an electron transport layer and a hole 

transport layer to facilitate charge extraction. There are several types of perovskites, such as 

organic-inorganic hybrid perovskites, lead-based perovskites, and all-inorganic perovskite 

solar cells. Due to their advantages, perovskite solar cells are gaining traction and are expected 

to transform the photovoltaic industry. For commercial viability, photovoltaic technologies 

generally need to achieve a minimum of 20 years old and less than 10% decrease in efficiency 

over time (Mohammed et al., 2017).  Efforts have concentrated regarding interface 

engineering, compositional engineering, and the creation of all-inorganic perovskites, and 
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advancements in encapsulation techniques to enhance both intrinsic and extrinsic stability, 

leading to considerable success (Ren et al., 2021). 

2.12.6 Solar cell fabrication approaches 

The production of solar cells involves several different methods. The main techniques 

are outlined here. Both vacuum and non-vacuum methods have the potential to significantly 

increase the efficiency of PSCs because PSCs, DSSCs, and thin-film photovoltaics (PVs) have 

similar structural designs (Uhl et al., 2018). Contrary to what was expected, the actual research 

indicates something else (Kajal et al., 2018) despite having a very efficient output and a 

comparatively straightforward technique. There are several non-vacuum approaches for 

making perovskite films, including screen printing and doctor blading, which have proven 

effective for larger-scale production (Peng et al., 2017).  

 

Figure 2.14: Silicon solar cells can be made using quartzite gravel as a starting material 

(Kumar et al., 2021; Rajesh et al.2022) 

Among vacuum-based techniques, only thermal evaporation has proven effective in 

producing efficient solar cells. Sputtering is seldom used due to the absence of suitable target 

materials or the potential harm high-energy particles pose to perovskite materials, resulting in 

poor stability. PSC fabrication methods can be divided into different categories, including one-

step, two-step, vapour-assisted, and thermal evaporation processes (Chen et al., 2021). An 

example of a method used to make silicon-based solar cells is shown in Figure 2.14. The phrase 

"solar manufacturing" is used to describe the process of manufacturing and assembling parts 

for the whole solar value chain, with solar PV panels holding a leading position. PV panels are 

made up of numerous sub-components, comprising frames, back sheets, glass, cells, and wafers 
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(Perez et al., 2012; Recot, 2022).  Silicon is the most common material used in solar cells 

because it makes up more than 95% of the modules available today.  

Silicon, which is not pure in the state it exists in., is the main part of silicon solar cells. 

To make silicon dioxide from crushed quartz or quartzite stones is used in solar cells put into 

an electric arc furnace and heated with a carbon arc to remove the oxygen. This process makes 

molten silicon and carbon dioxide, as shown in Rxn 2.5. 

 

Before silicon can be used to make solar cells, it must be purified (Delannoy, 2012; Wei et al., 

2020).  Thermal evaporation is the only vacuum-based method that has been successful in 

making solar cells with good performance. Sputtering has not been used because there might 

not be a suitable target for it or because the vibrant particles could damage the unstable 

perovskite materials. However, the SiC/SiO2 interface can hinder the quality of the SiC/SiC 

surface, making it unsuitable for use as a sensor surface compared to SiO2/SiC (Karker et al., 

2022).   

The methods used to make perovskite solar cells can be separated into four categories: 

thermal evaporation, vapour-assisted, one-step, and two-step processes. One of these methods 

is to melt it, clean it by distillation, and after that put it into a silicon seed sample. Other methods 

include spin coating, thermal evaporation, and many others. Chemical cleaning is usually done 

in tall towers before going within the chamber of reaction. Here, ultra-pure silicon is made 

from filtered gas (Ishikawa et al., 2020). During the manufacturing process, boron is introduced 

into silicon to facilitate the flow of electrons, and subsequently, phosphorous is diffused into 

the silicon during cell processing. This doping process, involving either phosphorous or boron, 

creates an excess of electrons in the silicon, enabling it to conduct electricity by reaching the 

conduction band (Heider et al., 2019). The shiny silicon disks require an anti-reflective coating, 

which is commonly composed of titanium dioxide. 

Usually, two layers are created, with the gap in between them serving as a barrier that 

keeps electrons from crossing on their own. However, photons can help the electrons overcome 

this barrier (Sirbu et al., 2021). Typically, more electrons accumulate on the upper side of the 

cell, causing them to repel each other. These electrons can then flow through wires attached to 

the top of the cell (Yang et al., 2022). Boron is employed for doping to add impurities and for 

crystallization to melt the mixture. Contaminants are eliminated through controlled cooling. 

Once the silicon bricks have solidified, they are extracted, sliced into films less than 0.2 mm 

thick, and these slices are used to produce solar cells (Villa, 2022).  Wavering occurs in two 
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stages: initially, the bricks are sliced into sections, and then these sections are inserted into a 

wire sole. Next, a long wire containing the slurry is threaded through the bricks. Silicon carbide 

is used to remove the wavering from the bricks, after which they are cleaned and transferred to 

the adjacent cell plate (Sobayel et al., 2021). 

2.13 Spin-coating  

Spin-coating is an effective method in order to apply uniform thin layers of highly 

adhesive or hydrophobic polymers to flat or axis-symmetrical substrates. This technique uses 

centrifugal force to spread a liquid across a solid surface, forming a consistent film. A liquid is 

usually deposited in the center of a circular surface and spun rapidly, resulting in even sheets 

with thicknesses ranging from 1 to 10 microns (Lukong et al., 2022).  

 

Figure 2.15: Spin coating process for preparing a self-supporting ultrathin film, (a) traditional 

downward crystallization using anti-solvent dripping in 3-D perovskite, (b) direct spin-coating 

for 2-D perovskite, and (c) ascending crystallization through intermittent steps (Yan et al., 

2021) 

In this method, a small drop of coating material is placed at the center of the substrate, 

which is then rotated at a controlled high speed. During the spin-coating process, the substrate 

spins around an axis that must be parallel to the surface being coated (Weidner, 2022).  As a 

result, a thin coating film develops on the surface as the coating material spreads outward and 

eventually moves off the substrate's edge. The final film thickness and other characteristics of 

the device are determined by the type of coating (including viscosity, drying rate, particle 

percentage, surface tension, etc.) and the spin process parameters, such as rotation speed 

(Buonomenna, 2016).  The method of spin coating used in the fabrication of solar cell devices 

is illustrated in Figure 2.15. Two-dimensional lead halide perovskites (2-D perovskites) have 



43 

 

gained attention as stable photovoltaic materials under ambient conditions due to their 

distinctive layered structure. 

2.14 Thermal evaporation 

Thermal evaporation is a method used to apply a thin coating. The process involves 

heating a material in a vacuum until it vaporizes. The vapour then travels and settles onto a 

surface, where it cools and solidifies, forming a thin layer (Cavallari et al., 2020; Zhang et al., 

2020).  While spin-coating is often used to apply perovskite films, it's difficult to control the 

film thickness and create a uniform surface. Thermal evaporation, on the other hand, is a better 

choice for these tasks. It is more reliable and produces higher-quality films than spin-coating 

(Bae et al., 2022). An illustration of the thermal evaporation process is shown in Figure 2.16. 

2.15 Inkjet printing 

Inkjet printing is a great way to make large perovskite solar cells. However, the ink 

often crystallizes too quickly after being printed, causing gaps and imperfections in the 

perovskite film. This restricts the production of perovskite using inkjet printing solar cells 

(Mathies et al., 2018). Inkjet printing is a non-contact method that allows for quick and precise 

deposition of perovskite solar cells. This technique offers good control over layer formation 

and the J-V properties of the 0.04 cm² cells (Zehua Li et al., 2020). Semi-transparency is a 

valuable property for solar cells because it opens up new possibilities in areas like tandem cells 

and building-integrated photovoltaics.  

 

 

Figure 2.16: The thermal evaporation method used to create perovskite solar cells (Bashir et 

al., 2020; Mattox & Mattox, 2003) 

Figure 2.17 shows the J-V curves of inkjet-printed solar cells with the structure 

OMeTAD/Cs0.05MA0.14FA0.81PbI2.55Br0.45/C60/TiO2/FTO, using different solvents. This 

technique has potential for large-scale production. It's also possible to design arrays of 
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transparent pillars made from a non-reactive photopolymerisable liquid, partially covered by 

perovskite, using inkjet printing. Metal halide perovskites are well-suited for use as the 

photoactive layer in solar cells, as they can be made thin and have the right properties. 

However, their chemical composition can affect their bandgap (Gao et al., 2020). While highly 

transparent solar cells often have lower efficiency, semi-transparent perovskite solar cells can 

be made using inkjet printing without changing their composition or thickness (Hamukwaya et 

al., 2022).  

 

Figure 2.17: The current-voltage properties of a 0.04 cm² inkjet-printed solar cell with the 

structure OMeTAD/Cs0.05MA0.14FA0.81PbI2.55Br0.45/C60/TiO2/FTO, using NMP: DMF, 

DMSO: DMF, and DMF solvents (Long et al., 2020) 

It is possible to digitally assess the solar cells' transparency and efficiency, adjusted by 

printing this material at specific locations and with varying array densities (Pendyala et al., 

2021). This innovative semi-transparent design achieves an efficiency of 11.2% and maintains 

an average transparency of 24%, even without the traditional upper metal contact (Pendyala et 

al., 2021). Figure 2.16 clearly demonstrates the significant impact of solvent selection on cell 

performance. Cells printed in a binary mixture of N-methyl-2-pyrrolidone (NMP) and dimethyl 

formamide (DMF) exhibited superior operational J-V characteristics compared to those printed 

either in dimethyl formamide (DMF) or in a binary combination of dimethyl sulfoxide (DMSO) 

and dimethyl formamide alone. This suggests that the solvent composition plays a crucial role 

in determining the overall cell efficiency and functionality. 

2.16 One step method 

The one-step deposition method, which is characterized by its simplicity and 

affordability, has been widely adopted in the production of perovskite solar cells. By carefully 

controlling the perovskite precursors, it is possible to fabricate perovskite films with the desired 
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stoichiometric composition and free of pinholes (Ullah et al., 2021). Common solvents utilized 

to dissolve both inorganic and organic halides, such as methylammonium/formamidinium 

iodide for PSC fabrication include gamma-butyrolactone (GBL), dimethylformamide (DMF), 

dimethyl sulfoxide (DMSO), or combinations of these solvents. To produce thick layers of 

phase-pure, pinhole-free perovskite, the precursor solutions are mixed and then spin-coated 

onto substrates followed by annealing at temperatures ranging from 100 to 150 0C (Deng et al., 

2020).   To modify the halide anion ratio, commercially available lead chloride (PbCl2) was 

dissolved in dimethylformamide (DMF) and mixed with methylammonium iodide (MAI) in a 

3:1 molar ratio (Lee et al., 2020) this represents a significant initial achievement for the one-

step procedure, yielding a 10.9% power conversion efficiency. The perovskite layer is formed 

after spinning the solution for 30 seconds and then annealing it at 100 degrees Celsius (Wang 

et al., 2022). 

2.17 Two –step method 

Unlike the one-step method, the two-step perovskite deposition process does not 

necessitate the complete preparation of precursors. Instead, lead halide (PbX2, where X is 

chlorine, bromine, or iodine) and methylammonium/formamidinium iodide (MAI/FAI) layers 

are deposited separately through spin coating (Bing et al., 2020; Shi & Jayatissa, 2018). Figure 

2.18 illustrates an example of a two-step perovskite deposition process utilizing dimethyl 

sulfoxide (DMSO) as a solvent. 

 

 

Figure 2.18: A two-step perovskite film synthesis using methylammonium iodide (MAI) and 

lead iodide (PbI2) with dimethyl sulfoxide (DMSO) as a solvent (Liu et al., 2021) 

A PbX2 seed layer is initially formed on a substrate using either spin coating or doctor 

blading. Subsequently, the MAI/FAI layer is added by either spin coating with an MAI/FAI 

solution or immersing the PbX2-coated substrate in the solution, often isopropanol. Following 

a suitable annealing process, the final perovskite films are produced (Bing et al., 2020; D. Li 
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et al., 2021). Although the two-step method involves more complex steps, it offers greater 

process control as it allows for independent adjustment of parameters in each phase, leading to 

improved control over the appearance and quality of the perovskite films (Ge et al., 2020).    

2.18 Pulsed laser deposition (PLD) 

In pulsed laser deposition (PLD), a high-intensity pulsed laser beam is used to vaporize 

a target material, which is then deposited as a thin film onto a substrate. This technique falls 

under the category of physical vapour deposition (PVD) (Barimah et al., 2022). Compared to 

other methods, PLD excels in maintaining stoichiometry, adaptability, versatility, lower 

deposition temperatures, and the production of metastable materials. These advantages 

contribute to PLD's widespread use in materials research (Xu et al., 2020).   

 

Figure 2.19: Schematic diagram of a PLD system (a) and (b) fabrication of thin films using 

the PLD technique (Barimah et al., 2022; Blank et al., 2013) 

Pulsed laser deposition has been employed to fabricate thin films for various 

applications, including solar cells, light-emitting diodes, and solid oxide fuel cells (Barimah et 

al., 2022). A laser beam that pulses for 10 to 50 nanoseconds is focused onto the material layer 

to be deposited (Zhang et al., 2020). Each laser pulse vaporizes a small portion of the material 

with sufficient energy density (1-5 J/cm²). The substrate is placed facing the target, where it 

collects the plume of ablated material ejected from the target. Figure 2.19a depicts a pulsed-

laser deposition system, while Figure 2.19b presents the cell structure produced by this 

technique. 

2.19 Quantum dots 

Lead halide perovskite quantum dots (PQDs), also referred to as perovskite 

nanocrystals, considered among the most promising classes of solar cell photovoltaic materials 

due to their exceptional optoelectronic properties and straightforward fabrication methods (J. 

Chen et al., 2021).  PQDs have gained significant attention due to their unique optical 
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properties, including tunable wavelength, narrow emission, and high photoluminescence 

quantum yield (PLQY) (Wang et al., 2018). To prevent degradation caused by heat, oxygen, 

moisture, and light, the stability of PQDs needs to be improved for industrial applications like 

lighting and backlight devices. Unstable PQDs are susceptible to degradation by oxygen and 

moisture (Meena et al., 2022).  Crystal formation due to simple ion migration can lead to a 

reduction in the PLQY of PQDs. Surface coating and treatment is crucial techniques for 

addressing these issues (Wang et al., 2018). 

Semiconductor quantum dots (QDs) are recognized as superior optical gain materials 

compared to their bulk and quantum well counterparts. The effect of 3D quantum confinement 

in QDs results in distinct density of states that resembling a delta function, emission 

wavelengths that are tunable in size and robust optical oscillators, and promising minimal 

threshold and temperature-insensitive optical gains (Meena et al., 2022). Figure 2.20a depicts 

a schematic diagram of a quantum dot preparation device, while Figure 2.20b illustrates the 

architecture of the cell fabricated using this approach. 

 

Figure 2.20: Structure and function of quantum dot-sensitized photovoltaic cells (a) and (b) 

manufactured cell architecture (Ilyas et al., 2021) 

2.20 Numerical simulation strategies 

Different simulation software, including Personal Computer One-Dimensional (PC 1-

D), Accelerated Mobile Pages (AMPs), COMSOL Multiphysics, Technology Computer-Aided 

Design (TCAD), the General-Purpose Photovoltaic Device Model (GPVDM), and SILVACO 

ATLAS, have been employed to optimize the electrical properties of solar cell designs 

(Haddout et al., 2019). This review focuses on several numerical simulators that are commonly 

used in the study of solar cells. 
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2.20.1 Solar cell capacitance simulator 

The SCAPS-1D solar cell simulator was designed by Professor Burgelman at Ghent 

University in Belgium (Belarbi et al., 2020; Mandadapu et al., 2018; Zyoud et al., 2021). The 

SCAPS-1D simulator helps us understand how solar cells work by using mathematical models. 

These models solve three main equations that describe how electrons and holes behave in 

semiconductors. These equations are the Poisson equation, the continuity equation, and the 

equations for holes and electrons. The Poisson and continuity equations are the most important 

parts of the SCAPS-1D program (Ahmad et al., 2022). SCAPS-1D is a popular program for 

simulating solar cells because it is easy to use and control. Equation 2.1 shows the Poisson 

expression. 

∇2ψ =
𝑞

𝜀
(𝑛 − 𝑝 + 𝑁𝐴 − 𝑁𝐷)                                                                      (2.1) 

The Poisson equation involves the electrostatic potential (ψ), the concentration of acceptors 

(NA), and the concentration of donors (ND). The continuity equations for electrons and holes 

are represented by equations 2.3 and 2.4. 

∇. 𝐽𝑛 − 𝑞
𝜕𝑛

𝜕𝑡
=  +𝑞                                                                                      (2.3) 

where R is the rate of carrier recombination and Jn is the current density of electrons. 

∇. 𝐽𝑃 + 𝑞
𝜕𝑝

𝜕𝑡
= −𝑞𝑅                                                                            (2.4) 

Here, Jp is the current density for holes. 

Furthermore, equations (2.5) and (2.6) define the Drift-diffusion current relations. 

𝐽𝑛 = 𝑞𝑛𝑈𝑛𝐸 + 𝑞𝐷𝑛𝑉𝑛                                                                         (2.5)   

were, Dn represents the electron's diffusion coefficient. 

𝐽𝑃 = 𝑞𝑝𝑈𝑝𝐸 − 𝑞∆𝑝                                                                             (2.6) 

Here, Dp is the hole diffusion coefficient. 

The continuity equations are given by expressions 2.7 and 2.8 

𝑑𝑛

𝑑𝑡
=

1

𝑞

𝑑𝐽𝑛

𝑑𝑥
− (𝑈 − 𝐺)                                                                                (2.7) 

𝑑𝑝

𝑑𝑡
= −

1

𝑞

𝑑𝐽𝑝

𝑑𝑥
− (𝑈 − 𝐺)                                                                             (2.8) 

where U and G are the rates of recombination and generation. 

Solar cells typically operate under steady-state conditions, meaning that their properties 

don't change significantly over time. Therefore, transient effects (like switching times) aren't 

particularly important. The concentrations of electrons and holes remain relatively constant 

under these conditions, as described by equations 2.9, 2.10, and 2.11. 
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𝑑𝑛

𝑑𝑥
=

𝑑𝑝

𝑑𝑡
= 0                                                                                                (2.9) 

This reorganizes the equation above such that:  

1

𝑞

𝑑𝐽𝑛

𝑑𝑥
= 𝑈 − 𝐺                                                                                             (2.10) 

1

𝑄

𝑑𝐽𝑝

𝑑𝑥
=  −(𝑈 − 𝐺)                                                                                      (2.11) 

The SCAPS-1D simulation provides valuable information about photovoltaic 

performance, including the FF, Jsc, Voc, and PCE (Kumari et al., 2022).  In addition to the main 

photovoltaic characteristics, SCAPS-1D also calculates the recombination profiles and energy 

band diagrams of the solar cell. The equations for calculating the FF and Voc are given by 

equations 2.12, 2.13, 2.14, and 2.15. 

FF =  
VMPIMP

VOCISC
                                                                                                (2.12) 

Empirical Fill Factor, FF =
VOC−In(voc+0.72)

VOC+1
                                               (2.13) 

Implied, VOC =
KT

q
In [

(NA+∆n)∆n

ni
2 ]                                                                 (2.14) 

VOC =
nKT

q
In (

IL

IO
+ 1)                                                                                 (2.15) 

The short-circuit current density can be estimated using the formulas represented by 

equations 2.16 and 2.17. 

JSC = qG(Ln+LP)                                                                                            (2.16) 

JSC =  ISCA                                                                                                   (2.17) 

In these equations, G represents the rate at which electron-hole pairs are generated, Lp and Ln 

are the diffusion lengths for holes and electrons, respectively, and A is the area of the solar cell. 

The SCAPS-1D software numerically solves the equations that describe how charge 

carriers move through semiconductor materials when they are in a steady state. This software 

is used to simulate p-p-n perovskite solar cells. The SCAPS-1D simulation uses a method called 

the Gummel iteration scheme with Newton-Raphson sub-steps to solve the equations. The 

calculation's first step begins with an estimate of zero for the quasi-fermi levels across the solar 

cell (Houimi et al., 2021).  Figure 2.21 shows the SCAPS panel, which is used to configure 

simulation devices. 
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Figure 2.21: The SCAPS-1D visual interface (Thakur et al., 2023) 

2.20.2 SILVACO ATLAS 

The ATLAS device simulator, which operates in both two- and three-dimensional 

modes, is grounded in physical principles. It predicts the electrical properties of particular 

semiconductor designs and provides insights into the internal physical processes that influence 

the device's operation (Bhattacharjee et al., 2021). Furthermore, SILVACO offers a 

comprehensive suite of tools for the advancement, optimizations well as analysis of digital cell 

libraries, enabling Integrated Circuit (IC) design teams to explore the impact of different device 

models, design methodologies, and cell topologies to improve how well their state-of-charge 

operates (SoC) sparse optimal control systems. 

A simulation of technology computer-aided design (TCAD) not only provides insight 

into the appearance of the reverse current-voltage curve but also helps identify the reasons 

behind device failure. TCAD is an effective tool for illustrating device and process adjustments, 

reducing manufacturing cycle times while highlighting potential performance improvements. 

By adjusting model parameters and coefficients, you can test theories in TCAD to understand 

how different physical phenomena impact the device, including wide bandgap power 

semiconductors (Park et al., 2017). The researcher may need to identify the cause of device 

Starts SCAPS-1D 

Set your problem 

Set your input parameters 

Set your working Conditions 

Specify the action to be 

measured 

Run your programme 
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failure to gain a deeper understanding of its performance (Binder et al., 2003; Fichtner et al., 

1983; Schwarz et al., 2019). 

2.20.3 TCAD Silvaco simulation of epitaxial structures and wafer design 

The epitaxial structures are designed using 4H-SiC, a hexagonal silicon carbide with 

four polytypes. Among the available silicon carbide materials, 4H-SiC is the most readily 

available and easiest to grow or purchase. Figure 2.22 depicts the graphical user interface of 

SILVACO, while Figure 2.23 outlines the ATLAS simulation methodology scheme. 

 

 

Figure 2.22: SILVACO graphical user interface used for simulating solar cells(Bhattacharjee 

et al., 2021) 

 

Figure 2.23: Overview of the ATLAS simulation process (Bhattacharjee et al., 2021) 

2.20.4 WxAMPS simulation method 

A 1-D software for simulating solar cells named Widget, designed for analysing 

microelectronic and photonic structures (wxAMPS), was developed through a collaboration 
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between Nankai University in China and the University of Illinois at Urbana-Champaign 

(Hadjab et al., 2022). This numerical simulation method follows the principles of the 

evaluation of Microelectronic and Photonic Structures (AMPS) physical model, incorporating 

tunnelling currents, improving convergence and speed, and offering enhanced visualization 

capabilities. The core of wxAMPS is built on an updated version of the AMPS code, with the 

user interface developed using the cross-platform library wxWidgets (Smucker & Gong, 2021).  

The performance of solar cells was evaluated through numerical analysis using the wxAMPS 

software. This analysis involves solving the Poisson formula, which links charge and 

electrostatic potential, along with the hole and electron continuity equations that describe the 

device's behaviour.  

 

Figure 2.24: Shows its wxAMPS user interface simulation method (Hadjab et al., 2022) 

Figure 2.24 illustrates the graphical user interface of the wxAMPS simulation software. 

The simulation process in wxAMPS is conducted in three steps: initially, the ambient operating 

conditions, such as temperature, solar spectrum, and bias voltages, are configured, either using 

standard values or by adjusting the data as needed by the operator (Liu et al., 2012). Secondly, 

the material properties for each layer of the device are inputted into the system. These 

properties are supplied via a database that can be modified using standard spreadsheet software, 

making it easy to enter data for multiple layers and to quickly adjust properties like the 

absorption coefficient. Once the simulation is started, the results are available in various 

formats, including files compatible with both directly through the graphical user interface and 

spreadsheet apps (Liu et al., 2012).  
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To more accurately mimic several solar cell kinds, wxAMPS uses two different models 

for tunnelling: one that works well for heterojunction solar cells, and another that uses a drift-

diffusion approach. These models include the important effect of trap-assisted tunnelling, 

which is how electrons can recombine at junctions. A new method that combines Newton-

Raphson and Gummel iteration tackle has also been added to make the simulation process more 

reliable (Fuhrmann et al., 2019).  Various simulation results are compared to determine the 

optimal output parameters for designing high-performance practical cells (Liu et al., 2011).  As 

a result, a solar cell engineer can select the appropriate model for a specific set of materials, 

whether organic or inorganic. 

2.21 The future outlook of perovskite solar cells 

Maximizing the potential of green energy is crucial for tackling the escalating 

environmental issues caused by rising pollution from fossil fuels and woody biomass (Zhang 

et al., 2022). The adoption of entirely renewable energy sources has become more significant 

in advancing human civilization. Among the various alternatives, including nuclear and wind 

power, solar power is considered of the most exciting new energy possibilities (Zhang et al., 

2023).  Despite achieving a power conversion efficiency of 25.8%, poor stability remains a 

major barrier to the full commercialization of PSCs (Chowdhury et al., 2023).  Researchers 

globally have employed various approaches, including structural modifications and diverse 

fabrication techniques, to achieve the required stability and top-notch operation. 

Aspects like great efficiency, ease of manufacturing, stability and minimal cost are 

crucial for the commercialization of PSCs. However, due to varying testing procedures like 

differences in humidity, temperature, and encapsulation methods stability results from different 

researchers are difficult to compare accurately (Chowdhury et al., 2023). Unlike stability-

related aspects such as lifetime as well as degradation rates, the PCE is a clearly defined metric 

that can be assessed according to established standards. It is crucial to standardize testing 

conditions for the stability of PSCs, paying attention to factors such as elastic modulus, heat 

resistance, device hysteresis, and stability under exposure of every fabrication to oxygen, 

moisture, and light process. Although inorganic solar cell testing methodologies are well-

established, they are not commonly applied in evaluating PSC stability. To effectively advance 

PSC technology and meet market demands, it is essential to clearly define Research and 

Development (R&D) objectives (Caballero et al., 2023). 

The primary obstacles in creating highly efficient solar cells include selecting a durable 

absorber layer (such as perovskite), inadequate structural engineering device, improper band 

positioning at the absorber-surface contact, and carrier recombination at both the rear and front 
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contacts. These issues collectively impede the performance metrics of Voc, Jsc, FF, and PCE. 

(Hasan Ali et al., 2023).  Recently, there has been increasing interest among researchers in iron 

disilicide (FeSi₂) based solar cells. This material is considered highly promising for solar cell 

applications due to its exceptional properties, including direct band gap energy of 0.80-0.87 eV 

and an optical absorption coefficient (α) exceeding 1 × 10⁵ cm⁻¹ at photon energies above 1 

eV. This absorption coefficient is approximately 200 times greater than that of crystalline 

silicon (c-Si) (Hasan Ali et al., 2023). Additionally, it exhibits strong chemical stability and is 

highly resistant to environmental and chemical degradation, humidity, oxidation, cosmic rays, 

radioactive exposure, and possesses a high thermoelectric power coefficient of approximately 

k~10−4/𝐾). It also has a substantial diffusion length of around 38 μm (Hasan Ali et al., 2023). 

The FeSi₂ photoactive layer is recognized as a binary, non-toxic, and widely available 

semiconductor material, as both iron (Fe) and silicon (Si) are environmentally friendly and 

abundant in the Earth's crust. Ali et al. (2023) demonstrated through numerical simulation that 

a solar cell design using FeSi₂ and PEDOT:PSS as the hole transport Layer (HTL) achieved an 

impressive power conversion efficiency of 39.44%. Thus, with suitable device engineering, 

accurate band alignment, and effective fabrication methods, it is possible to surpass the 

Shockley-Queisser limit for practical applications. 

The advancement of 3D perovskites has significantly contributed to the growth of 

organic-inorganic halide perovskite solar cells in the last decade (Gangadharan & Ma, 2019).  

The practical application of 3D perovskite solar cells is hindered by their uncertain stability. 

Recent developments have focused on increasing their durability using different approaches 

(Grancini et al., 2017).  The most effective way to improve the performance of halide 

perovskite solar cells is by addressing their underlying chemical stability. Two-dimensional 

perovskites, known for their superior stability, have emerged as a potential alternative to three-

dimensional perovskites (Cervantes et al., 2019) (Hidalgo et al., 2019). 

Well-designed encapsulation methods can provide substantial protection for PSCs from 

damaging factors like oxygen, moisture, and UV radiation (Nazir et al., 2022).  To fully realize 

the potential of perovskite solar cells (PSCs), it is crucial to comprehend the root causes of 

their intrinsic instability and how to mitigate them. The degradation of PSCs is often associated 

with internal factors like phase segregation and compositional segregation, which are 

connected to changes at the interfaces between the various layers upon layers of the cells. 

Addressing these issues is essential for improving their performance. Moreover, increasing 

research focus on PSCs and exploring flexible tandem solar cell structures more rigorously 

could lead to significant advancements in the field (Bing et al., 2022). This approach could 
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enhance device performance by also considering greater mechanical stability (Sun et al., 2022). 

Examining the durability of tandem cells compared to single-junction cells, and determining if 

the benefits of flexible photovoltaics are unique, will be particularly important for the future 

commercialization of PSCs. 

2.22 Conclusions 

Perovskite solar cells (PSCs) have garnered significant attention due to their potential for 

high efficiencies and low manufacturing costs. However, their performance is still limited by 

factors such as device architecture, material composition, and charge carrier management. To 

enhance efficiency, strategies like improved light management using transparent conducting 

oxides and silicon oxide layers are being explored. Despite the toxicity of lead, lead-halide 

perovskites offer unique advantages as both light harvesters and hole conductors. Their tunable 

bandgap, defect tolerance, and high carrier mobility make them promising materials for solar 

cells. However, their long-term stability is a major concern due to the susceptibility of organic 

components to environmental degradation. Lead-free double perovskites (LFDPs) are 

emerging as a viable alternative due to their intrinsic chemical stability and environmental 

friendliness. While their optical, excitonic, and transport properties require further 

investigation, they offer a promising avenue for lead-free PSCs. Quantum-dot-sensitized solar 

cells (QDSCs) present another potential approach. Quantum dots (QDs) can be tailored to 

absorb specific wavelengths of light, and their theoretical power conversion efficiency (PCE) 

can be exceptionally high. However, experimental PCEs have lagged behind theoretical 

predictions. PbS colloidal QDs are particularly promising due to their size-dependent bandgap 

and tunability. The choice of hole transport layer (HTLs) and back contacts also significantly 

impacts device performance. Understanding the relationship between molecule shape and HTL 

efficiency is crucial. Metal back contacts offer potential advantages in terms of cost, chemical 

resistance, and processability. To improve PSC performance, researchers are focusing on 

compositional engineering, film deposition techniques, and energy loss mechanisms. 

Numerical analysis tools like SCAPS-1D, SILVACO ATLAS, and WxAMPS are valuable for 

simulating device behaviour and guiding optimization. Overall, while challenges remain, 

perovskite solar cells offer significant potential for future energy applications. Continued 

research and development are essential to address limitations and realize their full potential. 
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CHAPTER THREE 

NUMERICAL OPTIMIZATION OF INTERFACE ENGINEERING PARAMETERS 

FOR A HIGHLY EFFICIENT HTL-FREE PEROVSKITE SOLAR CELL 

Abstract 

The global shift towards decarbonizing energy systems has increasingly favoured renewable 

energy sources, particularly solar energy, known for its reliability, abundance, and 

sustainability. Nonetheless, photovoltaic technology encounters notable challenges in 

scalability, durability, and stability. These issues can be addressed through careful optimization 

of solar cell architecture, which can reduce production costs while improving performance and 

durability. This study presents a thorough investigation of a novel high-performance perovskite 

solar cell (PSC) that operates without a hole transport layer (HTL), showcasing the 

arrangement ITO/PC61BM/CH3NH3SnI3/Pt. The research, conducted through device 

simulations, focuses on enhancing Electron Transport Efficiency, metal back contacts, front 

contact materials, and buffer layers. Emphasis is placed on enhancing device efficiency by 

incorporating various buffer layers, such as cadmium sulphide (CdS), into the solar cell model. 

By fine-tuning the electron transport layers and adjusting the densities of perovskite acceptors 

and donors, improved device performance was achieved. Additionally, Mott-Schottky (MS) 

capacitance analysis provided valuable insights into the interface properties and charge carrier 

dynamics in a solar cell. Maximizing the number of back contacts is also crucial for effective 

charge extraction and minimizing recombination losses. Using the advanced SCAPS-1D 

simulation platform, the study evaluates the impact of design strategies on key photovoltaic 

parameters, including open-circuit voltage (Voc), power conversion efficiency (PCE), short-

circuit current density (Jsc), and fill factor (FF). The HTL-free device demonstrated impressive 

performance with a PCE of 38.11%, Jsc of 35.32 mA/cm², FF of 88.67%, and Voc of 1.2168 V. 

This research highlights the potential of HTL-free PSCs for achieving high solar energy 

efficiency while reducing costs, marking a significant step in the direction of scalable solar cell 

modules with better performance and affordability. 
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3.1. Introduction 

The search for high performance solar cells has recently received considerable 

momentum in the photovoltaic technology. In recent years, HTL-free perovskite solar cells 

have become a compelling area of innovation in solar cell design and production (Benjamin K. 

Korir et al., 2021a; Zhou & Pang, 2020).  This development is driven by the observation that 

perovskite materials possess extended diffusion lengths, allowing for efficient charge transfer 

and exhibiting ambipolar characteristics (Li et al., 2015); as a result, they are capable of 

functioning efficiently as materials for transfer and separation of charges, eliminating the 

requirement for an HTL. Additionally, materials such as poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT) and spiro-OMeTAD, which are often used in making HTLs, 

are costly in perovskite solar cell production. This drives the necessity for devices that do not 

require HTL (Meng et al., 2024; Nair et al., 2020; Yan et al., 2022).  As a result, there has been 

significant progress in developing HTL-free perovskite solar cells, which do away with the 

requirement for a hole transport layer (Ouedraogo et al., 2022a). This strategy streamlines both 

the design and production of devices, cuts costs, and improves the stability of perovskite solar 

cells. Different types of HTL-free perovskite solar cells are currently being explored, including 

those that use metals with low work-function like gold and silver or carbon-based alternatives 

with materials such as graphite or carbon nanotubes as hole-collecting electrodes (Principe et 

al., 2022). 

This study aims to enhance interface engineering techniques for Perovskite solar cells 

(PSCs) without HTLs to tackle issues such as stability under severe weather conditions, 

scalability, and cost-effectiveness. Although there have been improvements in performance 

metrics like PCE, a significant research void remains concerning the HTL-free PSC's durability 

and dependability designs. The investigation presents encouraging outcomes, but there are still 

uncertainties about how these devices will perform over time and in real-world circumstances. 

Without a comprehensive understanding of the stability and processes of degradation 

challenges of HTL-free PSCs, the practical feasibility and this technology's economic 

scalability could be at risk. Thus, this research not only offers potential for major advances in 

renewable energy but also underscores the role of computational techniques in revolutionizing 

device engineering and materials science for renewable energy solutions. 

To attain peak efficiency in HTL-free perovskite solar cells, it is essential to 

meticulously fine-tune multiple cell components, including the ETL (Ijaz et al., 2024; Qaid et 

al., 2024).  This process requires significant time and resources, increasing the intricacy of 

developing the device. Although HTL-free perovskite solar cells (PSCs) present an 
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encouraging option due to their simplified design and potential for enhanced stability, they face 

challenges in sustaining high efficiency, managing interface issues, and preventing 

degradation. Striking a balance among these factors is essential to fully realize their potential 

in photovoltaic technology. 

Conventional solar cells made of silicon face several challenges, comprising high 

production expenses, limited efficiency, and cumbersome design, which hinder their broad 

adoption and scalability in renewable energy systems (Buonomenna, 2023; Singh et al., 2024). 

In contrast, third-generation perovskite solar cells among them HTL-free variants, offer a 

compelling solution to these issues. HTL-free perovskite solar cells promise higher efficiency, 

lower production costs, and less complicated fabrication techniques, making them more viable 

for widespread adoption and commercialization. By removing the need for expensive and 

complex hole transport layers and their associated deposition processes, HTL-free perovskite 

solar cells not only improve performance but also advance the cost-effectiveness and efficiency 

of solar energy methods aiding their incorporation into conventional energy systems. 

Interface engineering plays a crucial role in semiconductor devices. Variations in 

semiconductor materials' band gaps can substantially affect device performance, leading to 

imbalances in carrier concentrations, mobility, and current flow within the material (Choi et 

al., 2024; Zhou et al., 2023). These variations may arise from flaws or trapped conditions, 

which can disrupt charge carrier recombination and potentially reduce the device's lifespan. To 

improve device performance, several approaches can be utilized. Material engineering focuses 

on minimizing differences in band gaps during production, whereas strain engineering seeks to 

modify the band arrangement to reduce non-uniformities. 

Defect engineering aims to neutralize or eliminate flaws in device materials, while 

managing temperature and the effects of bandgap variations by running devices at lower 

temperatures (Abbas et al., 2024). Furthermore, refining device design and employing 

sophisticated characterisation methods are essential for addressing and precisely assessing 

band gaps not matching up. 

Responding to variations between energy band diagrams in the band gap is crucial for 

boosting the dependability and effectiveness of semiconductor devices. By Combining 

temperature, strain, fault, and material engineering regulation, device design optimization, and 

advanced characterization techniques, it is possible to reduce the impact of band gap 

discrepancies and improve overall device performance. Methylammonium tin iodide 

(CH3NH3SnI3), used as the perovskite light absorber layer, demonstrates a wide absorption 

spectrum that covers both visible and near-infrared (NIR) regions, ranging approximately from 
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350 nm to 900 nm (Angmo et al., 2017). Its main function is to act as the main absorber of 

light, producing charge carriers by transforming absorbed photons into excitons. 

Without a HTL, efficient hole transport from the perovskite layer to the ITO anode is 

crucial for device functionality. Optimizing the material's composition and thickness of the 

perovskite layer is necessary in order to achieve sufficient absorbance of light while preserving 

effective charge transport properties (Abou et al., 2024; Ahamed et al., 2023). Doping the 

perovskite with suitable elements can improve its ability to conduct, making hole extraction 

more efficient. Optimizing the interfaces between the perovskite and adjacent layers can boost 

charge collection efficiency and reduce recombination losses. Additionally, nanostructured 

back contacts can expand the surface area, thereby enhancing charge acquisition (Roy et al., 

2023). 

Managing surface roughness effectively can enhance light trapping and minimize 

reflection, which in turn optimizes overall efficiency (Cui et al., 2023). The device architecture 

plays a crucial role in influencing performance. Investigating tandem or multi-junction cell 

configurations can increase light absorption, while incorporating interlayers between the 

perovskite and the back contact can improve charge transport and minimize interfacial losses 

(Anirudh et al., 2023a; Kumar et al., 2023). Enhancing the manufacturing procedure using 

deposition methods like sputtering, evaporation, or chemical vapor deposition can create a 

uniform and well-tuned back contact layer. Fine-tuning annealing processes can improve 

crystallinity and electrical characteristics. Comprehensive electrical measurements provide 

insights into processes for charge extraction and transport, but stability assessments gauge 

long-term durability. Modelling using computation assists in predicting the performance of 

various back contact structures and materials, directing optimization through experimentation 

(Saiki & Gomes, 2024; Shen et al., 2023). 

It is essential to recognize that improving HTL-free perovskite solar cells' back contact 

typically requires iterative methods, integrating various strategies to attain maximum 

performance (Huang et al., 2023a). A crucial part of this optimization process involves 

conducting systematic experiments, thoroughly analysing the results, and continuously refining 

the approach based on the findings. Platinum (Pt) is favoured as the back contact material in 

PSCs because of its stability and compatibility, especially when interfaced with layers like the 

HTL or other elements in the device (Chowdhury et al., 2023a; Mohammad & Mahjabeen, 

2023). This stability guarantees reliable and enduring performance, which is essential for the 

practical application of these solar cells. 



84 

 

Conversely, optimizing the interface between the MAI (CH3NH3SnI3) layer and the 

electrodes becomes crucial for reducing recombination and enhancing charge extraction, 

particularly when there's not an HTL (Chang et al., 2023). Addressing these challenges 

involves strategies like passivation of defects with halide anions such as iodide or bromide and 

doping with elements like Cs or Rb to adjust band gaps and improve charge transport (Shen et 

al., 2023), regulating grain size and morphology to reduce defect sites, along with adjusting 

electrode work functions to enhance charge extraction and lower recombination, are key 

strategies. Overcoming these challenges requires sophisticated approaches to defect 

management, material and interface engineering, and reliable encapsulation in perovskite solar 

cells without HTL based on MAI. The pursuit of defect-tolerant materials, new low-

temperature processing methods, and inventive apparatus designs offers potential for 

improving efficiency and aiding commercialization. These efforts are essential for advancing 

technology for solar cells based on MAI in the future. 

In semiconductor technology, the idea of ideal concentrations of donors and acceptors 

involves adjusting the concentrations of acceptor and donor dopant atoms introduced into a 

substance used in semiconductors to control its electrical properties (Azhar et al., 2023). These 

densities greatly influence the performance of semiconductor equipment such as transistors and 

diodes. Acceptor dopants add positively charged holes to the semiconductor, while donor 

dopants contribute negatively charged electrons (Klein et al., 2023). Controlling the 

concentrations of acceptors and donors allows for precise adjustment of the number of charge 

carriers in the semiconductor. Optimal densities ensure that the semiconductor exhibits the 

intended electrical properties, including conductivity, resistivity, and carrier mobility (Hossain 

et al., 2023). This is crucial for designing semiconductor devices with precise accomplishment 

characteristics. Dopant densities also affect the semiconductor's bandgap, which determines its 

ability to both emit and absorb light. Increasing the dopant density can boost carrier 

concentration, but it may also reduce carrier mobility due to increased scattering (Khan et al., 

2024). This balance affects the overall conductivity and speed of semiconductor devices. 

Moreover, achieving optimal dopant densities while managing the depth of junctions presents 

a significant difficulty in optimising interface engineering characteristics. Deeper junctions can 

increase capacitance and slow down device performance, while shallower junctions may lead 

to leakage currents and reliability problems (Khan et al., 2024). Maintaining consistent dopant 

distributions across large semiconductor wafers and addressing process variations are 

significant challenges. Dopant densities can be sensitive to temperature changes, which affects 

device performance under various operating conditions. To ensure reliable electrical 
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characteristics despite temperature fluctuations, careful management of concentrations of 

dopants is essential. Maximizing concentrations of dopants also requires extra processing steps 

and materials, which increases manufacturing costs. Additionally, conformity with the base 

semiconductor material and combining it with other parts of the device needs to be considered 

to ensure the device's reliability and output. 

Accordingly, precisely adjusting densities of dopants can greatly enhance gadget 

efficiency and speed by optimizing the balance between carrier concentration and mobility 

(Khan et al., 2024). This is crucial for achieving top performance in applications such as 

memory components and microprocessors. Proper management of dopant concentration can 

reduce power usage by enhancing conductivity and limiting leakage currents. For 

semiconductor devices with low power, carefully engineered dopant profiles are essential for 

maximizing performance while conserving energy. Ideal dopant levels also enhance the 

dependability and durability of semiconductor electronics by decreasing degradation factors 

like impacts of hot carriers, electromigration, and oxide degradation (Khan et al., 2024).  In 

summary, reaching ideal densities of acceptors and donors in semiconductor materials requires 

carefully balancing various trade-offs and overcoming several challenges. Accurate control of 

dopant levels is crucial for creating semiconductor apparatuses having the necessary electrical 

characteristics and functionality attributes, and dependability. 

The impressive functionality of the suggested cell design is credited with the careful 

optimization of phenomena related to interface engineering. This includes precisely tuned 

interfaces between layers, efficient charge transport enabled by each component, favourable 

energy level alignments that enhance charge gathering and separation, and possibly unique 

material properties or structures within the layers that are active. Furthermore, careful design 

elements such as thickness control, interface optimization, as well as apparatus design are 

crucial for maximizing the cell's photovoltaic performance. A deeper exploration of these 

aspects could provide valuable insights into the mechanisms behind the exceptional efficiency 

observed, potentially developing photovoltaic technologies with great performance. 

Nevertheless, this study relies on simulations of the device’s photovoltaic properties; its 

findings are significant and could guide experimentalists in developing a functional actual solar 

cell module with possibility of commercialization and scaling. 

3.2. Device simulation  

The SCAPS program is widely utilized for simulating the performance of solar cells, 

particularly in modelling various types such as both single- and multiple-junction cells under 

different environments (Salah et al., 2024; Shakoor et al., 2023).  SCAPS-1D specifically 
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focuses on simulating the behaviour of solar cells along a single dimension, typically their 

depth or thickness (Samajdar, et al., 2023). Engineers and scholars use this program to predict 

and analyse the electrical characteristics and performance parameters of solar cells. It takes 

into account various factors such as material characteristics, gadget design, and operational 

conditions like light intensity and temperature that affect solar cell efficiency. 

SCAPS is a crucial software instrument for simulating the complex solar cell 

behaviours, particularly those that use perovskite materials. Its importance is rooted in its 

ability to model and examine the electrical properties of different solar panels, such as 

perovskite-based ones. By utilizing input parameters and equations that define cell behaviour, 

SCAPS enables investigators to replicate and forecast these cells' electrical properties. A deep 

grasp of the interactions between Poisson's equation, continuity equations, and the application 

of SCAPS allows researchers to enhance the functionality and appearance of perovskite solar 

cells. 

Poisson's equation plays a vital role in semiconductor physics and the modelling of 

electronic devices (Masut, 2023).  It clarifies the relationship in a material between its charge 

density and the resulting electric potential. In the context of solar cells, including those using 

perovskite materials, Poisson's equation is crucial for analysing the movement of charge 

carriers such as electrons and holes, as well as for knowing how the electric field is distributed 

within the semiconductor layers.  

After establishing the cell structure, several factors and the cell's overall performance 

are determined by applying differential equations (Ahmad et al., 2023). While the continuity, 

transport, and carrier lifespan equations are provided by 3.2, 3.3, and 3.4, the Poisson equation 

is written as 3.1. 

𝜕2𝜑

𝜕2𝑥
=

𝑑𝐸

𝑑𝑥
= −

𝜌

𝜀𝑠
= −

𝑞

𝜀𝑠
[𝑝 − 𝑛 + 𝑁𝐷(𝑥) − 𝑁𝐴(𝑥) ± 𝑁𝑑𝑒𝑓(𝑥)]                  (3.1) 

 

𝜕𝑛,𝑝

𝜕𝑡
=

1𝜕𝐽𝑛

𝑞𝜕𝑥
+ (𝐺𝑛 − 𝑅𝑛) +

1𝜕𝐽𝑝

𝑞𝜕𝑥
+ (𝐺𝑝 − 𝑅𝑝)                                            (3.2) 

 

𝐽𝑛,𝑝 = 𝑛𝑞𝜇𝑛𝐸 + 𝑞𝐷𝑛
𝜕𝑛

𝜕𝑥
+ 𝑝𝑞𝜇𝑝𝐸 + 𝑞𝐷𝑝

𝜕𝑝

𝜕𝑥
                                              (3.3) 

 

𝜏 =
1

𝜎∗𝑁𝑡∗𝑉𝑡ℎ
                                                                                                (3.4) 

Several significant characteristics and variables are utilized to characterize the behaviour and 

properties of the materials involved in semiconductor physics and solar cells. where σ is the 
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material's electrical conductivity, Nt The number of charge carriers or the density of states Vth 

stands for thermal voltage, and E stands for the electric field. The letters p and q stand for the 

elementary charge.  n represents the free electron and hole densities. Doping densities are 

denoted by the symbols 𝑁𝐴 for acceptors and 𝑁𝐷 for donors. They indicate the concentration 

of impurities supplied to the semiconductor to change its electrical characteristics. The charge 

carrier concentration gradient, shown by dn, p/dx, indicates how these carriers' concentration 

varies spatially within the material. 

3.3. The layout of the suggested cell 

The suggested solar cell structure consists of a glass substrate covered with a transparent 

conductive oxide (TCO), which acts as the n-type semiconductor for the ETL, a perovskite 

absorber layer, and a metal (Pt) back contact. Figure 3.1a illustrates the arrangement of the cell 

and whereas Figure 3.1b gives the energy level diagram. In a standard PSC, changes in 

materials and configuration can impact its exciton properties as well the band structure. 

 

Figure 3.1: Architecture of the perovskite solar cell without HTL and its band alignment 

diagram 

The inclusion or exclusion of layers such as the HTL considerably affects the behaviour 

of excitons within the device. In the model configuration, the band structure generally provides 

a more direct pathway for the extraction of electrons because of the close proximity of the ETL 

(Singh & Agarwal, 2023). As shown in Figure 3.1, ITO and PC61BM have the highest energy 

levels, which restrict electron and hole movement and thus help maintain their energy. The 

model cell's basic input parameters are listed in Table 3.1.   

Platinum, chosen for its elevated work function and cost-effectiveness, accustomed to 

enhance functionality. Previous research indicates that performance improves with higher work 
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functions (Kanoun et al., 2019). Indium tin oxide (ITO) is a transparent conductor with a broad 

bandgap of around 3.7 eV, resulting in minimal absorption of visible light (Taniguchi et al., 

2024). Its main role is to act as a transparent anode, allowing light to pass through to the active 

layer. PC61BM, an organic electron acceptor material, shows considerable ultraviolet (UV) 

and near-ultraviolet (NUV) absorption regions, specifically below around 500 nm (Taffelli, 

2023). It is essential for capturing UV and NUV light, which helps facilitate the extraction of 

electrons from the perovskite layer (Chenna et al., 2023).  Careful selection of materials for 

each layer, taking into account factors such as band gaps, compatibility, charge carrier 

mobilities, and absorption coefficients, is essential for achieving optimal device performance 

and enhancing the PCE of solar cell modules. 

Table 3.1: Basic input parameters of each layer 

In the suggested solar cell design, various strata perform crucial roles in light capture, 

charge carrier generation, and charge transfer. The substrate at the base is generally made of 

ITO, which serves as a transparent conductive electrode. ITO facilitates transmission of light 

while efficiently conducting electrons, thereby reducing current loss. Its combination of 

transparency and conductivity makes it an ideal choice with relation to the bottom electrode. 

PC61BM is chosen as the ETL for this device due to its thermal stability, processing simplicity, 

and enhanced light absorption (Hrostea et al., 2018). 

Parameters CH3NH3SnI3 (Sunny 

et al., 2021a) 

PC61BM (Korir et 

al., 2021) 

ITO (Das et 

al., 2023) 

Thickness (nm) 1600 10 90 

Band gap (eV) 1.3 2.1 3.5 

Electron affinity (eV) 4.1 3.9 4 

Dielectric permittivity 8.2 3.90 9 

CB effective density of states (cm-3) 1.0 × 1018  2.2 × 1019 2.2 × 1018  

VB effective density of states (cm-3) 1.0 × 1018  2.2 × 1019 1.8 × 1019  

Electron mobility (cm2 V-1s-1) 1.6 0.2 20 

Hole mobility (cm2 V-1s-1) 1.6 0.2 10 

Donor concentration ND (cm-3) 0 0.001 1.1 × 1021  

Acceptor concentration NA (cm-3) 1.0 × 1015  0.002 0 

Defect density (cm-3) 1.0 × 1011  1.0 × 1011 N/A 
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3.4 Results and discussion 

3.4.1 The band diagram of the model cell 

A band diagram shows the energy levels of charge carriers in a device in a visual 

manner (Meng et al., 2022).  With a perovskite solar cell, for example, it shows the alignment 

between the conduction and valence bands throughout different layers such as the ETL, 

perovskite absorber layer, and HTL (Manjunath et al., 2022; Singh et al., 2020). A perovskite 

solar cell without a HTL bypasses the necessity of an HTL to collect holes created by the 

perovskite layer's absorption of light. Rather, the holes proceed straight to a metal electrode, 

like silver or gold. This method simplifies the manufacturing process, reduces costs, and 

enhances the stability of the perovskite solar cell. 

 

Figure 3.2: Energy band diagram of a solar cell structure without HTL 

Figure 3.2 illustrates the energy levels within perovskite, metal, and ETL layers, as well 

as the direction of charge carrier movement. In this setup, the ETL and perovskite layers create 

a type-II heterojunction. Here, the conduction band of the ETL is positioned lower than that of 

the perovskite, promoting electron movement from the perovskite to the ETL. Conversely, the 

valence band of the ETL is situated higher than that of the perovskite, facilitating the transfer 

of holes in the reverse direction (Ouedraogo et al., 2022b). 

A Mott-Schottky (MS) contact exists between the perovskite and metal layers, forming 

a possible obstacle whose height is determined by the metal's operational mechanism and the 

electron affinity of the perovskite (Lin et al., 2018; Luo et al., 2021).  Introducing dopants into 

the perovskite layer or incorporating a tiny layer of interlayer can lower this obstacle, thereby 

enhancing the holes being transferred from the perovskite to the metal electrode (Abdi-Jalebi 
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et al., 2019; Lin et al., 2022).  Additionally, the band diagram illustrates cliffs and bends at the 

interfaces between layers. Discontinuities represent sudden changes in energy levels, whereas 

gradations indicate gradual transitions. These characteristics affect the movement of charges 

and their recombination. 

An optimal band diagram would feature no abrupt energy level changes and instead 

display smooth transitions, promoting effective charge separation and collection (Al-Ghiffari 

et al., 2022). Essential mechanisms of recombination arise when the band configurations 

display abrupt changes at the interface. Figure 3.2 demonstrates that the band placement within 

the proposed solar cell varies slightly with different band positions. The diagram indicates that 

the energy gap decreases with increasing distance. The results indicate that the intrinsic voltage 

gap is roughly +1.30 eV while at 300 K, the built-in potential (Vib) is +0.87 V in an equilibrium 

state and AM 1.5 G. The non-uniformity in the band gap may be attributed to cliffs at various 

interfaces within the cell structure and variations in band bending. 

The layer of perovskites exhibits a slope in its energy levels and band structure 

changing throughout its thickness, which can be achieved through doping or varying works of 

art. This gradient establishes a built-in electric field that directs charge carriers towards their 

respective electrodes (Xu et al., 2023). However, a gradual bending at the contact of the metal 

electrode indicates smoother changes in energy levels, which may lower the possible obstacle 

and improve hole injection. In Figure 3.2, the band diagram shows that CH3NH3SnI3 and 

PC61BM form a heterojunction of type-II featuring valence and conduction bands positioned 

less than those of the perovskite layer. Nevertheless, a notable energy level discontinuity at 

their interface suggests potential challenges for charge transfer and an increased likelihood of 

recombination. 

3.4.2 Absorption characteristics of the layers in the HTL-Free model cell 

In PSCs without HTLs, understanding the absorption properties of the materials used 

is crucial for optimizing device performance. Figure 3.3 illustrates the absorption coefficient 

as a function of photon energy for ITO, PC61BM, and CH3NH3SnI3 layers. The data reveal 

that the photoactive absorber, CH3NH3SnI3, has a high coefficient of absorption (>1.5×105 cm-

1), surpassing that of the electron transport layer, highlighting its superior absorption of light 

capabilities. This makes it a promising candidate for use as the perovskite material in high 

performance solar cells. Furthermore, ITO and PC61BM, being the ETL materials, exhibit the 

lowest light absorption, which allows most photons to be taken up by the layer of perovskite, 

maximizing the generation of hole-electron pairs. 
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Figure 3.3: Absorption characteristics of the layers of the model solar cell 

3.4.3 Mott-Schottky capacitance analysis 

The MS capacitance investigation is a valuable technique for investigating the electrical 

properties of semiconductor electronics, especially PSCs without HTLs (Rehman et al., 2023). 

This method provides essential insights into different parameters by examining the relationship 

between the measured capacitance and the applied voltage. One crucial factor revealed is the 

width of the depletion layer, an area near the electrode where mobile charge carriers are reduced 

under reverse bias conditions (Huang et al., 2023b; Yu et al., 2023).  The width of the depletion 

layer has a major impact on mobility of carriers and recombination. Moreover, the doping 

density, which indicates the level of contaminants in the perovskite strata, is crucial for 

determining both conductivity and the built-in potential (Attia et al., 2023).   

Figure 3.4a illustrates the capacitance-voltage properties of the suggested perovskite 

solar cell without HTL across various temperatures. At lower temperatures, capacitance 

increases with rising voltage, whereas at higher temperatures, capacitance decreases as voltage 

increases. In contrast, Figure 3.4b displays Mott-Schottky (MS) curves at various temperatures 

show a decline with increasing temperature. The built-in potential (Vib) at 300, 340, 360, and 

400 K was measured as 0.86, 0.79, 0.75 V, and 0.70 V, respectively (cf. Figure 3.4b). This 

indicates that the prototype cell is able to maintain about 81% of its power at 400 K, due to its 

higher Vib at 300 K. It is evident that Vib decreases with elevated temperature. 

The voltage differential between the perovskite and the electrode is represented by the 

built-in potential when the circuit is open, which is a critical factor for the efficiency of the 

device. Additionally, the defect density, which reflects the presence of trap states within the 
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perovskite, affects the longevity of charge carriers and the extent of non-radiative 

recombination (Amit Kumar et al., 2023; Z. Wang et al., 2023). Applying MS analysis to 

perovskite solar cells without HTL presents distinct challenges because of the lack of a HTL 

(Chowdhury et al., 2023b). The primary the build-up of capacitance at the perovskite/electrode 

contact can mask the capacitance of the diminishing layer, especially when doping densities 

are low (Moseley, 2023).  Thus, choosing the appropriate measurement frequency and voltage 

range is essential for accurately isolating the desired capacitance component. 

  

Figure 3.4: Capacitance – voltage characteristics (a) and (b) Mott-Schottky capacitance 

analysis 

Additionally, the accuracy of the estimation of depletion may be affected low doping 

densities and in thin perovskite layers, which could lead to incorrect determination of 

parameters like doping density (Kuddus, et al., 2023).   Moreover, hysteresis effects often seen 

in perovskite solar cells, caused through procedures for trap filling and de-trapping, require the 

use of polarization is initiated by positive bias and slow scan speeds. In spite of these 

challenges, many studies have successfully employed MS analysis to obtain valuable 

information about HTL-free perovskite solar cells (Chowdhury et al., 2023b).  For example, it 

has played a crucial role in calculating the inherent potential, providing proof of effective 

extraction and separation of charge carriers. Additionally, analysing capacitance at various 

frequencies has revealed important information regarding the electrode/perovskite interaction, 

including the formation of Schottky barriers and recombination across interfaces (Li et al., 

2022).  

Variations in voltage impact Fermi level, energy levels, and eventually the 

concentration of charge carriers, which in turn affects the capacitance of the solar cell. 

Temperature has a substantial effect on the dielectric properties of materials, leading to 
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increased capacitance. The Mott-Schottky analysis of how temperature affects solar cell 

performance is connected to equation 3.5 (Gelderman et al., 2007).  

1

C2 =
1

S2.ε .  q
×

1

NA
× (V − Vib −

kBT

q
)                                                                   (3.5) 

In this context, C represents capacitance, S denotes surface area, q is the elementary 

charge, and ε refers to space permittivity. Additionally, NA indicates Vbi, the acceptor density, 

is the flat band potential (built-in voltage), kB is the Boltzmann constant, and T stands for 

temperature in Kelvins. 

Analysing the relationship between measured parameters and device performance has 

enabled MS analysis to inform the design and optimization of HTL-free PSCs, with the goal 

of enhancing both efficiency and stability (Ouedraogo et al., 2022b).  Using MS analysis on 

PSCs without HTL requires careful attention to their unique structure and behaviour. When 

used effectively, this analysis provides crucial insights into their electrical properties, 

supporting the ongoing development and optimization of these innovative solar cells. 

Capacitance plays a key role in determining the performance of solar cells, particularly 

perovskite ones (Zouhair et al., 2022).   

3.4.4 Conductance characteristics 

While perovskite solar cells with HTLs typically demonstrate superior conductance 

(KV et al., 2023), HTL-free solar cells can show varying conductance levels depending on the 

materials and structures used, and may lack the optimized charge transport mechanisms found 

in devices with HTLs. Figure 3.5 illustrates the conductance properties of HTL-free perovskite 

solar cells across different voltages and temperatures. The figure reveals that conductance stays 

steady from 0.2 V up to 0.8 V (forward bias), after which it increases sharply. Additionally, 

the data shows that conductance is greater at lower temperatures but decreases as the 

temperature rises. 
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Figure 3.5: Conductance characteristics of the model HTL-Free perovskite solar cell 

structure 

In terms Perovskite solar cells' dependability and effectiveness with HTLs generally 

perform better due to the enhanced charge transport provided by the HTL. On the other hand, 

HTL-free solar cells might be more advantageous in terms of cost and simplicity (Iqbal et al., 

2023) but might miss out on the enhanced charge transport mechanisms that are characteristic 

of HTL-incorporated configurations. Ultimately, the decision to use a solar cell without an 

HTL versus a perovskite solar cell with HTL integration depends regarding the particular 

application, budget constraints, and the coveted balance between complexity, stability, and 

efficiency. Every artwork offers distinct benefits and compromises, necessitating a customized 

strategy determined by the priorities and intended use (Bandari et al., 2023; Smith et al., 2023).  

3.4.5 Impedance analysis 

Within the field of perovskite solar cells, the charge-extracting layers play a crucial 

role, fundamentally influencing the device's performance. The HTL is particularly important 

as it facilitates the movement of positively charged holes from the perovskite layer to the 

electrode. This process significantly affects both the efficiency and stability of the solar cell 

(Zhu et al., 2023). Additionally, the model cell device's impedance spectrum known as Nyquist 

plots, were examined. These plots, depicting the imaginary part of impedance versus the real 

part, are illustrated in Figure 3.6. 
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Figure 3.6: Effect of temperature on impedance characteristics 

Figure 3.6 clearly shows that impedance is lower at lower temperatures but rises 

significantly with increasing temperature. Elevated temperatures degrade cell performance by 

raising impedance and enhancing exciton recombination at interfaces. Additionally, when the 

temperature rises, the radii of the Nyquist plots shrink due to a rise in junction resistance (Korir 

et al., 2021b). However, the reduction in the radii of the plots with increasing temperature is 

minimal, indicating that the model of solar cells exhibits good tolerance for temperature. 

Nonetheless, the plots display characteristics of Warburg-type impedance (Aleksandrova, 

2023). 

3.4.6 Optimization of back contacts  

Enhancing the effectiveness and performance of the back contact in HTL-free 

perovskite solar cells requires careful consideration of various factors. Key among these is the 

choice of back contact materials. Metals like gold, silver, and aluminium are potential 

candidates because of their compatibility with the perovskite layer and conductivity. However, 

their effectiveness is influenced by the composition and quality of the other layers in the cell 

structure (Zhang et al., 2022b). To optimize the interface between the perovskite layer and the 

back contact, it is crucial to reduce defects and improve charge carrier extraction. This can be 

accomplished by applying surface treatments and incorporating passivation layers, which help 

minimize recombination losses and enhance the efficiency of charge extraction. 

Platinum possesses little resistance, facilitating effective charge extraction from the 

perovskite layer (Anoop & Ahipa, 2023).  This characteristic is crucial for optimizing the 

device's overall efficiency by reducing energy dissipation during the charge transfer process. 

Additionally, Pt is compatible with various layers in the solar cell structure, promoting robust 
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electrical connections and thus improving the device's overall performance (Yang et al., 2023). 

However, it is important to recognize that the price of Pt can present noteworthy challenges, 

especially in large-scale production. 

Table 3.2: Summary of Optimization Strategies for HTL-Free Solar Cells Using Different 

Back Contacts 

Metal Work function (eV) Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

Pt 5.65 1.2168 35.32 88.66 38.11 

Ni 5.15 0.9178 35.02 83.80 26.94 

Pd 5.12 0.9034 35.00 83.57 26.43 

Au 5.10 0.8899 34.99 83.38 25.96 

Mo 4.6 0.3977 34.69 72.54 10.01 

Fe 4.5 0.3977 34.69 72.54 10.01 

Al 4.2 0.0337 33.09 30.77 0.34 

Table 3.2 clearly shows that Pt is the optimal the model cell's back contact, given its 

excellent electrical properties. Having a 5.65 eV work function, platinum provides an ideal 

electron barrier height at the rear contact interface, making it possible to forgo the need for 

HTL in perovskite-based solar cell designs (Al Ahmed et al., 2023; Noorasid et al., 2023). The 

metal back contact Pt achieves a high- PCE of 38.11%, while silver exhibits the lowest 

performance with a remarkably low 0.34% PCE. Additionally, Fe and Mo show poor 

performance with a PCE of 10.01% each. The data in Table 3.2 highlights that the metal 

electrode's operational mechanism significantly affects the way a solar cell module function. 

However, other factors like cost, stability as well as toxicity of the metal back contacts should 

also be considered in the device design. 

3.4.7 J-V characteristics  

The J-V attribute, or current-voltage curve, depicts the relationship between the current 

output of a solar cell and the applied voltage (Morales & Acevedo, 2023). The J-V 

characteristic is a crucial measure of a solar cell's functionality, determining its power 

generation capability. Figure 3.7 illustrates the typical J-V curves for solar cells both with and 

without an HTL component, showcasing the respective execution. The curve begins at the 

origin, where both voltage and current are zero, and rises as the voltage increases, leading to a 

corresponding increase in the present till it reaches the maximum power point (MPP) (Katche 

et al., 2023). 
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Figure 3.7: J-V characteristics of the proposed HTL-free solar cell module with and without 

interface 

The J-V characteristic curve features the open-circuit voltage (Voc), which represents 

the voltage at no current, indicating the peak voltage the solar cell can achieve. In Figure 3.7, 

the short-circuit current density (Jsc) is shown as the current when the voltage is zero, reflecting 

the highest current the cell can produce. For the proposed cell, the maximum Jsc is 

approximately 35.3 mA/cm². Jsc remains steady from Voc = 0.0 V up to Voc = 1.0 V, after which 

it drops to 12.1 mA/cm² at Voc = 1.2 V for the device without a HTL. In contrast, for the 

traditional device structure with HTL, Jsc stays constant at 35.3 mA/cm² until it decreases to 

33.3 mA/cm² at Voc is equal to 1.0 V. This indicates that the conventional cell maintains higher 

current across the range of Voc, in spite of issues like higher cost and complex fabrication. 

Additionally, the fill factor (FF) of the curve measures the degree of squareness, assessing 

whether the cell efficiently converts power across different voltages or loses potential output. 

The cell's FF depicted within the graph is approximately 84%. The curve's maximum 

power point (MPP) indicates the point at which the cell achieves its highest power output. 

According to the graph, the MPP falls within the range of 0.0 V and 35.3 mA/cm². The J-V 

characteristics of a solar cell can be affected by various factors, including the type of cell, 

temperature, and the intensity of incident light. The J-V curve shown represents an HTL-free 

solar cell, a newer type that could possibly offer higher efficiency compared to traditional cells. 

However, the production process is more intricate, in spite of the potential for improved 

performance. 

3.4.8 Quantum efficiency of the model solar cell 

Attaining elevated QE is crucial for the performance of solar cells, as it immediately 

influences their ability to transform incoming light into a stream of electricity. An elevated QE 
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means that a greater percentage of incident photons is effectively converted into electrons, 

thereby boosting the overall power output of the cell (Jung et al., 2023). This is particularly 

important for improving the efficiency of energy conversion of solar cells, making them more 

practical for real-world applications. Figure 3.8 illustrates the QE of a solar cell without an 

HTL and one with an HTL layer using PEDOT:PSS, demonstrating its efficiency in changing 

the light of different wavelengths into the current of electricity. A higher QE signifies greater 

effectiveness in converting electricity from light. 

 

Figure 3.8: QE characteristics for the proposed cell HTL-free solar cell 

Figure 3.8 reveals that both types of solar cells achieve remarkably high QE across a 

broad wavelength range, roughly spanning between 300 and 900 nm. This is beneficial as it 

indicates the cells' ability to effectively convert a wide spectrum of sunlight into electrical 

energy. At its peak, this particular model of solar cell achieves a QE of nearly 100%, signifying 

its capacity to convert up to 100% of the incident electricity from light, even when using longer 

wavelengths. Despite this, the HTL-free device as well as the traditional solar cell demonstrates 

similar QE characteristics. 

Beyond 800 nm is when the QE starts to decline, indicating that the solar cell struggles 

to effectively absorb wavelengths of light. Despite this, the QE characteristics of the solar cell 

without HTL are remarkable, featuring a high QE peak and strong capability when 

transforming a broad range of photons in sunlight that become electricity. This highlights the 

possibility that these cells could be highly productive in solar energy harvesting. Numerous 

elements, such as the QE of a solar cell can be influenced by the material qualities, cell 

thickness, and fabrication quality. While QE can provide insights into the theoretical efficiency 

of a cell, actual efficiency is often reduced as a result of reflection and recombination losses 
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issues. The decrease after 800 nm in QE, longer-wavelength photons are less prevalent 

efficiently absorbed, can reduce the total efficiency of the solar cell by limiting its ability to 

capture the full sun spectrum. This drop in QE highlights the importance of engineering 

strategies to increase the solar cells' range of absorption. These tactics could include the use of 

multi-junction or tandem cell architectures, or the incorporation of spectral converters to 

enhance execution and expand relevance across various surrounding circumstances (Karduri 

& Ananth, 2023). 

3.5 Influence of defect density on perovskite performance  

The perovskite layer is highlighted in the solar cell without HTL specifically explores 

the influence the fault density. While MASnI3-based perovskites offer benefits like high 

absorption coefficients and tunable bandgaps, their vulnerability to defects remains a 

considerable challenge (Shah et al., 2023). MAI perovskites encounter further challenges, such 

as the existence at the band margins, deep trap states, which significantly hinder the capture of 

both electrons and holes due to their large cross-sections (Xiao et al., 2023).  This issue 

highlights the critical need for efficient hole extraction in design architectures without HTL. 

Additionally, the sensitivity to moisture presents a risk by perhaps increasing defect formation, 

which in turn exacerbates recombination losses (Abhinav Kumar et al., 2023).  To address 

these challenges, effective encapsulation techniques have become essential. 

Figure 3.9a shows that as the trap density, or defect density in the perovskite material 

increases, the Jsc remains stable in between 10¹¹ cm⁻³ and 10¹⁴ cm⁻³ but begins to decline 

between 10¹⁵ cm⁻³ and 10¹⁷ cm⁻³. This decrease happens as a result of the traps capture charge 

carriers, stopping them in their tracks contributing to the flow of current in the solar cell. The 

ideal density of defects for perovskite was found between 10¹¹ cm⁻³ and 10¹⁴ cm⁻³, where the 

highest Jsc value was 34.84 mA/cm². Conversely, as shown in Figure 3.9b, the Voc of the model 

cell shrinks as the defect density increases. This happens because defects in the perovskite 

material act as sites for electron and hole recombination. This recombination reduces the 

quantity of charge carriers that the solar cell can collect, so lowering the output's voltage and 

current. Higher defect density accelerates electron-hole recombination, hindering their capacity 

to produce current efficiently, which results in a reduced Voc. 
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Figure 3.9: The influence of defect density of the absorber on electrical parameters of the 

model cell 

The ideal defect density, at which the highest Voc of 1.2172V was achieved, was 

determined to be 10¹¹ cm⁻³. Figure 3.9c clearly shows that increasing defect density from 10¹¹ 

cm⁻³ to 10¹⁷ cm⁻³ causes PCE to drop. In the MAI layer, defect density promotes non-radiative 

recombination, which stops charge carriers in their tracks before they reach the electrodes. 

Additionally, it lowers the inherent capacity, resulting in a reduced Voc and a decreased FF. 

The ideal density of defects, yielding the highest PCE (38.48%) and FF (88.79%), was found 

at 10¹¹ cm⁻³. Figure 3.9d illustrates a decrease in FF as defect density increases, indicating that 

as trap density rises, the FF diminishes. This relationship occurs because defects trap charge 

carriers, reducing the quantity of carriers able to add to the existing. The perovskite's ideal 

defect density, where the maximum FF (89.79%) was observed, is 10¹¹ cm⁻³. 
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3.5.1 The impact of acceptor density on the absorber 

Within the perovskite solar cell, the device's execution is heavily dependent regarding 

the acceptor density. These elements play a key role in facilitating charge movement, especially 

for positive holes, which depend on the HTL to help transport them toward the electrode 

(Murugan et al., 2022).  When opting for PSCs without an HTL, it is essential to replace 

traditional HTL materials with alternatives. These replacements fulfil comparable roles but 

have different characteristics. In such configurations, the ETL frequently acts as a barrier to 

holes. Therefore, the density of acceptors at the perovskite layer's interaction with the 

ETL/HTL junction is crucial (Wang et al., 2023). 

A higher acceptor density in this region is advantageous as it enhances effective 

excision of holes and reduces recombination losses. Conversely, when an HTL is used in 

perovskite solar cells, the density of acceptors in this stratum plays a crucial role in facilitating 

hole transport (Huang et al., 2022).  An optimally adjusted acceptor density within the HTL 

guarantees efficient removal from the layer of perovskite and facilitates seamless transport of 

charge to the electrode (Zhang et al., 2023). Achieving the right balance is crucial for optimal 

performance. A low acceptor density can lead to inefficient charge extraction and increased 

recombination rates, ultimately decreasing the efficiency of the gadget (Ding et al., 2022).  On 

the other hand, an excessively high density can lead to negative effects, like enhanced charge 

trapping or interface recombination. 

The effect density of acceptors on perovskite solar panels varies depending on the 

device architecture, materials, and interfacial properties used. However, fine-tuning acceptor 

densities in both configurations is essential for achieving high efficiency in perovskite solar 

cells. Figure 3.10a provides valuable insights into the model solar cell's behaviour, highlighting 

a significant connection between acceptor density and Jsc. It shows that Jsc remains constant as 

acceptor density rises from 10¹² cm⁻³ to 10¹⁶ cm⁻³, suggesting that lower acceptor densities 

could enhance performance. The optimal acceptor density for achieving the highest Jsc is 10¹⁴ 

cm⁻³. However, as the acceptor density continues to increase, Jsc decreases, reaching 32.5 

mA/cm² at an acceptor density of 10¹⁹ cm⁻³. Higher acceptor densities can lead to reduced 

carrier mobility within the perovskite material, causing scattering of electrons and holes and 

impeding their movement. This disruption affects their effective passage via the apparatus, 

resulting in the noted decrease in Jsc. Acceptor density optimal for the perovskite is 10¹⁷ cm⁻³, 

where 34.87 mA/cm² is the maximum Jsc. 
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Figure 3.10: The influence of acceptor density of the absorber on electrical parameters of the 

model cell 

Figure 3.10b shows that Voc remains relatively stable as acceptor density increased from 

10¹² to 10¹⁶ cm⁻³, then gradually increases, reaching the optimal value of 1.2264 V with an 

acceptor density of 10¹⁹ cm⁻³. Figure 3.10c reveals that PCE remains fairly constant as acceptor 

density rises from 10¹⁰ to 10¹⁴ cm⁻³, but then begins to decline as density increases to 10²¹ cm⁻³. 

This trend can be given credit for the complex interactions between energy transmission 

throughout the system, charge carrier movement, and recombination rates. It is possible that 

defects affect charge carrier dynamics, maybe enhancing certain characteristics of the device's 

performance. The optimal acceptor density is between 10¹² cm⁻³ and 10¹⁷ cm⁻³, where the 

maximum PCE is 38.43%. Beyond this range, PCE drops precipitously to around 29.5%. 

Figure 3.10d shows that the ideal density of acceptors for achieving the best FF in solar 

cells solar cells is approximately 10¹² cm⁻³, with an FF of around 88.79%. The effect of acceptor 

density on FF is influenced by several factors. The recombination factor, of the density of 

acceptors impacts the speed at which holes and electrons recombine inside the apparatus. There 
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will not be any if the acceptor density is too low to effectively capture electrons, leading to 

non-productive recombination in the perovskite layer. Conversely, a very high acceptor density 

at the interface of the electron transport layer and the perovskite layer causes recombination 

losses which also adversely affect FF. Another important consideration is shunt resistance, 

which measures current leakage through the solar cell outside of the intended external circuit 

path. Elevated resistance of shunt is beneficial for achieving a high FF. Additionally, high shunt 

resistance is correlated with optimal acceptor density for FF suggesting a favourable 

equilibrium between decreased current leakage and effective charge transport. 

3.5.2 Influence of donor density  

Density of electron donors describes the number of components concentrated within a 

material that contribute electrons (Saifina et al., 2023). Within the framework of PSCs without 

HTLs, this term in particular refers to the level of doping within the ETL (Chowdhury et al., 

2023b). Increasing the donor density involves adding more electrons to the ETL, which affects 

its electronic properties as well as conductivity. In PSCs without HTLs, raising the donor 

density has multiple important effects. It can enhance electron extraction from the electrode to 

the perovskite layer, possibly boosting the PCE as well as the JSC. However, too much doping 

may lead due to recombination losses that are not radiative, and which could negate the benefits 

gained. 

Moreover, donor density influences the built-in potential at the interface between the 

perovskite layer and the ETL, which in turn affects the Voc (Guo et al., 2022).  Adjusting the 

doping level is essential for fine-tuning the built-in potential, which enhances the efficiency of 

charge separation and collection (Zhang et al., 2022a). However, doping presents its own set 

of challenges. It can introduce defect states at the interface, which may promote charge carrier 

recombination and potentially hinder device performance (Nowsherwan et al., 2023).  

Therefore, choosing the appropriate dopant, controlling the doping level, and employing 

engineering of important interfaces are crucial to minimizing these negative effects (Zhao et 

al.,2022). Figure 3.11 illustrates how varying donor density affects HTL-free solar cells with 

different thicknesses. The results show that the ideal density of donors is 1019 cm-3, achieving 

a PCE of 37.98% and a strong fill factor (FF) of 89.31%. The simulation was performed with 

the density of acceptors of the perovskite material held unchanging at 0.00 cm-3. 
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Figure 3.11: The effect of the absorber's donor density on the electrical characteristics of the 

model cell 

In Figure 3.11a, it is observed that the Jsc stays relatively stable before rising as the 

donor density increases. The perovskite reaches its peak Jsc of 34.88 mA/cm² at a donor density 

of 1019cm-3. Figure 3.11b illustrates that the Voc slightly decreases with increasing donor 

density, indicating that higher donor densities could improve the Voc of this specific perovskite 

material. The ideal density of donors for achieving the highest Voc of 1.2193 V is also 1019 cm-

3. Figure 3.11c demonstrates the relationship between the perovskite's donor density and PCE. 

An increase in donor density initially boosts PCE, suggesting that a higher donor concentration 

enhances the efficiency of the solar cell. However, PCE starts to decrease once donor density 

exceeds a certain level. The highest PCE of 37.98% is achieved at a donor density of 1019cm-

3. Finally, Figure 3.11d shows the effect of donor density on the FF of the perovskite model 
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cell. At first, the FF does not change but increases with higher donor density. The ideal donor 

density for the maximum FF of 89.32% is 1018 cm-3. 

3.6 Device optimization at interfaces  

The tactics presented encompass a range of elements, from choosing materials to 

refining fabrication methods, all geared towards enhancing interface quality, conductivity, and 

transparency of the device. By improving these characteristics, the device achieves more 

efficient charge extraction, minimized recombination losses, and greater defence of the delicate 

perovskite layer. Additionally, incorporating advanced techniques like nano-structuring or 

using alternative materials such as graphene offers opportunities to boost performance while 

tackling challenges such as flexibility and stability (Al-Fartoos et al., 2023; Li et al., 2023).  In 

summary, this thorough approach emphasizes the intricate and interdisciplinary efforts 

required to optimize HTL-free perovskite solar cells' interfacial layers. It illustrates the 

necessity of integrating multiple scientific fields to make significant progress in solar cell 

technology. The fundamental criteria of entry for optimizing the interface within the model cell 

are detailed in Table 3.3. 
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Table 3.3: The parameters for the suggested interface and front contact configuration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 CdS 

(Mamta et 

al., 2021) 

ZnO 

(Mamta et 

al., 2021) 

ZnSe 

(Salah et 

al., 2019) 

TiO2 

(Tiwari 

& 

Belwal, 

2024) 

AZO 

(Yadav & 

Kumar, 

2022) 

FTO (Deswal 

et al., 2024; 

Tiwari & 

Belwal, 2024) 

ITO (Das 

et al., 

2023) 

Thickness (nm) 2500 200 50 100 40 50 90 

Bandgap (eV) 2.4 3.3 2.81 3.2 3.37 3.5 3.5 

Electron affinity (Ev) 4.2 4.4 4.09 4.0 4.4 4.0 4 

Dielectric permittivity (relative) 10 9 8.6 9.0 9 9.0 9 

CB effective density of states 2.2×1018 2.2×1018 2.2×1018 1×1019 1.×1019 9.2×1018 2.2×1018 

VB effective density of states. 1.8×1019 1.8×1019 1.9×1019 1×1019 1.×1019 1.×1019 1.8×1019 

Electron mobility (cm2/Vs) 100 100 400 2.0 100 2×101 20 

Hole mobility (cm2/Vs) 25 25 110 1.0 25 1×101 10 

Donor density 1.0×1017 1.0×1018 1.0 × 1021 1×1016 1×1014 1×1019 1.0×1021 

Acceptor density (cm-3) 0.0 0.0 0.0 0 0 0 0 

Defect density (cm-3)   1.0 × 1014 0 1.0×1014 0 0 
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3.6.1 Optimization of different ETL materials 

ETLs are essential for facilitating the extraction and the transfer of the perovskite layer's 

electrons to the electrode, greatly influencing the total efficiency of solar cells (Manjunath et 

al., 2022).  When exploring the improvement of HTL-free perovskite solar cells using ETL 

materials, multiple key factors must be considered. Firstly, material selection is of paramount 

importance. Various compounds, metal oxides, such as tin oxide (SnO2), zinc oxide (ZnO), and 

titanium dioxide (TiO2), are widely utilized due to their excellent electron mobility and stability 

(Gouthaman & Thomas, 2023).  Another important consideration is the perovskite layer's and 

the ETL's energy band alignment. Matching the energy levels of both the perovskite layer and 

the ETL are necessary for efficient charge extraction. In order to improve adherence and 

maximize the transmission of charge at the perovskite layer/ETL contact, interface engineering 

methods such as surface treatments or the incorporation of interlayers are utilized (Zhang et 

al., 2022). 

Furthermore, the efficiency of charge extraction is greatly influenced by the ETL's ideal 

thickness and morphology (Elnaggar et al., 2023). Changes in these factors directly affect the 

solar cell's performance and stability. Methods designed to enhance electron flow inside the 

ETL, including doping or adding specific substances, are investigated to improve electron 

transport characteristics (Abidin et al., 2023; Du et al., 2023). For commercial success, it is 

crucial that ETL materials demonstrate long-term stability and durability across various 

environmental conditions. To evaluate the characteristics and functionality of ETL materials 

inside the solar cell architecture, a range of characterization methods, such as Impedance 

spectroscopy, scanning electron microscopy, and X-ray diffraction (XRD) are utilized 

(Rasheed et al., 2023).  

Figure 3.12a shows the impact of optimizing different ETLs in an HTL-free model solar 

cell, with varying Voc values. ZnO proves to be the most effective ETL, achieving the highest 

Voc of 2.7219V, while WO3 has the least amount of Voc at 1.2162V. Figure 3.12b details the 

ETL materials' optimization in HTL-free solar cells, indicating different Jsc values. WO3 stands 

out with the highest Jsc of 35.33 mA/cm², in contrast, ZnO has the Jsc lowest at 35.07 mA/cm². 

Figure 3.12c highlights the results of optimizing different ETL materials, showing varied FF 

values. PC61BM and TiO2 are identified as the most effective ETLs, providing the ideal FF 

being 88.66%, while at 10.97%, ZnO has the lowest FF. Lastly, Figure 3.12d presents the 

optimization outcomes for ETL materials, revealing different PCE values. PC61BM emerges 

as the best ETL with ZnO has the lowest PCE at 10.47%, whereas ideal PCE is 38.11%. 
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Figure 3.12: The effect of optimizing the ETL on the electrical characteristics of the model 

cell structure 

Recent progress in materials for ETL and methods for perovskite solar cells without 

HTL has shown promising improvements. Nonetheless, challenges remain, such as issues 

related to toxicity of the material, scalability, and consistency throughout the fabrication 

process (Chowdhury et al., 2023b).  Optimizing ETL materials involves a multidisciplinary 

strategy that includes examining gadget construction, material qualities, and functionality 

assessment. This field represents a dynamic area of current research focused on improving the 

efficiency, stability, and commercial viability of perovskite solar cells (Bansal et al., 2023; 

Chowdhury et al., 2023b).   

Figure 3.12 illustrates that the features of photovoltaic such as Voc, Jsc, FF, and PCE of 

gadgets using different ETL resources such as PC61BM, ZnO, TiO2, and WO3 vary due to the 

distinct characteristics of these substances and their effects on gadget performance. The Voc is 
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primarily determined by how well the energy levels align between the ETL and the photoactive 

layer. PC61BM and TiO2 show similar Voc values, suggesting they have similar degree of 

energy alignments utilizing the layer of photoactivity. WO3 also has a similar Voc, indicating a 

close energy level alignment, though minor differences might originate from variations in the 

electronic architecture. Zinc Oxide, however, has a significantly greater Voc, suggesting a 

dissimilar energy level correspondence with the photoactive layer that results in a higher Voc. 

The Jsc depends on how well light is absorbed and how efficiently charge carriers are generated 

inside the layer that is active. PC61BM, WO3, and TiO2 have similar Jsc values, indicating 

similar light absorption and charge carrier generation efficiencies. Conversely, ZnO shows a 

slightly lower Jsc, which may be due to reduced comparison of the efficiency of light absorption 

or charge carrier generation to the other ETLs tested. 

The fill factor reflects the quality of a device in terms of charge carrier retrieval and 

minimizing losses. High FF values in PC61BM, WO3, and TiO2 indicate effective charge 

carrier collection and minimal losses in the system. In contrast, ZnO shows a much reduced 

FF, suggesting increased power losses, likely due to less efficient charge carrier retrieval or 

higher recombination rates. The PCE is a comprehensive FF, Jsc, and Voc all have an impact on 

this device performance parameter. PC61BM and TiO2 achieve the highest PCE values, thanks 

to their high Voc, Jsc, and FF. WO3 has a little lower PCE, which may be because of slightly 

lower Voc and Jsc compared to PC61BM and TiO2. ZnO has the lowest PCE, mainly because 

of its much lower FF, even though its Voc and Jsc are similar to those of other ETLs. Overall, 

the differences in solar properties across different devices with many ETL resources result from 

changes in the device's losses, light absorption, charge carrier generation and collecting 

efficiency, and energy level alignment. Thus, PC61BM emerges as the most effective ETL 

content in this. 

3.6.2 Optimization of various front contacts for the HTL-free model cell 

Boosting the effectiveness as well as stability of perovskite solar cells free of HTL is 

largely contingent upon refining the front point of contact inside the apparatus (Ma et al., 

2022a).  This contact is essential for efficient charge extraction, minimizing losses, and 

protecting the perovskite layer. Optimization techniques often use materials like indium tin 

oxide (ITO) and fluorine-doped tin oxide (FTO) because of their excellent conductivity and 

transparency (Habis et al., 2022).   

TCOs, including FTO and ITO, as well as newer alternatives, provide both electrical 

conductivity and optical transparency, facilitating efficient light transmission (Zhang et al., 

2023). Enhancing the deposition techniques, adjusting thickness, as well as optimizing surface 
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modification can increase both the conductivity and transparency of these materials, leading to 

better light transmission and more effective charge extraction (Subudhi & Punetha, 2023).  

Modifying the interaction forming the front contact and perovskite layer is essential. Methods 

for instance, surface passivation employing interfacial layers like PEDOT:PSS, or surface 

functionalization are effective in minimizing defects, improving charge extraction, and 

increasing device stability (Mohammad & Mahjabeen, 2023).  

 

Figure 3.13: Improving various front contact materials on HTL-free solar cell 

Utilizing surfaces that are rough or nanostructured on the front touch increases the 

surface area in use, thereby improving light absorption and trapping inside the gadget. This can 

be achieved through techniques such as nanoimprint lithography or nanoparticle deposition 

(Capitaine et al., 2023). Investigating materials like Carbon nanotubes or graphene for front 

contacts might offer enhanced conductivity, flexibility, and stability, all as though preserving 

transparency (Sayem et al., 2022). 

Figure 3.13 compares the effectiveness of various front contact materials within the 

proposed device structure. The Voc values shown in Figure 3.13a are similar across all 

materials, varying from about 1.2103 V to 1.2168 V, suggesting that the material selected for 
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the front contact has little effect on Voc. Likewise, the Jsc values in Figure 3.13b are also quite 

consistent, varying from 35.12 to 35.32 mA/cm², indicating that the front contact material does 

not have a significant impact on Jsc. However, Figure 3.13c reveals some variation in the FF, 

which measures the effectiveness of the solar cell in producing power from sunlight. ITO shows 

the greatest FF of 88.66%, while AZO has the lowest at 82.02%, indicating variations in how 

effectively the materials reduce losses within the solar cell. In terms of PCE, depicted in Figure 

3.13d, values range from 34.87% to 38.11%, with ITO-based cells achieving the highest 

efficiency and AZO-based cells the lowest. Overall, while Voc and Jsc remain fairly constant 

variances in FF and PCE across various front contact materials highlight the significant impact 

of material choice on solar cell performance, with ITO proving to be the most effective. This 

underscores the importance of selecting the right material to enhance gadget effectiveness. 

Applying light-trapping or anti-reflection coatings to the front contact minimizes loss 

of reflection and improves light absorption, thereby increasing the overall efficiency of the cell 

(Wang et al., 2023).  Maintaining the front contact's resistance to environmental elements such 

as oxygen and moisture is essential for ensuring long-term stability (Ma et al., 2022b). 

Encapsulation techniques protect the entire device, including the front contact, from 

deterioration. Using computational tools and simulations helps forecast the outcome of various 

materials and structures in front contact, guiding their optimization. Additionally, refining the 

fabrication process, including deposition techniques and post-treatment procedures, plays a 

crucial role in enhancing the quality and properties of the front contact (Wang et al., 2023).  

Each of these approaches combines engineering, physics of devices, and material science to 

meet the performance standards for HTL-free PSCs. Therefore, In HTL-free PSCs, maximizing 

the front contact is crucial as it directly influences the devices' effectiveness and dependability. 

This enhancement requires a comprehensive strategy that explores device physics, engineering, 

and material science. 

3.6.3 Effect of buffer layers on device performance 

Enhanced transport of electrons can lead to better photo-carrier gathering, resulting in 

improved device performance metrics (Al-Mousoi et al., 2022). It can minimize recombination 

and enhance transport charges. Figure 3.14 displays the effects of using ZnSe, TiO2, and CdS 

buffers on a PSC with PEDOT: PSS acting as the HTL. The PCEs for all three buffers were 

similar, around 40.22%. However, while the PCE was high with these buffers, the FF dropped 

significantly to about 51%. This differs from the data in Figure 3.13, where the FF remained 

high at approximately 88.6%, and the PCE was about 38.11%. In general, the choice of buffer 

did not substantially affect the cell’s electrical performance. 
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Figure 3.14: Effect of the buffer layer on a complete perovskite solar cell featuring a PEDOT: 

PSS hole transport layer 

The data shown in Figure 3.14 indicate that PEDOT: PSS serving in the HTL produce 

similar outcomes throughout a range of performance measurements. Figure 3.14a reveals that 

the Voc values are alike for these materials, demonstrating their effectiveness in promoting 

charge isolation as well as reducing recombination at the perovskite/HTL interface. Likewise, 

Figure 3.14b shows comparable Jsc for ZnSe, TiO2, and CdS, reflecting similar capabilities in 

light absorption and electron injection into the perovskite layer. The FF, as illustrated in Figure 

3.14c, remains stable across the tested materials, indicating effective transfer and collecting of 

charges with low resistive losses. Additionally, Figure 3.14d shows that the PCE of solar cells 

with these buffer layers is almost identical, suggesting consistent improvements in device 

functionality. These findings imply that ZnSe, TiO2, and CdS are effective in enhancing the 

performance of perovskite solar cells when used with PEDOT: PSS HTL. The choice of buffer 

materials may be influenced by elements like manufacturing simplicity, cost, and compatibility 
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with additional layers. Reducing losses and maximizing charge extraction can greatly boost the 

total efficiency of the cell. The introduction of a buffer layer aims to improve transfer charge, 

lessen recombination, and enhance stability; however, its effectiveness may vary depending on 

the HTL used (Lin et al., 2022; Y. Zhang et al., 2022), leading to varying impacts on the 

dynamics of charge injection and extraction. 

 

 

Figure 3.15: Effect of buffer materials on perovskite solar cells without a hole transport layer 

Figure 3.15 shows the effect of the buffer layers of CdS, ZnSe, and TiO2 on the 

performance of the perovskite solar cell without HTL. These layers of buffers are vital for 

improving electron extraction, reducing recombination, and enhancing the overall efficiency 

of the device. The performance metrics, comprising PCE, FF, Jsc, and Voc, are comparable 

across CdS, ZnSe, and TiO2, as depicted in Figures 3.15a, b, c, and d, suggesting comparable 

efficiency in charge separation, light absorption, as well as energy conversion. This implies 

that decision among ZnSe, TiO2, and CdS for buffer materials are guided by factors such as 

cost, accessibility, and suitability with processing. However, TiO2 shows reduced FF values 

than CdS and ZnSe, indicating potential challenges in reducing energy loss in the gadget. 
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Consequently, CdS and ZnSe, nevertheless are encouraging choices for perovskite solar cells 

without HTL, TiO2 might be less efficient. 

In general, the results emphasize that CdS, ZnSe, and TiO2 buffers perform similarly, 

allowing for flexible material selection to optimize device performance. The PCEs achieved 

with these buffers in the solar cells without HTL include nearly identical, suggesting that the 

choice of buffer does not significantly affect the electrical properties of the solar cell. The 

device structure for evaluating these buffer layers seen in the model cell without HTL is shown 

in Figure 3.16. 

 

Figure 3.16: HTL-free cell architecture incorporating a buffer layer 

The hole transport layer plays a vital role in solar cells made of organic materials by 

facilitating efficient transport of charges. When evaluating the impact of including buffer layers 

in solar cells with and without HTLs, several important factors need to be considered. Adding 

a buffer layer improves charge extraction, reduces charge recombination between surfaces, and 

enhances the stability of the device. Metal substrates like CdS or ZnSe are frequently used as 

buffer layers to improve electron transport and lower barriers to charge carrier extraction 

(Anirudh Kumar et al., 2023b).  Thus, buffer layers can modify interface energy levels by 

decreasing energy losses from charge recombination, which may impact the Voc (Ouedraogo 

et al., 2022b). 

3.8 Comparative study 

This study compares the HTL-free devices' performance with modules of experimental 

perovskite solar cells based on tin documented shown in Table 3.4. The results reveal variations 

in cell layouts between experimental as well as simulated data. The proposed solar cell model 

demonstrates superior electrical parameters, achieving a PCE of 38.11%, exceeding the S-Q 

threshold. This achievement represents a significant advancement in solar cell technology, 
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suggesting enhanced possibility of converting energy efficiency. However, as indicated in 

Table 4, the performance of tin-based PSCs remains relatively low. To improve performance, 

both theoretical and experimental approaches need further development. The subpar 

performance of the experimentally fabricated tin-based devices may be due to their limited 

stability when exposed to harsh environmental conditions such as moisture, light, and heat. 

Table 3.4: Instances of a perovskite solar cell without HTL configurations and the 

corresponding PCEs 

Device structure Type  Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Ref. 

ITO/SnO2/MAPbI3/car

bon 

Expt. 22.77 1.02 0.61 14.17 (Iqbal et al., 2023) 

ITO/SnO2/ 

ZnO/Perovskite/carbon 

Expt. 23.26 1.12 62.96 16.39 (Wei et al., 2023) 

FTO/TiO2/Csx 

(FA0.4MA0.6)1-

xPbI2.8Br0.2/C 

Simul. 22.54  1.13  79.75 20.43 (Raza et al., 2022) 

ITO/PEDOT:PSS/ 

MA0.8HA0.2SnI3/PCBM

/Al 

Exp. 0.38 14.1 49 2.6 (Tsarev et al., 

2018) 

ITO/PEDOT:PSS/MAS

nI3/C60/Ag 

Exp. 0.45 11.82 0.4 2.14 (Fujihara et al., 

2017) 

FTO/ZnO/WS₂/CH₃NH

₃PbI₃/Au 

Simul. 24.60  1.20  26.25 26.25 (Chakraborty et al., 

2022) 

FTO/TiO2/CH3NH3SnI

3/Ni/glass. 

Simul.  31.93 0.98 84.34 26.33 (Sunny et al., 

2021b) 

FTO/TiO2/CH3NH3SnI

3/Ni/glass. 

Simul. 31.93 0.98 84.34 26.33 (Sunny et al., 

2021b) 

FTO/TiO2-Li-

TiO2/perovskite/Au 

Simul. 22.265 1.387 85.53 26.72 (Danladi et al., 

2023) 

ITO/PC61BM/CH3NH3

SnI3/Pt 

Simul. 35.32 1.2168 88.66 38.11 This study 

The cell configuration ITO/PC61BM/CH3NH3SnI3/Pt (from this study) exhibits more 

efficiency in comparison to other gadgets. HTLs can occasionally erect obstacles that hinder 
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the effective passage of holes from the electrode to the perovskite layer. Within the suggested 

design, the direct interaction between the layer of perovskite and the Pt electrode may improve 

hole transport effectiveness, thereby enhancing overall current generation. Additionally, both 

ITO and PC61BM have beneficial bandgaps and energy level alignments for effective charge 

extraction. High work function ITO and appropriate bandgap support efficient injection of 

holes from the layer of perovskites to the electrode, while PC61BM low efficiency of work and 

suitable bandgap facilitate effective electron extraction from the perovskite layer to the 

electrode. 

The exceptional PCE attained by the suggested cell's simulation marks a notable 

advance in performance of photovoltaic devices. However, practical implementation requires 

additional validation from experiments prior to these results can be applied in actual life 

settings. While simulations provide valuable theoretical insights into potential high-

performance designs, experimental studies yield concrete results, though they may not capture 

all the details. Despite the promising simulation results, it's crucial to evaluate the viability in 

practice of translating these configurations into real-world applications. Key factors such as 

scalability, cost-effectiveness, long-term stability, and manufacturability must be thoroughly 

assessed before these configurations can be deemed suitable for use in commercial 

manufacturing. 

3.7 Conclusions  

This document has shed light on how various parameters related to interface 

engineering, including front and back contact, and buffer layer incorporation can be optimized 

in solar cells devoid of HTL to enhance device performance. The best performance for the 

proposed cell was achieved with platinum as the back contact and indium tin oxide (ITO) as 

the front contact, resulting in electrical outputs of Jsc (35.32 mA/cm²), PCE (38.11%), FF 

(88.67%), and Voc (1.2168 V). The full cell, incorporating PEDOT:PSS as the HTL, showed 

impressive results but with a reduced FF. For this configuration, the optimal performance was 

PCE (40.22%), Jsc (35.32 mA/cm²), FF (51.11%), and Voc (2.277 V). Mott-Schottky 

capacitance investigation provided insights into charge carrier depletion zones and trap 

densities, which helped refine perovskite/ETL interface. The analysis by MS indicated a Vib 

of 0.86 V at 300 K, decreasing to 0.70 V at 400 K. At this elevated temperature, the model cell 

retained about 81% of its power, demonstrating strong high-temperature tolerance. The Vib 

value from the MS plots was consistent with the band diagram of the PSC without HTL at 300 

K (+0.87 V). The ideal density of acceptors was 10¹⁴ cm⁻³, leading to a PCE of 38.43%, while 

the optimal donor density was 10¹⁹ cm⁻³, resulting in a PCE of 38.56%. The addition of various 
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buffers like ZnS, TiO₂, and CdS did not significantly affect the HTL-free solar cell's electrical 

specifications. Removing the HTL from PSCs simplifies the manufacturing process, potentially 

reducing production costs and enhancing the feasibility of large-scale production. Thus, this 

study highlights HTL-free PSCs' promise for high-performance and streamlined solar cells. 

Nevertheless, based on simulations, the findings are promising and could guide 

experimentalists in developing scalable and commercially viable solar cell modules. 
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CHAPTER FOUR 

PERFORMANCE OPTIMIZATION OF A NOVEL PEROVSKITE SOLAR CELL 

WITH POWER CONVERSION EFFICIENCY EXCEEDING 37% BASED ON 

METHYLAMMONIUM TIN IODIDE 

Abstract 

The pursuit of highly efficient lead-free solar cells is vital for sustainable energy production 

due to diminishing fossil fuel supplies and the detrimental effects of climate change. Lead-

containing perovskite solar cells (PSCs) bring significant environmental and health risks, 

coupled with challenges related to thermal stability and durability. This study investigates a 

novel lead-free solar cell design with the structure ITO/PC61BM/CH3NH3SnI3/PEDOT: 

PSS/Mo, focusing on improving light absorption, device efficiency, and performance under 

varying temperatures. The optimal thickness of the light-absorbing layer, CH3NH3SnI3, was 

determined to be 1000 nm for achieving maximum quantum efficiency (QE). The cell's 

temperature tolerance was assessed through Mott-Schottky (MS) capacitance analysis, 

showing that it retains about 95% of its power at 400 K, demonstrating excellent thermal 

stability and robust performance. The solar cell also displays strong electrical characteristics, 

including a short-circuit current density (Jsc) of 34.84 mA/cm², an open-circuit voltage (Voc) of 

1.5226 V, a fill factor (FF) of 71.04%, and an impressive power conversion efficiency (PCE) 

of 37.66% at 300 K. The effects of buffer layers such as CdS, ZnS, ZnSe, and V2O5 on the 

cell’s electrical performance were extensively analysed. The study also explored the impacts 

of parasitic resistances and doping on the cell’s operational performance. This research 

provides significant insights into solar energy harvesting, offering potential solutions for 

sustainable energy generation and supporting efforts to decarbonize the environment and 

mitigate climate change. 

4.1 Introduction 

As the global economy and population continue to grow, there is an increasing need for 

sustainable and environmentally-friendly energy solutions. The extensive reliance on 

conventional fossil fuels has led to considerable environmental harm and depletion of 

resources. Securing renewable and clean energy sources is a critical objective of the 21st 

century, essential for addressing climate change and ensuring energy security. Solar energy 

stands out as a highly dependable, cost-effective, and resilient energy source due to its eco-

friendly characteristics and lack of geographical constraints (Lee et al., 2023).  The burning of 

fossil fuels, including coal, oil, and natural gas, is the primary driver of the serious air pollution 

issues that the world is experiencing today (Chen et al., 2023). Thus, generating electricity 
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from renewable sources can help protect the environment, and widespread adoption of these 

technologies is essential. 

Photovoltaic (PV) technology has become a key solution for electricity generation in 

this context (Baigorri et al., 2023). The demand for a dependable and proven technology to 

convert renewable energy into electricity is growing and needs to be maintained. Undoubtedly, 

solar energy is the most abundant, clean, and easily controllable renewable energy source 

available (Obaideen et al., 2023). As a result, this study aims to fill the gap in current solar 

technologies by offering a more effective and eco-friendlier alternative to lead-based solar 

cells. 

In recent years, PSCs have garnered considerable attention due to their strong 

performance, minimal hysteresis, and the ability to be fabricated at low temperatures 

(Chowdhury et al., 2023). The primary aim is to improve the PCE and expedite the 

commercialization and scaling up of solar cell technologies. The choice of interface materials 

influences the performance of PSCs by affecting charge-selective contacts, charge 

accumulation, transport, transfer/recombination, band alignment, and electrical stability. In a 

typical PSC, an electron-selective contact and a hole-selective contact are positioned between 

the perovskite film to create the interfaces with the heterojunction solar cells (HSCs) and the 

electron-selective contact (ESC), respectively (Zheng et al., 2019). The performance of PSCs, 

including factors like photovoltaic action, Voc, device stability, and hysteresis, is determined 

by the choice of contacts and their interfaces. When these elements are effectively integrated 

into the solar cell design, they could enhance durability, improve material utilization, and 

potentially increase efficiency compared to traditional device configurations. 

Advancements in solar cell technology offer the potential for affordable and highly 

efficient photovoltaic systems and could pave the way for effective and sustainable energy 

generation methods. As a result, achieving practical and economically feasible solar energy 

solutions is becoming more attainable through innovative approaches. To enhance the 

development of renewable solar technologies, it is crucial to focus on the durability of PSCs 

through practical design and materials processing, ultimately supporting the widespread 

adoption of photovoltaic technologies. 

In the last ten years, significant research has focused on PSCs to boost their contribution 

to renewable energy. However, their commercial potential remains hindered primarily by 

issues related to operational stability (Duan et al., 2023) employing polymers for encapsulation, 

UV filtering, charge transport layers, and interfacial layers offers a promising approach to 

improve stability and boost the performance of solar cells (Ganesh et al., 2023). Polymers can 
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be incorporated into perovskite solar cells as additives to alter the nucleation and crystallization 

processes within the perovskite films (Yang et al., 2023). To enhance carrier separation 

efficiency and reduce recombination, polymers can be utilized as interface layers, as well as 

materials for hole transport and electron transfer (Ghosh et al., 2023).  

In organic solar cells, polymers are commonly used as buffer layers and donor layers, 

and additional polymer-based nanostructures are incorporated in binary or ternary devices to 

enhance the overall performance of the solar cell (Duan et al., 2023).  Perovskite materials 

offer extended lifetimes, enhanced charge-carrier mobilities, and exceptional light absorption, 

which contribute to high device efficiencies and the possibility of creating cost-effective, 

scalable technologies for industry use (Soultati et al., 2023). The scientific community has long 

encountered difficulties in developing solar cells that are affordable, straightforward to 

manufacture, efficient, and adaptable. However, progress in perovskite solar cell technology 

presents a promising outlook for achieving scalable and effective solar cells. 

Perovskite solar cells have made significant strides in stability, scalability, and rapidly 

improving power conversion efficiencies. Nonetheless, two critical challenges hindering 

commercialization are their limited stability and the need to prove their scalability (Fu & Jen, 

2023). The photovoltaic community has made impressive progress in rapidly enhancing the 

power conversion efficiency of solution-processed organometallic hybrid halide perovskite 

solar cells (Wright et al., 2023); this advancement has broadened their application to other 

electronic devices such as light-emitting diodes, photodetectors, and batteries. Over the past 

decade, perovskite solar cells have gained substantial attention, with their power conversion 

efficiency showing significant improvement. Currently, the highest efficiency for a single-

junction device is around 25%, comparable to the established and widely used silicon solar cell 

technology (Mohammad & Mahjabeen, 2023). 

Despite these advancements, the short lifespan and instability of perovskite solar cells 

remain significant challenges that need to be urgently resolved to promote their 

commercialization. To address these durability and stability concerns, it is crucial to employ 

high-performance barrier and encapsulation materials, along with developing more stable 

perovskite materials and optimizing device design. Using polymer-based encapsulation 

techniques can help balance device longevity with processing costs (Li et al., 2023). Perovskite 

solar cells have substantial potential for commercialization in photovoltaic technology due to 

their high-power conversion efficiency, low cost, ease of solution processing, and capability 

for large-area fabrication. To fully optimize device performance, effective interface and 

additive engineering are crucial. 
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A cutting-edge lead-free solar cell achieves high performance through a complex 

interplay of semiconductor materials, their inherent properties, and the behaviour of excitons 

when exposed to light. The bandgap energy of a semiconductor dictates the range of light 

wavelengths it can absorb effectively. In solar cells, having the right bandgap is crucial for 

capturing light across the entire solar spectrum (Li et al., 2024). Lead-free perovskites, such as 

those based on tin or bismuth, along with various metal chalcogenides, provide a range of 

bandgaps. High carrier mobilities, which indicate the speed at which charge carriers move in 

an electric field, are crucial for effective charge collection. This characteristic is important for 

efficiently transporting electrons and holes to the respective contacts in a solar cell. 

Additionally, the rate of electron and hole recombination affects the overall efficiency of the 

cell (Chauhan et al., 2023). Reducing recombination rates is crucial for maintaining high 

concentrations of charge carriers and minimizing the loss of excitons before they are collected. 

Lead-free solar cells face challenges such as achieving power conversion efficiencies 

comparable to those of lead-based cells, ensuring long-term stability, enabling scalable 

production, and using eco-friendly and cost-effective materials. Numerical simulations play a 

key role in optimizing material selection, device design, and manufacturing processes by 

providing insights into carrier physics within the cell. Researchers focus on improving carrier 

mobility, reducing recombination rates, and enhancing absorption through adjustments in 

material properties, interface engineering, and device architecture to ultimately boost solar cell 

performance. 

While considerable advancements have been made in the design and testing of 

perovskite solar cells, there has been limited progress in exploring the full potential of solar 

cell modules. Traditional solar cell designs use various materials to improve stability, which 

could potentially enhance their overall durability (Song et al., 2023). Optimal material selection 

can reduce energy losses, especially recombination losses typically found in conventional solar 

cells. Additionally, well-designed device architectures can improve solar cell efficiency by 

enhancing light absorption and charge carrier transport. This flexibility in material choices 

during fabrication fosters the exploration of innovative materials for better performance. 

However, perovskite solar cells are often impacted by environmental factors like moisture, 

oxygen, and light exposure (Li et al., 2023).  To protect against progressive weathering 

conditions like moisture, oxygen, and heat, solar cell modules can be made more resilient by 

positioning the more sensitive layers closer to the substrate and enhancing encapsulation. This 

approach improves the durability of the modules against environmental factors. 
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They can enhance charge transport and minimize recombination losses, potentially 

leading to greater efficiencies. The adaptability of perovskite solar cells makes them ideal for 

various applications, including wearable technologies and building-integrated photovoltaics 

(BIPV) (Li et al., 2023). In certain instances, traditional designs use fewer cost-effective 

materials, reducing production costs while maintaining cell performance. These architectures 

also allow for simpler integration of tandem or multi-junction cells, which can capture a 

broader range of the sunlight spectrum, thereby enhancing overall efficiency (Ašmontas & 

Mujahid, 2023). For example, some configurations are particularly effective at capturing light, 

optimizing photon utilization, and minimizing optical losses. These solar cell modules 

frequently incorporate a broader range of advanced or innovative materials, leading to 

enhancements in both design and efficiency. 

Traditional architectures often streamline manufacturing processes, leading to 

substantial reductions in production costs and making large-scale production more achievable. 

The benefits of these designs depend on the specific configurations and materials used in the 

solar cell. Researchers and manufacturers consistently investigate and improve these structures 

to enhance both performance and cost-efficiency in solar energy harvesting. Techniques that 

allow for solution processing, such as spin coating, dip coating, and spray coating, can be 

employed to create perovskite solar cells from commonly available compounds like lead iodide 

and organic halides (Amrillah et al., 2023).  Since the precursor materials for making solar cell 

absorbers dissolve readily in common organic solvents, it is feasible to use high-volume 

production methods like roll-to-roll (R2R) or sheet-to-sheet processing (Chen et al., 2023). The 

core element of a perovskite solar cell is a metal halide hybrid perovskite, usually situated 

between an ETL and a HTL (Subudhi & Punetha, 2023). The layers serve to transfer excitons 

generated by light exposure and to absorb incoming light. 

Methyl ammonium lead iodide is a widely used organic-inorganic perovskite material 

renowned for its exceptional photophysical and electrical characteristics (Priyadarshini et al., 

2023).  It features a long charge carrier diffusion length, low exciton binding energy, a high 

absorption coefficient, and the ability to easily adjust the bandgap using straightforward 

solution-processing methods (Khan et al., 2023). Lead toxicity and stability are two issues that 

need to be resolved before PSC is commercialized. Many effective techniques have been 

developed to stabilize lead-based PSC devices; still, the toxic element lead must be replaced 

with a harmless material, such tin. PSCs based on tin have the potential to oxidize from Sn2+ 

to Sn4+. (Zeng et al., 2023), Despite this, they are nevertheless superior to their lead-based 

counterparts in that they have lower optical band gaps and higher charge mobility. Sn4+ acts 
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as a p-dopant within the perovskite through a process called "self-doping," which raises the 

concentration of holes that could seriously disrupt charge carrier recombination in solar cells 

(Bandara et al., 2022). 

The better PV qualities and possible applicability for large-scale deposition techniques 

of the next generation of solar cells, or PSCs, have garnered a lot of attention (Chowdhury et 

al., 2023). Notwithstanding their noteworthy advancements in development, non-radiative 

recombination losses persist as an obstacle to their progress. Two crucial factors to minimize 

non-radiative recombination losses are the perovskite layer's defect density and the adjustment 

of the thickness of the different layers. Typical influences on PV device efficiency include 

temperature, oxygen concentrations, humidity, and lighting. To enhance the PCEs of large-area 

PSC devices, numerous researchers have created significant innovations. The first technique 

modifies the chemical composition of the perovskite by means of increased charge generation, 

bandgap engineering, solvent engineering, interfacial engineering, and bandgap correction 

(Jaffri et al., 2023). 

The unique characteristics and purposes of each material used in the model cell design 

must be taken into account. For a device to function properly, each layer's characteristics 

regarding stability, band gap energy, absorption coefficients, and charge mobility must be 

considered. Transparent conducting oxide (TCO) ITO provides excellent electron mobility in 

the range of 10 - 40 cm²/V·s in the current cell construction. It is a very transparent electrode 

that maximizes light reaching the photoactive layer (PAL) due to its low absorption in the 

visible spectrum (Kumar et al., 2023). ITO is transparent and has an efficient band gap of 3.7–

4.3 eV for carrying electricity. Its resistance to moisture and chemical stability further increases 

its dependability in solar cell applications (Cho et al., 2024). Conversely, PC61BM serves as a 

moderately mobile organic electron acceptor, often operating in the range of 10⁻³ to 10⁻² 

cm²/V·s (Khelifi & Luscombe, 2024). Since transporting electrons rather than absorbing light 

is its main function, it has a low absorption coefficient.  

PC61BM has a bandgap of roughly 1.8 eV (Uddin & Afrin, 2024). A tin-based 

perovskite with high electron and hole charge mobility is CH3NH3SnI3 (Ahamed et al., 2023). 

It is an effective light absorber because of its high absorption coefficients, which exceed 10⁊ 

cm⁻¹ throughout the visible spectrum. Its 1.3 eV band gap makes it perfect for solar absorption. 

In contrast, PEDOT: PSS is a conductive polymer that exhibits high hole mobility, usually 

between 0.1 and 1 cm²/V·s (Li & Liu, 2022). By changing its thickness, one can alter its mild 

absorption in the visible spectrum. PEDOT: PSS’s function as an HTL is made easier by its 

bandgap, which spans 1.6 to 1.8 eV (Cho et al., 2023). When utilized as the back contact, 
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molybdenum has extraordinarily high electron mobility often surpassing 100 cm²/V·s (Zhou et 

al., 2024). Because of its great reflectivity, it has no effect on how much light is absorbed by 

the solar cell. Since Mo is a metal, it has a continuous electrical structure but no bandgap. 

Because of its strong stability and ability to withstand corrosion, molybdenum is a dependable 

material for the back electrode. By combining these materials, a strong and effective solar cell 

design is produced, opening up a new avenue for the development of scalable and 

environmentally friendly solar energy equipment. 

Overall, this work fills several knowledge gaps by determining the ideal thickness of 

the light-absorbing layer for maximum photon absorption, looking at interface characteristics, 

and investigating the role of different buffer layers in charge separation and transport. It also 

presents a novel lead-free solar cell design that greatly increases light harvesting and efficiency, 

marking a significant step in sustainable energy technology. Overall, by examining interface 

properties, figuring out the optimal thickness of the light-absorbing layer for optimum photon 

absorption, and delving into the function of several buffer layers in charge separation and 

transport, this work closes a number of knowledge gaps. A major advancement in sustainable 

energy technology is also demonstrated by the innovative lead-free solar cell design it offers, 

which significantly boosts light harvesting and efficiency. This solar cell construction has a lot 

of practical applications because of its remarkable electrical output parameters and integration 

potential. All things considered, this work offers a high-performing, lead-free alternative for 

solar energy harvesting and offers insightful information on material optimization, additive 

manufacturing, and interface engineering, improving PV efficiency and adding to the field of 

renewable energy.  

The current design uses advanced materials to boost photon-to-electricity conversion 

efficiency and improve light absorption, marking a significant development in solar 

technology. The overall performance of the device is improved by minimizing optical losses 

within the cell through the careful selection and placement of material layers. The study also 

highlights the important role that interface passivation and engineering play in maximizing the 

operational performance of solar cells, as demonstrated by the remarkable electrical output 

metrics. The results of this study, albeit being based on theoretical simulation, are crucial in 

paving the way for the creation of a real solar cell with remarkable stability and operating 

efficiency. 

4.2 Device simulation 

Development of the Solar Cell Capacitance Simulator (SCAPS-1D) at the Department 

of Electronics and Information Systems (ELIS) of the University of Gent, Belgium (Ebon et 
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al., 2023; Hunde & Woldeyohannes, 2023), has been used to model the suggested solar cell's 

performance. The computer-based device simulator is ideal for examining hetero- and homo-

junctions, multiple junctions, and photovoltaic devices with Schottky barriers. With amazing 

accuracy, the instrument has been calibrated using experimental data. To guarantee that the 

data produced is reliable, the current simulation is optimized for absorber thickness while also 

being calibrated against real values found in the literature. In addition, to replicate real-world 

conditions, the simulation was run at 1.5 AM with one sun and a power distribution of 1000 

mW/cm2 at 300 K. The Poisson's and the continuity equations for electrons and holes form the 

foundation for the software's simulation and functionality. Numerical techniques used in PSCs 

to solve the equations for semiconductor devices are the Gummel and Newton-Raphson 

iterative equations. The Gummel method increases stability by decoupling the equations, while 

the Newton-Raphson method provides faster convergence by solving them simultaneously 

(Butcher, 2000), as expressed by equation 4.1. 

𝑥𝑛 + 1 = 𝑥𝑛 −
𝑓(𝑥𝑛)

𝑓′(𝑥𝑛)
                                                                                  (4.1) 

where, xn is the current approximation, xn+1 is the next approximation, f(xn) is the value of the 

function at xn , f ’( xn) is the value of the derivative of the function at xn . 

The performance of solar cells is optimized by a number of factors, such as thickness, 

absorber layer defect density, and doping concentrations (ND and NA) of ETLs and HTLs, 

respectively.  Consequently, resolving equations related to semiconductor device physics, such 

the continuity equation, and taking into consideration carrier generation, recombination, 

diffusion, and drift under external electric fields are necessary to comprehend carrier 

behaviour.  

Chapter 3 page 87 covers the continuity and Poisson's equations, providing an in-depth 

explanation of their role in modelling charge carrier dynamics and electrostatic potential 

distribution in PSCs. The equations are mathematically derived and used to illustrate how 

electron and hole transport occurs, as well as their interactions with electric fields within the 

device. This discussion forms the basis for later analyses and simulations of PSC performance, 

highlighting the importance of these equations in optimizing the cell's overall efficiency. 

 

Band energy ideas are equivalent to the Lowest Unoccupied Molecular Orbital 

(LUMO) and the Highest Occupied Molecular Orbital (HOMO) levels in the context of PSCs. 

Understanding the energy states involved in electron bonding and how solar cell devices 

function depends on these levels. This alignment lies between the acceptor material's LUMO 
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level, which is the lowest energy level of its empty molecular orbitals, and the donor material's 

HOMO level, which is the highest energy level of its occupied molecular orbitals. The 

efficiency of charge transfer between materials is determined by the energy offsets between 

these levels, which are important. Effective charge transfer influences exciton separation and 

charge transport, both of which are vital for the operation of optoelectronic devices. Proper 

band alignment is necessary for these processes.  

 

 
 

 

Figure 4.1: The suggested architecture of the solar cell (a) and (b) the band alignment  

Figure 4.1a shows the suggested cell arrangement for this study. The semiconductor 

materials used to build solar cells have the ability to carry electricity under particular 

circumstances. The energy levels of the electrons in the semiconductor and the electrodes are 

displayed by a solar cell's band alignment. Light energy may be converted into electrical energy 

by the solar cell thanks to the energy level disparities between the bands.  Figure 4.1b shows 

the band energy of a single material, where energy is represented by the vertical axis and 

distance by the horizontal axis. The energy gap (Eg), which is essential for comprehending the 

material's inherent properties, is depicted in this diagram along with the valence and conduction 

bands. 

The band diagram displays the relative positions of the HOMO and LUMO levels for 

the donor and acceptor materials as well as how the valence and conduction bands of certain 

materials align when they come into contact. It draws attention to any energy offsets that affect 

charge transfer, which is crucial for comprehending the dynamics of charge transfer and the 
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device's overall performance. The band alignment diagram illustrates how the many layers that 

compose the solar cell's structure have distinct energies and how holes and electrons travel in 

opposite directions (cf. Figure 4.1b). Because the HTL is primarily involved in receiving and 

transmitting holes from the valence band of the perovskite material, its energy is higher on the 

band exciton chart than that of the ETL. In contrast, the ETL typically maintains lower energy 

levels that correspond with the conduction band of the perovskite material. The suggested solar 

cell's device structure consists of several layers, including a glass coated with transparent 

conductive oxide (ITO) substrate, an n-type semiconductor serving as the ETL, an absorber 

layer made of perovskites, a p-type semiconductor serving as the HTL, and a metal or carbon 

back contact.  

The efficient mobility among carriers of charges both holes and electrons in the solar 

cell is greatly aided by this alignment of energy levels.  This thus improves the device's overall 

efficiency in turning sunlight into electrical energy. It is evident from Figure 4.1b that PEDOT: 

PSS has the maximum energy as well as prevents holes and electrons from hopping, hence 

preserving energy. Band energy is concerned with the particular energy levels found in a 

material, with particular attention to the valence and conduction bands. The conduction band 

(CB) has higher energy levels where electrons can flow freely and contribute to electrical 

conduction, whereas the valence band (VB) contains the largest range of energies where 

electrons are normally found. The bandgap (Eg) is the term used to describe the energy 

difference between the valence band and the conduction band. When assessing a material's 

optical absorption and electrical conductivity, its bandgap is crucial. 
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4.3 Device basic input parameters 

Solar cell architecture's input parameter may vary depending on the specific cell design; materials used, and desired output.   

Table 4.1: The fundamental input parameters of the suggested cell architecture  

Parameters PEDOT:PSS (Hima et al., 

2019) 

  

CH3NH3SnI3 

(Azmi et al., 2022) 

  

PC61BM  

(Goje et al., 2023) 

 

ITO 

(Baig et al., 2019) 

 

Thickness (nm) 50 1000 50 90 

Band gap Eg/Ev 1.8 1.3 2.1 3.500 

Electron affinity x/eV 3.4 4.1 3.9 4.000 

Dielectric permittivity 3 8.2 3.90 9.000 

CB effective density of states/cm-3 2.2×1018 1×1018 2.2×1019 2.2×1018 

VB effective density of states /cm-3 1.8×1019 1×1018 2.2×1019 1.8×1019 

Electron mobility/ cm2/ V.s 1 ×102 1.6 1×107 2×101 

Hole mobilitycm2/V.s 4 1.6 1×107 1×101 

Donor concentration ND/cm-3 0 0 0.001 1×1021 

Acceptor concentration NA/cm-3 2×1019 1×1015 0.002 0 

Defect density/cm-3 1×1014 1×1011 0 0 
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Complicated interplay among all parameters and other factors affects the overall 

efficiency and performance of the solar cell, by examining how variations in these parameters 

impact the behaviour of the cell, simulation tools and models may aid in improving the design 

of the cell for better performance. Table 4.1 lists the fundamental variables used in this 

investigation. 

4.4 Results and discussion 

4.4.1 The absorption model of the cell structure 

Electron-hole pairs are produced when the semiconductor absorbs photons. The optical 

characteristics and bandgap of the material determine the process efficiency and absorption 

spectrum (Hanna et al., 2023). Through a variety of processes, carriers can recombine, which 

can impact the overall performance of the solar cell.  For solar cells to function well, charge 

carriers must be efficiently gathered at the electrodes prior to recombination. Each of the 

fundamental parts of PSCs has unique characteristics related to light absorption. The most 

crucial element is the perovskite absorber layer (PAL), which typically produces electron-hole 

pairs by absorbing light. Perovskite materials are able to absorb a broad variety of light 

wavelengths, spanning from the visible to the near-infrared portions of the electromagnetic 

spectrum. Transport layers facilitate the passage of electrons and holes toward electrodes, 

increasing charge extraction and decreasing recombination losses. 

 

Figure 4.2: SCAPS absorption model for the cell structure 

The absorption of light at various wavelengths and photon energies throughout the 

layers of the suggested solar cell architecture is shown in Figure 4.2. As a result, the absorption 

coefficients of the layers PC61BM, ITO, CH3NH3SnI3, and PEDOT: PSS vary, affecting their 

ability to absorb photons. Throughout the whole wavelength range, PC61BM and PEDOT: PSS 
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follow CH3NH3SnI3 as the layers with the highest absorption coefficients at ~ 2.0 ×,10-5cm−1. 

The photons that are absorbed are excited into the conduction band of the semiconductor. The 

absorption coefficients basically tell us how well a given wavelength of light can enter the solar 

device before it is absorbed. Wavelengths that are less energetic than the band gap energies 

cannot excite an electron from the valence band to the conduction band. Surprisingly, the ITO 

layer has a lower absorption capacity than the other layers. 

Composite layer absorption balances out the perovskite layer's absorption, guaranteeing 

effective charge extraction without absorbing a large amount of light.  While reducing light 

absorption, electrodes made of TCO and metal contacts gather and move charge carriers out of 

the cell (Michel et al., 2023). High efficiency depends on the absorption characteristics of each 

component. Compared to other materials, the perovskite layer's broad absorption spectrum is 

particularly useful since it allows for the capture of more sunlight. In the end, scientists have 

worked to improve efficiency and stability, reduce energy losses in non-active layers, and 

increase light absorption in each layer. Optimizing absorbance and performance of a solar cell 

can be achieved using simple techniques such as adjusting band gaps and materials in each 

layer. 

4.4.2 The impact of HTL on the cell performance 

PEDOT: PSS HTL is preferred for usage in PSCs due to its outstanding film-forming 

capabilities, strong electrical conductivity, and exceptional transparency. Hole transport from 

the perovskite layer to the anode is greatly enhanced by it due to its high conductivity and 

appropriate energy level alignment with the valence band of CH3NH3SnI3, which lowers 

recombination losses (Imani et al., 2023). The performance of PSCs with and without this HTL 

must be compared in order to comprehend the influence of PEDOT: PSS. The use of 

PEDOT:PSS provides an effective route for the extraction of holes from the CH3NH3SnI3 

perovskite layer to the Mo electrode (Ali et al., 2023). At the perovskite/HTL interface, the 

work function of PEDOT:PSS (~5.0 eV) effectively coordinates with the valence band of 

CH3NH3SnI3 (~5.4 eV), facilitating effective hole transport and reducing recombination losses. 

Higher PCE, Voc, Jsc, and FF result from this as opposed to devices without the HTL. On the 

other hand, holes from the perovskite layer must be removed straight to the Mo electrode in 

the absence of the PEDOT: PSS layer. Because of the poor alignment of energy levels, this 

direct contact frequently leads to ineffective hole extraction and higher recombination losses. 

As a result, devices lacking the HTL show reduced PCE, Voc, Jsc, and FF.  

We investigated and published a high-performance hole transport layer-free (HTL-free) 

PSC with the arrangement ITO/PC61BM/ CH3NH3SnI3/Pt in our most recent study. Through 
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the optimization of crucial elements such buffer layers, materials for front and back contacts 

made of metal, and electron transport materials, we were able to attain outstanding outcomes. 

The results of the SCAPS-1D simulation were as follows: PCE = 38.11%, Jsc = 35.32 mA/cm², 

FF = 88.67%, and Voc = 1.2168 V. Furthermore, Mott-Schottky capacitance study contributed 

significantly to the improvement of charge extraction and decrease in recombination losses by 

offering insightful information about charge carrier behaviour and interface characteristics. The 

results show how promising HTL-free PSCs can be in providing highly efficient and 

economically viable solar energy solutions, opening the door for more accessible and scalable 

solar cell technologies. However, even though the electrical results of this kind of device (HTL-

free) are remarkable, further theoretical and experimental research is necessary to determine 

its stability.  

4.4.3 The influence of photoactive layer thickness on QE and J-V Characteristics 

The creation of highly efficient solar cell devices depends on optimizing solar cell 

properties like FF, PCE, Jsc, and Voc.  The photoactive layer, or perovskite, is a crucial element 

in PSC modelling and simulation.  The SCAPS-1D device simulator is used to investigate how 

altering the thickness of the perovskite layer affects the properties of the solar cell. A solar 

cell's QE is determined by how well light photons are converted to electrons. For a variety of 

reasons, including the fact that a thicker cell can absorb more light due to its increased material 

content, which raises the possibility of absorbing photons, the thickness of the cell is important 

to this process.  However, some photons may pass through without interacting if the material 

is sufficiently thin, which would lower the device's efficiency (Nazir et al., 2023). However, 

because charge carriers must travel a greater distance to reach the electrode terminals, larger 

cells have difficulties collecting the generated electron-hole pairs. This separation may result 

in increased recombination losses and decreased operating efficiency of the device. 

Accordingly, thicker cells may have larger optical losses due to light trapping in the material, 

which increases the re-absorption of electrons and holes and ultimately lowers the device's 

overall efficiency.  

The variation of QE with wavelength over different photoactive layer thicknesses, from 

200 to 1000 nm, is illustrated in Figure 4.3a.  This shows that QE rises with increasing 

photoactive layer thickness, indicating improved photon absorption, especially at longer 

wavelengths. This increase is attributed to improved electron-hole pair production in the 

photoactive material. The curves converge at a thickness of 1000 nm, indicating a QE 

saturation limit, and then attain their maximum QE. As a result, Figure 4.3a calculates that 

1000 nm is the ideal thickness for the suggested solar cell construction to achieve maximum 
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performance. Low QE is the result of the absorber's thinner thickness. For example, at 200 nm 

thickness, the device's QE is significantly reduced across the whole wavelength range. Light 

wavelength is shown by the x-axis and ranges from 300 to 900 nm, or ultraviolet (UV), violet, 

blue, and near-infrared light, respectively. The device's performance can be better understood 

by analysing its efficiency at various wavelengths, which helps with application-specific 

tuning. Applications where such photon energy predominates for solar cell or photodetector 

applications may be guided by high efficiency at specific wavelengths. 

 
 

Figure 4.3: The impact of thickness on the proposed solar cell architecture's J-V characteristics 

(b) and quantum efficiency (a) 

A distinct trend showing an increase in voltage (V) with absorber layer thickness is 

shown in Figure 4.3b. This happens because a thicker layer generates a higher V and higher 

current density by providing a longer path for the produced carriers to traverse before 

recombination can occur. For all layer thicknesses, Figure 4.3b demonstrates that the Jsc levels 

off at around 0.4 V. Furthermore, over the whole voltage range, the thicker layers, measuring 

1000 nm and 800 nm, have larger Jsc values than the thinner layers, measuring 600 nm and 400 

nm. It is significant to remember that other factors, such the characteristics of the material and 

the design of the device, are also very important in deciding how well the solar cell performs. 

One crucial electrical result that the thickness of the perovskite layer might affect is 

voltage (These et al., 2024). Consequently, one aspect of the bigger issue in solar cell 

engineering and design is optimizing the perovskite layer's thickness. The perovskite layer 

needs to be just thick enough to absorb light without creating defects or preventing charge 

transfer in order to transform light into energy efficiently. Recombination losses are more likely 
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in thicker perovskite layers due to the longer distance charge carriers must travel to reach the 

electrodes. 

Exciton recombination prevents excitons from contributing to voltage output, which 

lowers the Voc. Furthermore, while a thicker layer of perovskite facilitates higher photon 

absorption and produces more electron-hole pairs, an overly thick layer runs the danger of 

absorbing the majority of input light, preventing it from reaching important underlying layers 

like electron and hole transport layers (Noh et al., 2023). This restriction may have a negative 

impact on Voc. Changing the thicknesses also affects the transport properties and charge carrier 

mobility in the perovskite layer; the best thicknesses promote effective charge transfer to the 

electrodes, which raises Voc. Furthermore, more flaws or grain boundaries may be present in 

larger layers, which would trap charge carriers and encourage charge recombination, lowering 

the value of Voc. According to Figure 3b, 1000 nm is the ideal thickness for the suggested solar 

cell's maximum performance.  A thickness of less than 1000 nm causes a decrease in cell 

performance. Because of the device's shortened diffusion length, exciton recombination is the 

likely cause of this.  Improved PCE is the outcome of increased electron-hole pair generation 

within the perovskite, which is linked to the increase in Jsc as the photoactive thickness 

increases. A PSC's ability to function as a whole, particularly in terms of its photoactive layer, 

depends on how thick each layer is made. 

4.4.4 Effect of buffer layers on electrical output  

In PSCs, buffer layers are essential to overall performance, as they have a direct impact 

on many operational parameters such as stability, efficiency, and other metrics (Duan et al., 

2023). This layer's thickness is very important since it affects a number of crucial aspects of 

the device's operation. First, for effective charge transfer and collection, the buffer layer's 

thickness is essential. Recombination losses are minimized through effective charge transport, 

which is ensured by an ideally thick buffer layer. The performance of the cell could be 

compromised by an excessively thin layer that can cause faults or fail to properly inhibit 

recombination. Conversely, an overly thick buffer layer may make it more difficult for charge 

carriers to reach the electrodes, which would lower the Jsc and increase series resistance. The 

thickness of the buffer layer also affects the morphology and quality of the interface between 

the charge transport layers and the perovskite.  

Poor contact and increased recombination rates could arise from thin buffer layers' 

insufficient ability to smooth the interface. On the other hand, while thicker layers may raise 

recombination rates by providing obstacles to charge extraction, they can also enhance 

coverage and smoothness at the interface. The buffer layer thickness affects all photovoltaic 
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performance measures, including Voc, Jsc, FF, and PCE. By inhibiting recombination and 

promoting effective charge separation, an ideal thickness contributes to the maintenance of a 

high Voc. On the other hand, overly thick layers can lower Jsc by impeding charge transmission 

and raising resistance. When the buffer layer thickness is tuned, the FF which is affected by 

series resistance is likewise maximized, supporting a high PCE. The buffer layer must protect 

the perovskite layer from the environment while maintaining stability and durability; this need 

must be balanced with the necessity for effective charge transmission.  

Table 4.2: The impact of adding different buffer materials on the suggested solar cell's 

electrical results  

Buffer Voc (V) Jsc (mA/cm2) FF (%) PCE (%) References 

CdS 1.4414 34.85 72.48 36.41 (Mamta et 

al., 2021) 

ZnS 1.2555 34.80 65.63 28.68 (Tobbeche et 

al., 2019) 

ZnSe 1.5216 34.84 71.04 37.65 (Biswas et 

al., 2023) 

V2O5 1.5028 34.84 71.68 37.63 (Al Mahmud 

et al., 2023) 

Sufficient thickness can both prevent the perovskite from degrading and increase the 

mechanical stability of the apparatus, possibly prolonging its useful life (Li et al., 2024). The 

buffer layer thickness adjustment is further complicated by material considerations. The 

appropriate thickness varies depending on the material conductivity. Variations in film quality 

and uniformity can also impact the required thickness when using different deposition 

processes like spin-coating or sputtering. To sum up, charge transfer, interface quality, 

performance metrics, stability, and other conflicting aspects must all be balanced in PSCs by 

adjusting the buffer layer thickness. An excessively thick buffer layer can hinder charge 

transfer and lower efficiency, whereas an excessively thin buffer layer can result in inadequate 

coverage and more recombination. For PSCs to function better and last longer, the buffer layer 

thickness must be carefully optimized in addition to choosing the right material. 

The performance characteristics of solar cells using different buffer layers, such as 

V2O5 (vanadium (V) oxide), ZnS (zinc sulphide), ZnSe (zinc selenium), and CdS (cadmium 

sulphide), are shown in Table 4.2.  Because of its appropriate band gap and advantageous 

electrical characteristics, CdS is a widely used material for solar cells. In the model cell 
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architecture, it provides a Voc of 1.4414 V and a Jsc of 34.85 mA/cm². Additionally modest at 

72.48% is the FF, which results in an impressive PCE of 36.41%. Because of this combination, 

CdS functions as a dependable buffer layer for effective solar cell operation.  Conversely, ZnS 

exhibits a nearly equal Jsc of 34.80 mA/cm² to CdS, but a lower Voc of 1.2555 V. On the other 

hand, the FF is much lower at 65.63%, which means that the PCE is lowered to 28.68%. The 

lower FF indicates possible problems that could have a detrimental effect on overall efficiency, 

such as increased series resistance or reduced shunt resistance. ZnSe has the highest Jsc of 34.84 

mA/cm² and the highest Voc of all the buffer layers under study, at 1.5216 V. Not to mention, 

the FF is excellent at 71.04%, which leads to a comparatively high PCE of 37.65%. This 

indicates that ZnSe performs exceptionally well, positioning it as a leading candidate for 

extremely efficient solar cells. With a somewhat higher FF of 71.68%, a Voc of 1.5028 V, and 

a Jsc of 34.84 mA/cm², V2O5 exhibits strong performance. This yields a high PCE of 37.63%, 

which is almost identical to that of ZnSe. This suggests that V2O5 can be used to generate high 

performance solar cells quite well. With the lowest Voc is ZnS. Since Jsc values are fairly 

comparable for all buffer layers, choosing a buffer layer has little effect on Jsc. V2O5 has a little 

greater FF value than CdS and ZnSe. ZnSe and V2O5 attain the highest PCE and a much lower 

FF, respectively, indicating that they are the most efficient buffer layers for the current model 

cell. ZnS is less efficient than CdS because of its lower FF, which lowers PCE. CdS likewise 

exhibits minor efficiency.  

4.4.5 Influence of temperature on the electrical characteristics of the cell 

The amount of electricity that a solar cell device generates is significantly influenced 

by temperature. Solar cells generally lose efficiency with increasing temperature. This mostly 

occurs because greater temperatures can increase the rate at which electrons and holes 

recombine, decreasing the voltage the cell generates (Mohammed et al., 2023).  As a result, the 

cell's capacity to transform light photons into electrical energy is diminished. In general, rising 

temperatures can hinder solar cell performance, which reduces the amount of electricity they 

can produce effectively. 

Jsc appears to stay constant as the cell temperature rises, as seen in Figure 4.4a.  The 

distinctive behaviour can be explained by the fact that the processes of creation and 

recombination cancel each other out, independent of temperature changes.  As seen in Figure 

4.4b, Voc, on the other hand, shows a rapid increase between 280 and 400 K, finally decreasing 

from 1.77 V at 340 K to about 1.26 V at 400 K. Solar cells have temperature sensitivity, just 

like other semiconductor devices. The efficiency of solar cells tends to decrease with 

temperature. The temperature increase causes the cell's internal resistance to increase, which 
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lowers voltage output and ultimately reduces the solar cell's overall operational efficiency.  

Temperature fluctuations have a substantial impact on perovskite solar cells' performance, 

affecting the FF and PCE in different ways. Because the perovskite material's electrical 

properties alter with temperature, the FF is especially susceptible to temperature fluctuations.  

In general, the FF of PSCs tends to decrease with increasing temperature.  

High temperatures have the potential to accelerate charge carrier recombination in the 

perovskite layer, which would decrease the efficiency of charge collecting and eventually lower 

the FF value.  Temperature variations also have an effect on exciton mobility in the perovskite 

material, which affects charge carrier mobility and, in turn, the FF.  In a similar vein, 

temperature changes have a big effect on PSCs' PCE. Because of higher charge recombination 

rates, a decline in Voc, and a corresponding decrease in FF, higher temperatures frequently 

result in lower PCE.  As shown in Figure 4.4b, there is an ideal temperature range where 

efficiency peaks before declining. This ideal temperature range, however, changes according 

to the PSC's particular composition and technical layout. The absorber material (CH3NH3SnI3) 

in the suggested solar cell architecture has a high limit of flaw tolerance and exceptional 

temperature stability. 

When the voltage across a solar cell is zero, which occurs when the cell is short-

circuited, the current density that flows is known as Jsc (Perez et al., 2024). The device's 

photogenerated current is measured by Jsc. Understanding the fundamental physics of the 

photogeneration and collecting processes inside the solar cell can help to explain why Jsc stays 

constant. First, the number of photogenerated charge carriers in the solar cell, such as electrons 

and holes, directly correlates with Jsc. When photons with energy matching or exceeding the 

absorber material's bandgap are introduced into the cell, electron-hole pairs are produced 

(Chee, 2023). The p-n junction's or heterojunction's inherent electric field then divides these 

pairs, collecting the current.  The creation rate of these electron-hole pairs stays constant if the 

solar cell is exposed to a constant amount of light. As a result, Jsc does not change because it is 

closely correlated with both the efficiency of charge carrier separation and the quantity of 

photons absorbed.  
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Figure 4.4: Temperature effects on the electrical outcomes of the model cell structure (a) Jsc, 

(b) Voc, (c) PCE and (d) FF 

The FF and PCE values change as the temperature rises from 280 to 400 K, as shown 

in Figures 4.4c and d.  As seen in Figure 4d, the FF increases from 61% to 83.5% between 280 

and 340 K, then falls to roughly 61% at 400 K. In contrast, because of improved exciton 

transport, the PCE rises from 280 K and reaches an ideal value of about 38.7% at 340 K. PCE 

thereafter declines gradually to 400 K, where it reaches a value of roughly 36.6%. On the other 

hand, by decreasing carrier mobility, lower temperatures reduce Jsc, however, this can 

occasionally be compensated by a decrease in recombination losses. Yet, because of greater 

non-radiative recombination and shortened carrier lifetimes, higher temperatures usually result 

in a drop in Voc. Despite the fact that better charge extraction and reduced series resistance at 

lower temperatures may initially result in a minor rise in Voc, this effect eventually decreases 

at higher temperatures due to higher recombination rates. To put it simply, while higher 

temperatures may momentarily increase Jsc by improving carrier mobility, this advantage may 

34.84

Js
c 

(m
A

cm
-2

)

400380360340320300280

Temperature (K)

(a)

 Jsc

1.8

1.7

1.6

1.5

1.4

1.3

V
o
c
 (

V
)

400380360340320300280

Temperature (K)

(b)

 Voc

38.5

38.0

37.5

37.0

P
C

E
 (

%
)

400380360340320300280
Temperature (K)

(c)

 PCE

80

75

70

65

F
F

 (
%

)

400380360340320300280

Temperature (K)

 FF

(d)



150 

 

be offset by an increase in recombination rates. Due to an increase in non-radiative 

recombination processes, Voc often drops as temperatures rise. 

The current is solely driven by these photogenerated carriers under short-circuit 

situations, when there is no voltage across the solar cell and the external circuit has no effect. 

Instead of being dependent on the external voltage, the photogeneration process is mostly 

dependent on the light intensity and the material qualities of the solar cell (Soonmin et al., 

2023). Jsc thus stays constant. From a physics perspective, equation 4.2 gives the rate at which 

electron-hole pairs form in a solar cell. 

𝐺 =
𝑃𝑖𝑛.(𝐼−𝑅) .Ƞ𝑎𝑏𝑠 

ℎ𝑉
                                                                                                    (4.2) 

where 𝑃𝑖𝑛 is the incident light power density, R is the reflectance of the solar cell surface, Ƞ𝑎𝑏𝑠 

is the absorption efficiency of the solar cell material, and ℎ𝑉 is the energy of the incident 

photons. If the absorption efficiency, reflectance, and other material properties such as the 

density of incident light remain constant, then so does the generation rate. At short-circuit 

conditions, the created electron-hole pairs are effectively separated and collected by the built-

in electric field in the solar cell's depletion area, resulting in a continuous current flow (Rehman 

et al., 2023). Mathematically, the short-circuit current density can be expressed by equation 

4.3. 

𝐽𝑠𝑐 = 𝑞. 𝐺. 𝐿𝑒𝑓𝑓                                                                                            (4.3) 

The elementary charge is denoted by q, the generation rate by G, and the effective length over 

which carriers are gathered by 𝐿𝑒𝑓𝑓. G is constant in the presence of constant light, and Jsc is 

constant since the effective length, L, is dictated by the geometry of the cell and the 

characteristics of the material. As a result of stable photogeneration and charge carrier 

accumulation within the solar cell under continuous illumination, a stable short-circuit current 

density is produced, as indicated by the constant Jsc in the Figure. 

The Voc of a solar cell decreases with increasing temperature.  The bandgap energy of 

the semiconductor material changes, which is the main cause of this shift. Since intrinsic 

resistance rises with temperature, increased temperature energizes electrons and reduces 

voltage output. Surprisingly, as temperatures rise, solar cell devices' Jsc frequently sees a little 

increase even as voltage drops. But typically, this increase is insufficient to counteract the 

voltage drop, which leads to a fall in power output overall. Elevated temperatures may also 

have an adverse effect on the longevity of solar panels by gradually reducing their performance 

over time. Extended exposure to elevated temperatures can lead to material degradation, which 

could have an impact on the solar cell structure's overall longevity. Sensible engineering at 
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interfaces typically advances designs that include structures and materials that efficiently drain 

heat in order to minimize these impacts and maximize solar panel performance. In addition, 

temperature variations are controlled by cooling methods and monitoring systems, 

guaranteeing more reliable gadget performance. 

The rise in Voc seen in the model cell when the temperature increased from 280 to 340 

K can be ascribed to many causes associated with the characteristics of the perovskite material 

and the physics of the device. Trap-assisted recombination and non-radiative recombination, 

which includes defects, predominate at lower temperatures. Increased temperature causes 

thermal energy to assist in releasing carriers from trap states, which lowers non-radiative 

recombination rates and raises the Voc. Higher temperatures may also result in better charge 

carrier movement. Furthering the increase in Voc, this enhanced mobility permits more effective 

charge extraction and lowers recombination losses. Furthermore, the perovskite material's trap 

states can be thermally activated as temperature rises, reducing their influence on 

recombination processes and raising the Voc.  

As temperature rises, the density of defect states in the perovskite material may also 

decrease, reducing recombination losses and increasing Voc. An additional variable is the 

temperature-dependent shift in the perovskite material's bandgap. The quasi-Fermi level 

splitting, which determines Voc, may be affected in a way that causes Voc to increase within a 

specific temperature range, despite the fact that semiconductor bandgaps normally drop with 

rising temperature. Finally, if the perovskite material contains dopants, higher temperatures 

may improve their activation, enhancing the material's conductivity and charge transport 

capabilities and raising Voc. Overall, decreased non-radiative recombination, increased charge 

carrier mobility, and other temperature-dependent characteristics of the perovskite material are 

responsible for the rise in Voc with temperature from 280 to 340K. 

4.4.6 The band alignment diagram of the model cell 

The process of turning light into electricity requires the use of a solar cell band diagram, 

which shows the electron energy levels inside the apparatus. Different energy bands in the 

diagram are essential for this conversion in semiconductor-based solar cells. The two main 

states shown in the diagram are usually the semiconductor sections of the p-type (positively 

doped) and n-type (negatively doped), divided by a junction (Wang et al., 2016). Doping has 

created excess positively charged "holes" in the p-type semiconductor.  Compared to the 

conduction band, the valence band is positioned closer to the Fermi level in this instance. The 

conduction band of an n-type semiconductor, on the other hand, is positioned closer to the 

Fermi level than the valence band because it contains an excess of negatively charged electrons 
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due to doping. A depletion layer with no free charge carriers and an electric field owing to 

varying charge concentration develops at the intersection of these zones. Electrons in the 

semiconductor are excited by photons striking the solar cell, resulting in the creation of 

electron-hole pairs.  

Interface defects are a result of the mismatch in the lattice between two interfaces 

shown in Figure 4.5. These defects ultimately lead to exciton recombination. The two forms of 

band structures that are seen at the interface, where charge carrier recombination is most likely 

to happen, are cliff and spike. The presence of a cliff structure at the interface is thought to be 

the cause of band bending in the conduction band. To achieve optimal device performance, 

there must to be a positive (spike-like) band offset at the p-n-junction.  Figure 5 shows that the 

negative cliff offset in the suggested cell structure occurs at 0.17 eV, suggesting improved 

device performance with appropriate band alignment. This can be explained by the fact that the 

absorber layer's recombination activation energy (Ea) has a significant impact on the 

functionality of the device.  

 

Figure 4.5: The band diagram of the proposed solar cell device 

When excitons holes and electrons are connected to an external circuit, the electric field 

in the depletion area drives them in opposite directions, creating current flow. The mechanism 

by which absorbed photon energy transfers electrons from the valence to the conduction band, 

allowing them to contribute to the electrical current, is illustrated clearly by the band diagram. 

Figure 5 illustrates how, depending on the band position, the proposed solar cell exhibits a 

small variation in band alignment. Due to band bending at interfaces, the diagram shows a trend 
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where the gap shrinks as distance rises. The band diagram illustrates that the intrinsic voltage 

gap is roughly + 0.82 eV. The non-uniformity of the band gap could be explained by band 

bending at various cell structural contacts.  

The energy levels of the different materials in a solar cell are shown in Figure 4.5, where 

the built-in voltage (Vbi) is one of the most important observations. The potential difference, 

or Vbi, between the conduction band (CB) of an n-type semiconductor and the valence band 

(VB) of a p-type semiconductor at thermal equilibrium is shown in Figure 4.5 as +0.82 eV at 

300 K. When the flow of electrons within a material reaches a steady state, thermal equilibrium 

a state obtained when a material stabilizes at a constant temperature occurs. The material's 

lattice vibrations become more intense as temperature rises. This increased lattice vibration 

may cause the semiconductor's bandgap (Eg), or the energy difference between its valence and 

conduction bands, to decrease. The energy difference between the Fermi levels (Fp and Fn) of 

the p-type and n-type materials, respectively, is lessened with a decrease in the bandgap.  

As a result, this decrease in the energy difference between the Fermi levels leads to a 

decrease in the solar cell architecture's Vbi. The hole blocking layer (HBL) at 3.5 eV at the 

given energy level is identified as the PEDOT:PSS HOMO level. The valence band (VB) edge 

of CH3NH3SnI3 is 1.82 eV, whereas the conduction band (CB) edge is 2.09 eV. The electron 

blocking layer (EBL) at -1.27 eV is assigned to the LUMO level in PCBM. The configuration 

and transitions between these energy states are what drive the solar cell's activity, and 

temperature changes impact the Vbi and, in turn, the cell's total efficiency. 

Between PEDOT:PSS and CH3NH3SnI3, there is a spike contact. With a conduction 

band offset (CBO) of +0.19 eV, this spike is distinguished by a barrier that prevents electrons 

from moving from the absorber into the HTL. The obstruction of electron transport caused by 

such a spike may result in recombination losses, which can be harmful. The interaction between 

CH₃NH3SnI₃ and the PCBM is a cliff after that. This creates a drop for holes traveling 

originating from the absorber to the ETL because the valence band offset (VBO) is -0.22 eV. 

Another reason cliffs can be troublesome is that they can lead to the accumulation of holes at 

the interface, which would speed up recombination. The energy difference between the valence 

band edges of two materials at their contact is known as the valence band offset (VBO). There 

is a slight barrier for holes between PC61BM (ETL) and CH3NH3SnI3 (absorber), as indicated 

by the VBO of 0.22 eV. The VBO of CH3NH3SnI3 (absorber) and PEDOT:PSS (HTL) is 0.64 

eV, indicating a larger hole barrier. The energy differential between two materials' conduction 

band edges at their interface is indicated by the symbol CBO. The CBO of 0.71 eV between 

PC61BM (ETL) and CH3NH3SnI3 (absorber) indicates a substantial electron barrier in this 
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instance. A lower electron barrier is indicated by the CBO of 0.19 eV between PEDOT PSS 

(HTL) and CH3NH3SnI3 (absorber).  

4.4.7 The effect of optimizing ETL on the electrical output of the model cell 

Comparing the performance of perovskite solar cells to that of a model cell has allowed 

researchers to examine the effects of five distinct ETLs. PC61BM, CdS, ZnS, ZnSe, and V2O5 

are among the ETLs; each was selected based on its distinct qualities that influence power and 

stability in the device. Because of its excellent electron mobility and compatibility with 

perovskite materials, PC61BM is a popular ETL used in perovskite solar cells. PC61BM 

reduces recombination losses, promotes effective electron transport, and improves overall 

device performance by creating a homogeneous interface. Another significant ETL with strong 

electrical conductivity and high electron affinity is CdS. It contributes to increased photovoltaic 

efficiency by optimizing electron extraction and transport inside the structure of the solar cell. 

Because of their large bandgaps and stability, zinc and zinc selenium (ZnS and ZnSe) are 

important ETLs that improve charge separation and decrease interfacial recombination.  

 
 

Figure 4.6: Impact of ETL on the J-V characteristics (a) and the QE characteristics (b) 

For perovskite solar cells to continue operating at high efficiency and longevity, these 

characteristics are necessary. High electron affinity and optical transparency are displayed by 

V2O5, which also assists to sustain the stability of the solar cell interface while facilitating 

effective electron extraction. Its incorporation contributes to increased device longevity and 

overall performance. This study intends to shed light on the various contributions that these 

various ETLs have made to improving the performance of perovskite solar cells by analysing 

and contrasting their respective performances. Combining various ETLs provides a tactical 

method for optimizing device efficiency overall and balancing electron transport dynamics. 

With this method, the discussion of each ETL is incorporated into a unified story, highlighting 
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their unique contributions to the stability and performance of perovskite solar cells. The 

performance of several ETLs in the model solar cell is shown in Figure 4.6a, based on their 

current density-voltage (J-V) characteristics. In this investigation, the materials ZnSe, 

PC61BM, CdS, and WO3 are compared. First, all ETLs share comparable J-V properties. This 

implies that both materials have similar beginning current generating capacities. The maximum 

power point, which maximizes the product of voltage and current density, is another crucial 

location. This point is crucial for figuring out the solar cell's efficiency.  

The voltage, which denotes the greatest voltage the cell can generate in the absence of 

an external load, varies slightly throughout the various ETLs. It is where the current density 

decreases to zero. With minor voltage fluctuations, the curve for PC61BM indicates 

performance comparable to other ETLs. Similar features and equivalent performance to 

PC61BM are also displayed by CdS and WO3. ZnSe performs similarly to the other ETLs, with 

just slight variations in the curve's shape. PC61BM, however, stands out as a superior ETL 

material for a number of reasons. Its high electron mobility makes it easier to extract electrons 

efficiently and lowers recombination losses, both of which are essential for increasing the 

efficiency of solar cells. Furthermore, PC61BM can be used with a variety of solar cell layouts 

due to its great compatibility with perovskite layers and other organic materials. Its usefulness 

and appeal are further enhanced by its scalability for large-area applications due to its ease of 

processing, especially with solution-based approaches. 

Conversely, Figure 4.6b illustrates the QE properties of PSCs with four distinct 

interfacial materials: WO3, PC61BM, CdS, and ZnSe. As can be seen from Table 4.3 superior 

current density and noticeably better FF, ZnSe performs the best. In comparison to ZnSe, WO3 

and CdS show moderate performance with comparable trends, but lower Jsc and FF. The lowest 

performance, PC61BM, points to potential issues with charge transmission or collection. The 

results highlight how important it is to use the right interfacial materials for perovskite solar 

cells in order to maximize their efficiency. These materials can minimize recombination losses 

and greatly improve charge extraction. PC61BM has poorer performance, but it can be made 

to work better in perovskite solar cells by experimenting with different device topologies, 

doping, blending, surface passivation, and hybrid interface layers, among other techniques. 

All of the ETL materials had comparable Voc, Jsc, and FF values, with only minor 

variations in PCE, as Table 4.3 demonstrates. PCE values of 37.69% are slightly higher for 

ZnSe and WO3 than for PC61BM and CdS. Because of their marginally higher efficiencies and 

similar Voc, Jsc, and FF values, ZnSe and WO3 seem to be the better options; nevertheless, 
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PEDOT:PSS has superior absorption and charge transport capabilities, which are essential for 

reliable cell performance. a great ETL option for the model cell structure as a result. 

Table 4.3: Effect of different ETLs on the electrical parameters of the proposed solar cell 

structure 

ETL 

material 

Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

PC61BM 1.5220 34.84 71.04 37.66 

CdS 1.5230 34.84 71.04 37.69 

ZnSe 1.5225 34.84 71.06 37.69 

WO3 1.5224 34.84 71.06 37.69 

4.4.8 The effect of optimizing HTL on electrical output  

The J-V characteristics for copper antimony sulphide (CuSbS₂), PEDOT: PSS, and 

copper iron tin sulphide (CFTS), the three HTLs utilized in the model cell construction, are 

shown in Figure 4.7a. The curves' positions and shapes indicate how well the solar cells' charge 

transfer and collection processes are working. PEDOT: PSS has superior hole extraction and 

transport characteristics as evidenced by a higher rise in current density (J) when compared to 

the other HTLs. A greater J and overall better cell function are the outcomes of this 

modification. 

PEDOT: PSS is consequently a better HTL since it raises the efficiency of the solar cell 

by improving charge carrier mobility, lowering recombination losses, and improving the 

quality of the interface between the active layer and the electrode. The optimization of HTLs 

is demonstrated in Figure 4.7b, which compares the QE for three HTLs (CuSbS2, CFTS, and 

PEDOT: PSS) at various wavelengths. While all three HTLs function well in the visible light 

spectrum, PEDOT: PSS shows a continuously strong QE over the whole wavelength range, 

even at longer wavelengths when CuSbS2 and CFTS's QE begins to somewhat decline. This 

suggests that PEDOT: PSS performs better overall in devices by having reduced recombination 

losses due to its superior charge transport characteristics and energy band alignment with the 

active layer.  
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Figure 4.7: The impact of HTL on the J-V characteristics (a) and the QE characteristics (b) 

Table 4.4 presents the electrical results of different HTL optimizations of the suggested 

cell configuration. The table shows that while CFTS and CuSbS2 and PEDOT:PSS have similar 

Voc and Jsc values, PEDOT:PSS obtains a higher PCE of 37.66%. This suggests that 

PEDOT:PSS is a more efficient option for the HTL in the cell architecture since it converts 

sunlight into energy more efficiently. 

Table 4.4: A comparison of the electrical properties of the proposed solar cell construction 

with different HTLs 

HTL material Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

PEDOT: PSS 1.5220 34.84 71.04 37.66 

CFTS 1.0611 34.83 81.99 30.30 

CuSbS2 1.5220 34.84 71.04 37.66 

4.4.9 Capacitance-voltage characteristics of the cell 

The capacitance of perovskite solar cells, a measurement of their ability to store charge, 

can be greatly affected by changes in voltage. Capacitance and the electrical characteristics of 

the materials are intimately related in PSCs. Variations in voltage have an impact on energy 

levels, which in turn influence the Fermi level and, ultimately, the concentration of charge 

carriers, which in turn influences the capacitance of the solar cell. Temperature significantly 

affects a material's dielectric properties, which raises capacitance. Equation 4.4 provides the 

results of a MS analysis of temperature and how it impacts performance of solar cells 

(Gelderman et al., 2007).  
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In this case, the variables NA corresponds to acceptor density, Vbi for flat band potential (built-

in voltage), KB for the Boltzmann constant, T for temperature in Kelvins, and S, q, ε, and 

capacitance, respectively.  

Figure 4.8 makes it clear that capacitance is not affected by low bias (< 0.5 V) and is 

affected by high bias (> 0.5 V). The Vbi is obtained from the MS plots by the tangent 

intersecting at the voltage axis. The built-in voltage (Vib) at 300 K is + 0.82 eV, as shown in 

Figure 4.8, and this value is in line with the value found from the band diagram shown in Figure 

4.8 at the same temperature.  This highlights the resilience of the band alignment in the solar 

cell design suggested by this research.  However, when the temperature increases from 300 to 

500 K, the Vib drops from + 0.82 to + 0.53 eV, suggesting increased exciton recombination at 

elevated temperatures. This phenomenon is explained by the temperature-dependent increase 

in series resistance. The high Vbi value of the suggested cell architecture allows it to maintain 

95% of its efficiency at 400 K; but, at 500 K, strong recombination losses at high temperatures 

results in Vbi dropping to about 65%.  

 

Figure 4.8: The impact of voltage on capacitance and MS analysis 

The intrinsic potential difference between the p-type and n-type regions of a p-n 

junction at equilibrium that results from charge carrier migration is denoted by Vbi in Figure 

4.8. Initially, diffusion of majority carriers across the junction forms a charged region on each 

side until equilibrium forms a depletion region, defining the Vbi. Temperature affects this 

voltage by changing the carrier concentration and depletion region width. Band alignment 

within the junction also plays a crucial role in influencing current flow. These ideas help to 

explain the electrical behaviour of the p-n junction that is shown, as well as the performance 

mechanisms of a model cell device. 
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Voltage variations affect the motion of charge carriers as well as the density and 

distribution of charges. Changes in voltage have a direct impact on charge carrier separation 

and transport as well as the internal electric field. The dielectric characteristics of the materials 

can also be altered by voltage shifts, and this has an impact on how charge is distributed and 

stored within the solar cell architecture. Optimizing PSC performance improves efficiency, 

stability, and the general functioning of the solar cell device. It is crucial to comprehend and 

manage these elements.  

4.4.10 Generation and recombination characteristics of the proposed solar cell 

Understanding the underlying concepts of generation and recombination is crucial to 

comprehending the features of a proposed solar cell. Photon absorption is the first step in the 

production of charge carriers in a solar cell. Photon energy must be at least as high as the 

bandgap energy (Eg) of the material used to make the solar cell in order for electron-hole pairs 

to form (Sabri et al., 2023). Greater generation rates are produced by materials with greater 

absorption coefficients (α) because they absorb photons more effectively (Arunachalam & 

Sivaperuman, 2024) according to equation 4.5. 

𝐺 = 𝛼 . ɸ                                                                                                     (4.5) 

where ɸ represents the photon flux. 

For materials having a direct bandgap, the recombination of electrons and holes results 

in the emission of a photon. Another electron or hole receives the energy from recombination. 

Defect states within the bandgap facilitate the Shockley-Read-Hall (SRH) recombination, 

which is significant in defective materials (Vedel et al., 2023). Equation 4.6 provides 

information on the SRH recombination rate. 

𝑅
𝑆𝑅𝐻 =

𝑛𝑃−𝑛𝑖
2

𝜏
𝑝 [𝑛+𝑛𝑖]+ 𝜏

𝑛 (𝑃+𝑛𝑖)

                                                                                 (4.6) 

Here, 𝜏𝑝 and 𝜏𝑛 are carrier lifetimes, and 𝑛𝑖 is the intrinsic carrier concentration. Equation 4.7 

states that in an equilibrium, the rates of generation and recombination are identical. 

𝐺 = 𝑅                                                                                                           (4.7) 

Conditions that are out of balance are brought about by illumination, which speeds up 

the production rate and produces more electron-hole pairs. Voc is impacted by recombination, 

whereas charge carrier production contributes to photocurrent. Reduced carriers available for 

current due to high recombination rates lower Voc. QE gauges how well absorbed photons 

transform into charge carriers. Because there are fewer carriers available for collection, a high 
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recombination rate reduces QE. SRH recombination events can be decreased via surface 

recombination through passivating dangling bonds and reducing defects (Min et al., 2024).  

 

Figure 4.9: Generation –recombination characteristics 

The process of the suggested solar cell device is depicted in Figure 4.9, emphasizing a 

number of critical phases intended to effectively convert solar energy into electrical energy. It 

displays the rates of recombination and carrier production brought on by optical excitation. 

Within the light-harvesting layer of the model cell architecture, light enters the device from the 

ETL side, where exciton production and recombination rates are lower than on the HTL side. 

Therefore, Figure 4.9 makes it clear that the generation rate outpaces the recombination rate, 

improving cell operational performance and producing reliable electrical results. Greater 

surface area improves light absorption without appreciably raising recombination, which 

improves the device architecture's operating efficiency. Optimizing the production and 

recombination processes are essential for a solar cell to function efficiently. Device efficiency 

is increased by maximizing electron-hole pair formation through material and structural design 

and reducing recombination through defect management and passivation. Therefore, by 

comprehending these traits, specific enhancements that result in increased effectiveness and 

enhanced device functionality can be made. Note the discrepancies between the right and left 

axes of Figure 4.9 in order to clearly observe this occurrence. 

4.4.11 The effect of series resistance on electrical parameters 

A perovskite solar cell's series resistance (Rs) significantly influences both its electrical 

properties and the device structure's overall performance. These materials have inherent 

resistance, contact resistance, and resistance resulting from the movement of charge carriers 
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inside the device. They come from several sources. The efficiency of a solar cell in converting 

photon energy into electrical power is measured by the FF, and Rs lowers this value.  

Higher series resistance lowers FF by lowering the useful output voltage through 

voltage drops across the resistance (Uddin et al., 2024). Furthermore, the solar cell device's Voc 

decreases as a result of series resistance. A cell's ability to conduct current can be hampered by 

excessive series resistance, which lowers the Jsc. Rs has a major impact on the PSC's total PCE. 

Usually, higher series resistance leads to lower power conversion efficiency because of voltage 

and current losses (Saha & Panda, 2023). Many techniques are employed to counteract the 

effects of Rs and improve PSC performance, including refining device architectures, enhancing 

contacts and interfaces, using materials with reduced resistance, and adopting fabrication 

techniques that reduce resistive losses (Ahmed et al., 2024). Enhancing PSC performance and, 

thus, increasing its competitiveness as sustainable renewable energy technologies in the near 

future, requires an understanding of and reduction in series resistance. 

In this work, the series resistance (RS) was varied from 0 to 10 Ω cm2, while the shunt 

resistance (RSH) was maintained at a standard value of 1.0 × 103 Ω cm2, which is frequently 

utilized in the production of commercial solar cells.  As seen in Figure 4.10a above, Voc is 

unaffected by an increase in Rs, but Jsc is essentially constant on increasing Rs between 0 and 

7 Ω cm2 but declines to 34.84 mA/cm2 at 8 Ω cm2 and stays constant up to 10 Ω cm2. As Rs 

increases, Figure 10c indicates that the PCE decreases from 39.9% to around 27.02%, yet the 

FF consistently decreases from 71.5% to 50.94 as Rs increases. As a result, FF is a crucial 

statistic for determining RS. Variations in RS have a substantial impact on the solar device's 

PV performance, as Figure 4.10 illustrates. Interface barriers, the material's resistance to light 

absorption, metal-based electrodes, and the interlayers that gather excitons are the sources of 

RS. 

In Figure 4.10b, Voc does not change while other factors or circumstances do. Numerous 

fundamental physics concepts can be used to explain this phenomenon. First, the difference 

between the quasi-Fermi levels of electrons and holes, which is impacted by the 

semiconductor's bandgap, temperature, and carrier recombination dynamics, is the main factor 

determining Voc. Voc will also stay consistent if the perovskite material's bandgap energy stays 

constant. The recombination processes are also quite important. Voc will not change much if 

the recombination rates and mechanisms stay the same. This is possible if the interfaces with 

other materials, the perovskite layer's quality, and the defect density are all constant. Voc is also 

influenced by photo-generated charge carrier concentration. A stable Voc is produced when the 

rate of electron-hole pair creation is constant under constant light intensity. Another element 
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affecting Voc is temperature. The thermal energy contribution to carrier dynamics stays 

constant, maintaining Voc constant, provided that the temperature is constant during 

measurement.  

  

  

Figure 4.10: Effect of series resistance on the model cell's electrical parameters: (a) Jsc, (b) 

Voc, (c) PCE, and (d) FF 

The quasi-Fermi level splitting for electrons and holes under illumination is represented 

by the Voc. The splitting stays constant, producing a constant Voc, if both the material's 

characteristics and the external environment (such as temperature and light intensity) are stable. 

The electrical properties, including Voc, will also be consistent across various measurements or 

devices if the perovskite material and the other layers in the solar cell structure are 

homogeneous and consistent across the device. Consequently, in the circumstances or devices 

under comparison, the constant Voc in Figure 4.10b implies that the variables influencing it, 
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such as the bandgap, recombination rates, carrier concentration, and temperature, are stable and 

uniform. 

4.4.12 The effect of shunt resistance on electrical parameters  

The performance of a perovskite solar cell is largely determined by its shunt resistance 

(RSH). It is a crucial electrical characteristic that affects the operational stability and efficiency 

of the cell. In the PCE of the solar cell architecture, RSH is essential. Elevated RSH diminishes 

current leakage, averting power outages and preserving elevated PCE. On the other hand, a 

smaller RSH causes a higher leakage current, which reduces the performance of the cell. RSH 

has a direct impact on the solar cell's FF. Significantly; a greater RSH improves the FF, which 

gauges the cell's capacity to power a connected load.  RSH also affects the solar cell structure's 

Voc.  

 

  

 
 

 

Figure 4.11: Impact of shunt resistance on electrical output (a) Jsc, (b) Voc, (c) PCE and (d) 
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Increasing RSH usually results in an overall improvement in the PCE of the solar cell, 

as Figure 4.11a illustrates. A solar cell device that strives for high efficiency would therefore 

want a higher RSH value. Notably, as Figure 4.11a shows, RSH has very little effect on Jsc. 

With increasing RSH, Jsc in this type device fluctuates slightly, but stays mostly constant when 

RSH rises from 100 Ω cm2 to 1010 Ω cm2. Conversely, as the shunt resistance rises, the Voc at 

which the device runs essentially stays the same (Figure 4.11b). As the RSH increases, the Voc 

increases from 0.035 V to 1.5 V before levelling off. Raising RSH causes the exciton loss to 

be reduced, which raises Voc. The PV device's PCE rises noticeably when the RSH is 

increased, from 0.9% to 38%, after which it essentially stays constant, as shown in Figure 

4.11c.  

Figure 4.11d shows that FF first stays constant between 100 and 101 cm2, after which 

it climbs gradually to reach an ideal value of almost 71% at 1010 cm2.  Therefore, while 

designing and producing solar cells for commercial use, an increase in RSH is necessary to 

achieve optimal photoelectric conversion in the solar cell devices, but a prudent decrease in RS 

is also necessary. 

Higher RSH generally improves voltage performance by decreasing leakage current 

and increasing Voc. RSH has an impact on PSC stability and dependability. The performance 

of the cell gradually deteriorates due to issues like hot spots and localized increased current 

flow caused by lower RSH. PSC hysteresis behaviour is influenced by RSH. In the end, reduced 

RSH may intensify hysteresis effects, leading to changes in the J-V properties of the cell under 

various operating circumstances. The proper balance of shunt resistance and other electrical 

factors must be determined by engineers when designing materials and device constructions to 

maximize PSC performance.  

4.4.13 The impact of changing electron affinity on cell performance 

The electron affinity (EA) of the materials used in PSCs is a crucial factor in the overall 

performance and efficiency of these devices. PSCs are usually made up of layers, with the ETL 

and HTL sandwiched between the perovskite layer. In the perovskite layer, electrons are 

activated by photon absorption. To create an electric current, excited electrons must flow 

through the material efficiently. The perovskite's higher EA can improve electron extraction, 

which will raise the solar cell's efficiency. For this reason, precise energy band alignment 

between the ETL and the perovskite layer is crucial.  Electrons from the perovskite layer can 

travel more easily into the ETL when their electron affinities match, which lowers energy losses 

and improves device performance.  
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Figure 4.12: The impact of changing electron affinity on (a) FF and PCE (b) Jsc and Voc 

Figure 4.12a shows that when an electron affinity of 4.2 eV is obtained, a gradual 

decline in PCE occurs after an increase in PCE. Conversely, FF declines gradually from 3.6 eV 

to 4.2 eV and then drops off rapidly to approximately 57% at 4.4 eV. While the PCE values 

drop from 39.9% to 27.02% with an increase in EA, the FF consistently drops from 71.5% to 

50.94%.  Figure 4.12b illustrates how Jsc essentially stays constant up until an EA of 4.2 eV, at 

which point it abruptly decreases to 21.8 mA/cm2. On the other hand, as Figure 4.12b shows, 

the Voc increases linearly once the electron affinity is raised from 3.6 to 4.2 eV, increasing 

continuously throughout. 

EA affects charge recombination processes, which in turn affects the stability of the 

cell. Increased charge recombination may result from a reduced EA in the PSCs, which would 

ultimately reduce PCE and stability. The quality of the interfaces between the various layers 

that make up the solar cell structure is also impacted by these phenomena. An ideal EA helps 

build better interfaces, reduce errors, and improve the device's overall performance. As a result, 

changing a material's electron affinity in a PSC can have a big impact on the device's overall 

functionality, stability, charge transfer, and efficiency.   

4.4.14 The effect of band gap of the absorber on electrical output characteristics 
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wavelengths that the material may effectively absorb (Zhang et al., 2023). An ideal bandgap in 
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the band gap's size influences how electron-hole pairs are created (Chatterjee et al., 2023). To 

maximize efficiency, there must be a balance between minimal energy loss and effective 

absorption. To produce electrical energy, charge carriers holes and electrons must be 

transported to the electrodes efficiently.  

Table 4.5: Impact of changing the absorber's band gap on the suggested solar cell 

Band gap (eV) Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

1.1 1.1868 42.96 75.54 38.52 

1.3 1.5220 34.84 71.04 37.66 

1.5 6.7227 22.75 17.69 33.02 

1.7 8.6840 21.54 13.73 25.69 

1.9 6.8362 16.42 17.37 19.49 

2.1 4.3043 12.20 27.20 14.29 

2.3 3.0495 9.40 37.67 10.79 

Table 4.5 presents the performance characteristics of various bandgap solar cells, 

highlighting their influence on device metrics like PCE, Voc, Jsc, and FF. It is obvious that a 

wider bandgap usually results in a higher potential difference, which raises Voc, whereas a 

smaller photon count decreases Jsc by stimulating fewer electrons. When the bandgap of the 

material increases, FF slightly increases after initially decreasing with greater bandgaps. PCE 

peaks at 1.1 eV band gap, emphasizing how crucial it is to balance Voc, Jsc, and FF for the best 

possible device architectural efficiency. Lower bandgaps show promise for achieving larger 

PCE and improved device operational performance, especially in the 1.1 eV to 1.3 eV range. 

The analysis highlights how difficult it is to maximize solar cell performance and how 

important it is to choose parameters carefully. 

Effective charge transfer depends on carrier mobility and diffusion length, both of 

which are indirectly influenced by the bandgap. Band gap influences Jsc and Voc, among other 

characteristics. While a narrower band gap can improve Jsc but may lower Voc due to higher 

recombination, a wider band gap tends to increase Voc but may limit Jsc due to reduced 

absorption. The band gap affects elements such as carrier mobility, recombination rates, and 

resistances, which in turn affects the FF and the solar cell's overall efficiency (Hossain et al., 

2023). In conclusion, the band gap has a major impact on the perovskite materials' electrical 

output properties, such as light absorption, charge production, transport, Voc, Jsc, FF, and PCE. 

Consequently, determining the ideal bandgap is essential to optimizing PSC performance. 
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The physical and electrical characteristics of each layer, including thickness, doping 

concentrations, and most importantly, the band gap (Eg) of materials like CH3NH3SnI3, were 

first determined in order to perform the bandgap energy optimization. The energy threshold 

needed to excite electrons from the valence band to the conduction band is determined by the 

band gap, which makes it crucial because it directly affects the photovoltaic (Voc) that the solar 

cell generates when it is illuminated. Under each scenario, SCAPS-1D calculated the associated 

J-V characteristics of the solar cell by varying the bandgap of CH3NH3SnI3 across a range of 

1.1 eV to 2.3 eV, as shown in Table 4.5. The changes in Jsc with applied voltage (V) are 

illustrated by the J-V characteristics. The correctness of the simulations may then be verified 

by comparing the findings to theoretical predictions, which will also help to clarify how 

differences in the bandgap affect the performance of the solar cell. These simulations enhance 

our understanding of how material parameters affect device efficiency in photovoltaic 

applications and offer valuable insights into optimizing solar cell design. 

4.4.15 The impact of donor density on solar device electrical characteristics 

The number of dopants that contribute free electrons to produce excess negative charge 

carriers in a semiconductor device is measured by the donor density within the solar device 

(Morab et al., 2023).  The electrical properties the solar cell is notably influenced by this 

density. Higher donor densities raise the carriers' (free electrons) concentration, which may 

improve the semiconductor material's conductivity (Chauhan et al., 2023). The donor density 

of a solar cell affects its Voc. Higher donor densities can generally increase Voc by reducing 

recombination losses and enabling more effective electron-hole pair separation. As more 

charge carriers become accessible for producing current, higher donor concentrations can 

increase photocurrent. The FF, which represents the solar cell's performance in relation to its 

theoretical maximum, is similarly influenced by donor density. FF can be improved by optimal 

donor densities because they lower resistive losses inside the cell. Donor density affects the 

solar cell's total efficiency.  
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Figure 4.13: Impact of donor density on the suggested solar device's electrical output: (a) Jsc, 

(b) Voc, (c) PCE, and (d) FF 

The impact of donor density on the model cell's different electrical properties is shown 

in Figure 4.13. The Jsc appears to be constant in Figure 4.13a between donor densities of 1011 

cm-3 and 1014 cm-3. After that, it increases and eventually levels off at 1017 cm-3. Jsc initially 

stays mostly unchanged as donor density increases, suggesting that higher donor density 

promotes charge carrier production independently of Jsc. Jsc increases significantly above a 

certain value before levelling off and becoming less affected by additional increases in donor 

density. The Voc falls between donor densities of 1015 cm-3 and 1017 cm-3, but it stays constant 

between donor densities of 1011 cm-3 and 1015 cm-3, as Figure 4.13b illustrates. It is evident 

that going above a certain threshold increases recombination, which eventually lowers Voc. 

This emphasizes the necessity of carefully injecting donor density to maximize device 

efficiency. Figure 4.13c shows that the PCE grows gradually to reach an optimal value of 

roughly 37.8% at 1017 cm-3, after remaining constant between donor densities of 1014 cm-3 and 
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1014 cm-3. This suggests that while an initial rise in donor density has no discernible effect on 

PCE, after a certain point, PCE begins to grow, indicating an area of donor density that is 

optimally efficient. In the end, Figure 4.13d shows that as donor density increases from 1011 

cm-3 to 1016 cm-3, FF is mostly constant. However, it then increases dramatically to reach a 

maximum at roughly 71.2% at 1017 cm-3.  

Donor concentrations that are properly controlled can improve carrier mobility, prevent 

recombination losses, and increase device efficiency. The fact that there is an ideal range for 

donor density must be acknowledged. Overly low concentrations may limit carrier mobility 

and conductivity, which can both lower the performance of the solar cell, while extremely high 

concentrations may increase recombination losses. As a result, optimizing donor density is 

essential for creating solar devices that work well. In order to modify these characteristics and 

achieve the required electrical performance in solar cell topologies, fabrication techniques and 

material engineering are critical components. 

4.4.16 The impact of acceptor density on electrical parameters 

If other parameters like mobility stay constant, higher acceptor densities typically result 

in higher conductivity. By adding more energy levels closer to the valence band, the density of 

acceptors modifies the band structure of the semiconductor, changing the energy gap and 

ultimately the semiconductor's electrical characteristics. A fundamental practice in 

semiconductor device engineering is manipulating acceptor density by doping procedures. This 

is necessary to enable fine control of electrical properties that are suited to particular 

applications. Figure 4.14a illustrates that as the density of acceptors rises from 1011 to 1015 

cm−3, the Jsc values stay essentially constant until they decrease between 1015 and 1017 cm−3. 

Conversely, the Voc value remains constant between 1×1011 and 1×1015 cm−3 prior to 

decreasing between 1015 and 1017 cm−3 as acceptor density increases (Figure 4.14b).  

Accordingly, when layer thickness and acceptor density rise, so do the electrical characteristics 

of methyl ammonium triiodide perovskite-based solar cells.  

Doping semiconductor materials strategically uses acceptor components to tailor their 

properties. Increases in acceptor density have an effect on the doping concentration, which in 

turn affects how wide the depletion region is in semiconductor junctions or diodes.  Therefore, 

acceptor density affects many different characteristics such as carrier concentration, 

conductivity, mobility, band structure, and more, and it has a major impact on the electrical 

behaviour and efficiency of semiconductor devices.  

Conversely, Figure 4.14c depicts the relationship between the acceptor density and the 

PCE, with the PCE being constant between 1011 and 1014 cm−3, exhibiting a minor decline at 
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1015 cm−3, and then increasing to 37.76% at 1017 cm−3. This fast increase enhances the electrical 

results of the device by suggesting better charge carrier pickup and lower recombination losses 

at greater acceptor densities. Figure 4.14d shows that FF stays steady at roughly 71.04% for 

the range of 1011cm−3 to 1016cm−3, suggesting that changes in 𝑁𝐴 within this range have 

minimal impact on the value of FF. This may indicate that other variables are more significant 

or that the system has reached a plateau; still, the FF approaches 71.16% when the 𝑁𝐴 rise to 

1015cm−3. Higher doping concentrations after this point greatly improve the FF, maybe as a 

result of better electrical characteristics or lower recombination losses.  

  

  

 

Figure 4.14: Acceptor density's impact on the proposed solar device's electrical output is 

shown in (a) Jsc, (b) Voc, (c) PCE, and (d) FF 
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4.4.17 Effect of defect density on the absorber layer  

Particularly in materials like MAPbI3, methyl ammonium iodide (MAI) is essential to 

the creation of the perovskite structure. The final perovskite layer's defect density and 

crystallinity are determined by the quality and stoichiometry of MAI. Defects can be passivated 

by keeping the stoichiometric balance in check and making sure MAI is pure; on the other 

hand, an excess or lack of MAI can result in iodine vacancies or defects related to MAI, 

respectively. Various tactics have been devised to decrease the number of defects in PSCs. 

Enhancing MAI concentration is one practical strategy.  

Defect development can be reduced by carefully controlling the MAI to PbI2 ratio 

during solution preparation (Hwang, 2023). Furthermore, imperfections can be passivated with 

the aid of additive engineering, which entails adding tiny amounts of chemicals like cesium or 

formamidinium (Lee & Park, 2023). By improving crystal quality, post-treatment techniques 

including solvent annealing, thermal annealing, or vapour-assisted treatments can also help 

lower defect density. Defect density is another factor that affects PSC stability. Degradation 

may occur more quickly at high defect density when exposed to environmental stressors such 

heat, moisture, and UV light. Ion movement is facilitated by defects, which adds to PSC 

hysteresis and chronic instability. In conclusion, controlling the absorber layer's defect density 

is essential for enhancing the stability, performance, and efficiency of perovskite solar cells. 

This includes paying close attention to the quality and stoichiometry of MAI. To achieve low-

defect perovskite layers and increase the overall efficacy of PSCs, innovative fabrication and 

post-treatment procedures must be used. 

The link between defect density and Jsc is seen in Figure 4.15a. According to the graph, 

Jsc stays reasonably constant at about 34 mA/cm² when log Nt varies between 011 cm−3 and 1015 

cm−3.  Nonetheless, at 1015 cm−3, Jsc sharply drops, almost to 0 mA/cm², and at 1017 cm−3, Nt. 

This demonstrates the Jsc extreme sensitivity to changes in Nt above a particular threshold, 

pointing to a critical point at which an increase in Nt causes the device's performance to decline 

noticeably. The Voc normally drops as fault density increases, as seen in Figure 4.15b. This 

happens as a result of greater Nt causing more recombination events, which lessen charge 

carrier separation and hence lower the Voc. 
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Figure 4.15: Impact of defect density on the suggested cell's electrical results: (a) Jsc, (b) Voc, 

(c) PCE, and (d) FF 

The effect of defect density on PCE is seen in Figure 4.15c. PCE gradually decreases 
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PCE, including higher defect density, larger-scale thermodynamic inefficiencies, and increased 

recombination losses. FF, which normally ranges from 50% to 75%, is a critical indicator of 

system efficiency, according to Figure 4.15d. This work investigates the relationship between 

FF and the logarithm of either defect density or particle count, covering values between 1011 

and 1017 cm−3. When Nt is 1011cm−3, FF is almost 70% at first. It then gradually increases and 

peaks at roughly 75% at 1012cm−3, suggesting improved performance as a result of ideal particle 

interactions at lower densities. FF decreases slightly as Nt increases to between 1012 cm−3 and 

1015 cm−3, but drops sharply beyond Nt of 1015 cm−3 to 1017 cm−3, dropping to about 50% when 
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dynamics is crucial in the domains of electronics and material science, where controlling 

particle concentration is key for maximizing efficiency. 

4.5 Comparative analysis 

Comparing several device configurations, Table 4.6 assesses each one's performance 

using metrics like Voc, Jsc, FF, and PCE. Different layers or materials are used in each 

configuration to create various solar cells. The model cell suggested in this paper stands out 

among the mentioned configurations with the highest PCE of 37.66%. It is important to 

remember that these results are based on simulations, not actual data, suggesting that they are 

theoretical projections. The results offer important insights into potential material 

combinations and layer configurations that could improve solar cell efficiency in order to 

fabricate a robust physical cell, but since it is based on simulation, experimental verification is 

required to validate its actual performance. The low electrical performance of other similar 

lead-free solar cells, as shown in Table 4.6, suggests that the suggested solar cell structure has 

a greater chance of achieving higher operational performance.  

Table 4.6: Comparative analysis of other CH3NH3SnI3 device structures from literature 

Configuration Metho

d 

Voc 

(V) 

Jsc 

(mA/cm2

) 

FF 

(%) 

PCE 

(%) 

Ref. 

ITO/PEDOT: 

PSS/MASnI3/PCBM/PEI/Al 

Expt. 0.54  33.0 66  6.03  (Mehrabia

n et al., 

2023) 

FTO/CuAlO2/CH3NH3SnI3/WO3/

Au 

Simul. 0.99 33.43 81.0

5 

26.7

4 

(Sarkar et 

al., 2024) 

ITO/PEDOT: 

PSS/CH3NH3PbI3/ZnO/Al 

Expt. 0.974 -134 55.1

2 

7.2 (Puspita, 

2019) 

FTO/c-

TiO2/mpTiO2/CH3NH3SnI3/Spiro

-OMeTAD/Au 

Expt. 0.92  22.65 67.7

4 

6% (Srivastav

a et al., 

2022) 

FTO/PCBM/ MAPbI3/Cu2O/Au  Simul. 0.88 27.28918 81.0

5 

19.4

6 

(Deepthi 

Jayan, 

2022) 
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FTO/PCBM/CsPbI3/Cu2O/Au Simul. 1.110

4 

20.47125 64.4

7 

14.6

6 

(Deepthi 

Jayan, 

2022) 

FTO/ZnO/CdS/CZTS/MO Simul. 0.64 32.96436 83.7

5 

25.7

2 

(Zyoud et 

al., 2021) 

ITO/ PC61BM /CH3NH3SnI3/ 

PEDOT: PSS /Mo 

Simul. 1.522

0 

34.84 71.0

4 

37.6

6 

This work 

Lead-based perovskite solar cells FTO/PCBM/MAPbI3/Cu2O/Au and 

FTO/PCBM/CsPbI3/Cu2O/Au show excellent performance metrics and efficiency, but because 

of their lead toxicity, they pose serious risks to human health and the environment. Conversely, 

lead-free substitutes, as FTO/c-TiO2/mp-TiO2/CH3NH3SnI3/Spiro-OMeTAD/Au, offer a more 

secure and environmentally friendly choice; however, they have fewer difficulties with 

efficiency and stability. In general, the development of non-toxic, stable, cost-effective, and 

efficient substitutes is essential to the advancement of solar cell technology in the direction of 

an energy-secure and independent future.  

With a remarkable PCE of 25.72%, the simulation of the chalcogenide-based cell 

structure FTO/ZnO/CdS/CZTS/MO also shows a noteworthy Voc of 0.64V, a Jsc of 32.96436 

mA/cm², and an FF of 83.75%. These findings show the remarkable performance and bright 

future of chalcogenide-based solar cells in the mix of renewable energy sources; however, the 

model cell under investigation is more efficient than all the cells in Table 6 and provides 

inspiration for feasible solar cell fabrications for future scalability and production. 

4.6 Conclusions  

In this pioneering research, we have simulated a solar cell model achieving impressive 

power conversion efficiency (PCE) of 37.66%, surpassing the Shockley-Queisser limit of 35%. 

This success is largely attributed to the use of interfacial layers, especially conductive 

polymers, which significantly enhance charge extraction and boost overall device performance. 

The optimal thickness for the perovskite layer was determined to be 1000 nm, as thinner layers 

resulted in harmful exciton recombination. Additionally, the electron affinity was optimized at 

4.2 eV; exceeding this value led to reduced efficiency. The study also reveals that the model 

cell exhibits high thermal tolerance, retaining around 95% of its power at 400 K, as indicated 

by Mott-Schottky capacitance analysis. Molybdenum (Mo) was identified as a superior back 

contact material due to its excellent electrical properties, cost-effectiveness, and abundance 

compared to gold, platinum, and silver. The research highlights the critical role of balancing 

shunt and series resistance for optimal photoelectric conversion, which is essential for high-
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performance, scalable, and commercial solar cells. The donor and acceptor density for PCE 

and FF was found to be 10¹⁷ cm⁻³, and the ideal operating temperature for the model cell was 

identified as 340 K. The inclusion of buffer layers such as CdS, ZnS, ZnSe, and V₂O₅ proved 

crucial, as these layers improve charge separation and transport, reduce recombination losses, 

and enhance energy band alignment and light absorption, significantly boosting overall 

efficiency. This research provides valuable insights into sustainable energy solutions, 

contributing to better climate adaptation and a reduced carbon footprint. These findings open 

new avenues for future innovations in solar cell technology, promising more efficient, reliable, 

and durable photovoltaic devices. 
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CHAPTER FIVE 

ADVANCEMENTS IN THE PHOTOVOLTAIC OPTIMIZATION OF A HIGH-

PERFORMANCE PEROVSKITE SOLAR CELL BASED ON GRAPHENE OXIDE 

(GO) HOLE TRANSPORT LAYER 

Abstract 

The growing demand for efficient and sustainable green energy solutions has spurred the search 

for high-performance perovskite solar cells (PSCs). This study focuses on optimizing the 

performance of a cell with the configuration ITO/PC61BM/CH3NH3SnI3/GO/Fe, using the 

SCAPS-1D device simulator. Graphene oxide (GO), known for its exceptional electrical 

conductivity and mechanical strength, was employed as a hole transport layer (HTL) to 

enhance charge transport and minimize recombination losses at interfaces. The ideal GO 

thickness was identified as 50 nm, while the optimal absorber layer thickness was found to be 

1000 nm. A comparison of various HTL materials revealed that GO provided superior electrical 

performance. In-depth analyses of generation-recombination dynamics, carrier transport, and 

interfacial characteristics offered valuable insights into device operation. The built-in voltage 

(Vbi) was calculated to be 0.31 V from the band diagram at 300 K. The study also explored the 

influence of donor and acceptor densities on Mott-Schottky (MS) capacitance characteristics, 

as well as the effects of temperature on MS capacitance analysis. The optimized PSC achieved 

key performance metrics, including an open-circuit voltage (Voc) of 1.3462 V, a short-circuit 

current density (Jsc) of 34.84 mA/cm², a fill factor (FF) of 77.32%, and a power conversion 

efficiency (PCE) of 36.27%. The device’s quantum efficiency (QE) demonstrated impressive 

photon capture rates of 85% to 100% between 300 and 700 nm wavelengths. These findings 

indicate low recombination rates, efficient charge separation, strong light absorption, effective 

charge collection, low resistive losses, and excellent charge carrier extraction. The choice of 

HTL material is critical for optimizing device performance. Overall, this study enhances the 

understanding of PSC device physics and offers valuable guidance for developing advanced, 

eco-friendly solar energy technologies. 

5.1 Introduction 

One of the cutting-edge innovations in the field of renewable energy is perovskite solar 

cells. These cutting-edge gadgets use a unique material structure to transform sunlight into 

electricity. They derive their name from the mineral perovskite, and their remarkable qualities 

have demonstrated that they have substantial potential. Their high-power conversion 

efficiencies enable them to transform a significant amount of solar radiation into useful 

electricity (Chowdhury et al., 2023). Perovskite materials are a more economical option than 
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conventional silicon-based solar cells since they are also inexpensive and may be produced 

utilizing low-temperature, solution-based techniques (Mohammad & Mahjabeen, 2023). PSCs 

are appealing for reasons more than just being economical and efficient. Their adaptability 

enables integration into a range of applications, including flexible devices and rooftop 

installations. Innovative solar energy solutions like portable power sources and building-

integrated photovoltaics (BIPVs) are made possible by this versatility. PSCs do, however, 

confront significant difficulties in spite of their encouraging qualities. Other important 

considerations are stability and durability, as these materials deteriorate when exposed to 

moisture, oxygen, and UV light (Ahn & Choi, 2024). Concerns regarding toxicity and 

environmental effects are also raised by the fact that lead is present in many perovskite 

compositions (Khan et al., 2024). 

To solve these bottlenecks and realize PSCs' full potential, more research is required. 

A recent trend is looking into lead-free substitutes and creating sophisticated encapsulation 

methods to increase longevity and stability. Furthermore, significant advancements in device 

architecture and material engineering have resulted in increases in durability and efficiency 

(Elangovan et al., 2024). It is anticipated that PSCs will become more significant in the global 

transition to clean and sustainable energy sources as research advances. The method of creating 

PSCs involves a complex layering technique using multiple materials. Typically, the front 

electrode of a structure starts off as a transparent conductive oxide layer. A light-absorbing 

perovskite layer is then positioned in between an HTL and an electron transport layer (ETL). 

The assembly is completed with a metal back electrode. This design, sometimes referred to as 

the n-i-p configuration, enables effective charge extraction and separation when sunlight is 

absorbed by the perovskite material (Pandiaraj et al., 2024). To improve device performance, 

other designs such as the p-i-n structure have also been studied.  Because of its great efficiency, 

affordability, and simplicity of construction, PSCs have drawn a lot of interest as a viable 

technology for the next generation of solar energy harvesting. 

Graphene oxide (GO) and graphitic carbon nitride (g-C3N4) have the potential to be 

employed as hole transport layers (HTLs) in PSCs (Asghar et al., 2024), g-C3N4 has an 

adjustable bandgap and excellent thermal stability, offering good electronic properties and 

efficient charge extraction, despite the fact that they have varied attributes that affect how well 

they perform (Akram et al., 2024). To enhance its functionality, though, its low conductivity 

typically needs to be modified or doped. On the other hand, GO has good mechanical qualities, 

a large surface area, and high conductivity, which allow for effective charge extraction and 

hole transport (Znidi et al., 2024). Functional groups in GO that include oxygen boost the 
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material's interaction with the perovskite layer, improving the stability and overall performance 

of the device (Zhao et al., 2024). GO's hydrophilicity and possible deterioration under 

operating conditions can pose certain obstacles, but generally, its advantages make it a more 

desirable option for HTLs in PSCs, especially when seeking improved stability and 

performance (Azmi et al., 2024).  

GO serves as the HTL. GO's work function is well suited for hole extraction from the 

perovskite layer because of its well-known adjustable electronic characteristics, high specific 

surface area, and strong conductivity (Zang et al., 2024). Depending on the level of oxidation, 

its band gap can be adjusted. By enhancing charge transfer and lowering recombination, it 

improves the stability and performance of the PSC (Lohia et al., 2024; Mathew & 

Snigdhapriya, 2024). Due to its excellent electrical conductivity and affordability when 

compared to other metals like gold or silver, iron (Fe) was chosen as the back electrode in this 

arrangement (Zhong et al., 2024). Fe's work function is in good alignment with GO's energy 

levels, which makes hole collecting more effective. Furthermore, the mechanical robustness of 

Fe guarantees the PSC's long-term stability and structural integrity (Si et al., 2024). The unique 

structural characteristics of g-C3N4 and GO are shown in Figure 5.1 and are essential for a 

range of optoelectronic applications. 

 

Figure 5.1: Structures of the g-C3N4 (a) and (b) GO molecules  
 
(Cahyana et al., 2019; Reddy et al., 2019) 

This study offers a novel approach to improve PSC performance by analysing the 

impact of different HTLs on device properties in detail. One obvious departure from 

conventional PSC structures is the usage of GO as an HTL in the arrangement. This work 

provides a thorough knowledge of the mechanisms influencing PSC performance, including 

the effect of HTL characteristics on charge carrier dynamics, recombination processes, and 
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overall device efficiency. It does this by employing sophisticated simulation approaches. ITO 

is the transparent conducting electrode used in the model cell. It was chosen because of its 

outstanding transparency in the visible spectrum and strong electrical conductivity (Jiao et al., 

2024). ITO reduces absorption losses, enabling light to enter the device efficiently and offering 

a conductive channel for charge carriers thanks to its broad band gap of roughly 3.5 to 4.3 eV 

(Wen et al., 2024).  

[6,6]-Phenyl-C61-butyric acid methyl ester (PC61BM), a fullerene derivative well-

known for its high electron mobility and superior electron transport capabilities, makes up the 

electron transport layer (ETL). PC61BM, which has a band gap of about 1.8 eV, is a powerful 

ultraviolet light absorber that makes it easier to extract electrons from the perovskite layer 

effectively. This helps to transfer electrons to the ITO electrode and lower recombination losses 

(Khan, et al., 2024). The absorber layer, which is the central component of the PSC, is 

composed of methylammonium tin iodide (CH3NH3SnI3), a substitute for lead perovskite. This 

material has a high absorption coefficient that allows it to effectively absorb a wide range of 

sunlight and a band gap of about 1.3 to 1.4 eV, which makes it perfect for solar absorption 

(Nagar et al.,2021). In the visible spectrum, the ITO absorption coefficient is usually relatively 

low, often between 10² and 10³ cm⁻¹. In the visible spectrum, PC61BM's absorption coefficient 

is comparatively modest, ranging from 10³ to 10⁴ cm⁻¹. Conversely, for visible light, 

CH₃NH₃SnI₃ has a high absorption coefficient, usually between 10⁴ and 10⁵ cm⁻¹. The mild GO 

absorption coefficient varies with the degree of reduction, typically between 10³ and 10⁴ cm⁻¹. 

In this layer, photon absorption creates electron-hole pairs, which are subsequently separated 

and transferred to the appropriate electrodes (Zhang et al., 2024). 

With careful material selection and architectural optimization, PSC performance can be 

significantly improved, as this study provides important insights. Through the use of GO as 

HTL, the study emphasizes how important interface engineering is for enhancing charge 

transfer and lowering recombination losses. The research investigates the intricate connections 

between layer thickness, carrier dynamics, and temperature impacts using the SCAPS-1D 

device simulator. Examining different HTL materials further demonstrates the significant 

influence material attributes have on device performance. This method emphasizes the 

potential of novel materials and in-depth simulations to propel the development of effective 

and sustainable solar energy technologies for fabrication into an extraordinary physical solar 

cell device. Extensive analyses have been conducted to provide insightful guidance for future 

PSC advancements. The results of this investigation greatly advance the growing corpus of 
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knowledge regarding PSCs and open the door to the creation of more effective and long-lasting 

solar energy systems. 

5.2 Numerical simulation  

The solar cell capacitance device simulator (SCAPS-1D), created by the Electronics 

and Information Systems Department at the University of Ghent in Belgium, was employed in 

this investigation. Using SCAPS-1D, the performance of the cell architecture is examined. By 

entering particular material parameters like band gap, absorption coefficient, carrier mobility, 

and layer thicknesses, SCAPS-1D recreates the electrical and optical behaviour of layered solar 

cell designs. Through this simulation, the PSC's potential efficiency, open-circuit voltage, 

short-circuit current, and fill factor can all be better understood, helping to optimize the design 

and comprehend how various layers interact to produce optimal performance (Mortadi et al., 

2024).  

Standard test conditions (STCs) in this study include an air mass of 1.5 G, an irradiance 

of 1000 W m−2, and a temperature of 300 K for all simulations. Figure 5.2a displays the cell 

structure that was examined in this study, while Figure 2b shows the energy level diagram for 

the several model PSC components, such as ITO, PC₆₁BM, MAI, GO, and Fe. Each material's 

valence band maximum (VBM) and conduction band minimum (CBM) are displayed in the 

diagram. The CBM and VBM for ITO are respectively -4.0 and -7.5 eV. PC₆₁BM has a VBM 

of -6.0 eV and a CBM of -3.9 eV. The CBM and VBM of MAI (CH3NH3SnI3), the perovskite 

layer, are -4.1 and -5.4 eV, respectively. In contrast, GO has a CBM of -1.9 eV and a VBM of 

-5.15 eV, whereas Fe has a CBM of -4.5 eV. Understanding this diagram requires an 

understanding of charge carrier dynamics. Electrons in the perovskite layer are stimulated from 

the VBM to the CBM upon light. Thereafter, these stimulated electrons move from the MAI, 

CBM to the PC₆₁BM, CBM, suggesting a favourable energy offset for the transfer of electrons. 

As seen in the diagram, electrons then go from PC₆₁BM to the ITO electrode. The holes created 

in the MAI layer flow to the GO layer in terms of hole flow.  
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Figure 5.2: Model device structure (a) and the associated energy diagram (b) 

This hole transfer is enabled by the energy level difference between the GO VBM at -

5.15 eV and the MAI VBM at -5.4 eV. These holes finally travel from the GO electrode to the 

Fe electrode. For effective charge separation and transport, these energy levels must interact 

and align. Because of the well-aligned energy levels, the efficiency of the solar cell is increased 

and energy loss during electron and hole transmission is minimized. Appropriate alignments 

of these energy levels guarantee effective charge extraction and decrease recombination losses. 

All things considered, Figure 5.2b energy level diagram shows a well-thought-out PSC 

structure. Through careful energy level alignment, the electron and hole transport layers are 

both carefully chosen to maximize the device's performance. 

For use in photovoltaics and other electronic devices, Table 5.1 presents a comparison 

of different HTL semiconductor materials according to their electrical and physical 

characteristics. The ideal thickness for the majority of GO, DPBTTT-14, P3HT, CuSCN, and 

Cu2O is 50 nm, though this varies depending on the material. 200 nm is when NiO is thicker. 

A material's thickness can affect charge transport and light absorption efficiency, which can 

affect how well a device performs. The band gap in GO is 3.25 eV, which is broader and often 

linked to lower absorption of visible light, but in P3HT and Cu2O it ranges from 1.85 eV, 

indicating narrower gaps that boost light absorption. The ease with which a material can release 

an electron is indicated by its electron affinity. With their lower electron affinities (1.9 eV), 

GO and CuSCN may be more adept at electron injection (Ghorpade et al., 2022). Cu2O and 

DPBTTT-14, on the other hand, have higher electron affinities (3.2 eV), which may be useful 
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in other situations where strong electron binding is helpful. A material's capacity to retain 

electrical energy in an electric field is measured by its dielectric permittivity. 

With high permittivity values of 10, materials like CuSCN and DPBTTT-14 are good 

at charge screening, which can enhance device performance by lowering charge recombination 

losses. The conduction band (CB) and valence band (VB) effective density of states (DOS) 

show which electronic states are available for charge carriers. P3HT, with 1.0×10²² cm⁻³, the 

greatest CB density (Landgrave-Barbosa et al., 2022), enhances device efficiency by 

supporting high charge carrier concentrations. In a similar vein, Cu2O and P3HT both have 

high VB densities, which facilitate efficient hole transmission. The movement of holes and 

electrons is essential for the transfer of charge. The high electron mobility of GO (1 × 10² 

cm²/V·s) makes it stand out (Khelifi & Luscombe, 2024), P3HT and CuSCN, on the other hand, 

have much smaller levels. Additionally, GO has a high hole mobility (3 × 10² cm²/V·s), which 

enhances its effectiveness in applications like solar cell devices that need fast hole transit. 
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Table 5.1: Basic input parameter of various materials used in the optimization of solar cell 

architecture 

Parameters GO (Al 

Dmour, 

2023) 

CH3NH3

SnI3  

PC61B

M  

IT

O 

DPBTT

T-14 

(Kanoun 

et al., 

2019) 

P3H

T(A

zri et 

al., 

2019

) 

CuS

CN 

(Azri 

et al., 

2019) 

Cu2O 

(Kano

un et 

al., 

2019) 

NiO (Jimoh 

et al., 2022) 

Thickness 

(nm) 

50 1000 50 90 50 50 50 50 200 

Band gap 

Eg/Ev 

3.25 1.3 2.1 3.

50

0 

2.16 1.85 3.4 2.17 2.17 

Electron 

affinity x/eV 

1.9 4.1 3.9 4.

00

0 

3.2 3.1 1.9 3.2 3 

Dielectric 

permittivity 

3 8.2 3.90 9.

00

0 

10 3.4 10 7.11 7.5 

CB effective 

density of 

states/cm-3 

2.2×102

1 

1×1018 2.2×101

9 

2.

2×

10

18 

2.8×1019 1.0×

1022 

1.7×

1019 

2.02×

1017 

1.0×1019 

VB effective 

density of 

states /cm-3 

1.8×101

9 

1×1018 2.2×101

9 

1.

8×

10

19 

1.0×1019 1.0×

1022 

2.5×

1021 

1.1×1

019 

2.0×1018 

Electron 

mobility/cm

2/ V.s 

1 ×102 1.6 1×107 2×

10

1 

2.83×10-

3 

1×1

0-4 

1×10

4 

200 200 

Hole 

mobilitycm2

/V.s 

3 ×102 1.6 1×107 1×

10

1 

2.83×10-

3 

1×1

0-3 

1×10

1 

80 80 
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Donor 

concentratio

n ND/cm-3 

1 ×1016 0 0.001 1×

10

21 

0 0 0 0 0 

Acceptor 

concentratio

n NA/cm-3 

1×1016 1×1015 0.002 0 1×1018 3.17

×10-

13 

1×10

18 

1×101

8 

2.0×1015 

Defect 

density/cm-3 

1×1014 1×1011 0 0 1×1014 1×1

014 

1×10

14 

1×101

4 

1×1014 

 

Donor concentration is relevant for materials doped to improve their electrical 

characteristics. The donor concentration of GO and other materials is 1 × 10¹⁶ cm⁻³, whereas 

Cu2O and P3HT exhibit distinct doping characteristics that impact their semiconductor 

behaviour. Acceptor concentration quantifies the locations that are available for hole capture. 

CuSCN and NiO are examples of materials with high acceptor concentrations (1 × 10³⁴ cm⁻³), 

which improves their p-type conductivity (Cetin et al., 2018). Similar levels of structural 

defects are indicated by the defect density, which is constant for all materials at 1 × 1014 cm-3. 

While materials like DPBTTT-14 offer advantages in electron affinity and mobility, making 

them ideal for varied technological requirements, GO, P3HT, and Cu2O are generally 

preferable for semiconductor applications needing high DOS and moderate mobilities. 

5.3 Results and discussion 

To gain important insights into the suggested model device, in-depth evaluations of 

carrier transport, generation-recombination processes, and interfacial features have been 

optimized. A comprehensive analysis is conducted on the absorption model of the cell layers 

and the band diagram of the proposed solar cell. Mott-Schottky (MS) capacitance 

characteristics are examined in relation to the impacts of temperature and HTL donor and ETL 

acceptor densities, as well as the latter on MS capacitance analysis. To evaluate the 

performance of the model cell structure, a comprehensive comparative analysis has been 

conducted.  

5.3.1 Comparative analysis 

Prior research has examined many solar cell architectures similar to the one under 

investigation in order to forecast performance measures including Voc, Jsc, FF, and PCE 

According to Liu et al. 2018 (Liu et al., 2018) a strong FF of 80.0% and a PCE of 14.1% were 

achieved by the Glass/ITO/GO/PEDOT/MAPbI3/PCBM/rhodamine 101/LiF/Au setup. In this 

case, PEDOT and GO serve as hole transport layers to decrease recombination and enhance 
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charge collection. While PC61BM promotes electron transport, the perovskite layer, MAPbI3, 

absorbs light. Included in this configuration, rhodamine 101 improves charge separation or 

light absorption. LiF and Au serve as the last components of the structure, serving as the metal 

electrode and electron extraction, respectively. On the other hand, Cho et al. 2018 (Cho et al., 

2018), they suggested the Glass/ITO/PEDOT-GO/MAPbI3/PC70BM/Al cell architecture, 

which showed moderate electrical results with a PCE of 12.76%.  

Xie et al. (2020) investigated the Glass/ITO/MoO3–RGO/MAPbI3/PCBM/PCP/Ag 

architecture (Xie et al., 2020), in which they combine rGO and molybdenum trioxide (MoO3) 

to create an effective hole transport layer. An enhanced PCE of 18.15% was displayed by their 

model cell. Also, Patil and associates 2019 (Patil et al., 2019), examined the Glass/FTO/Bl–

TiO2/rGO4–TiO2/(FAPbI3)0.85(MAPbBr3)0.15/spiro-OMeTAD/Au structure, which has 

layers of TiO2 modified with rGO4 for improved light scattering and electron transport. 17.66% 

PCE was provided by the cell.  

Table 5.2: Comparative analysis of various PSC structures based on graphene oxide material 

Configuration Method Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

Ref. 

Glass/ITO/GO/PEDOT:PSS/MAPb

I3/PCBM/rhodamine 101/LiF/Au 

Expt. 0.97 18.20 80.00 14.1

0 

(Liu et al., 2018) 

Glass/ITO/PEDOT:PSS–

GO/MAPbI3/PC70BM/Al 

Expt. 1.03 17.92 71.00 12.7

6 

(Cho et al., 2018) 

Glass/ITO/MoO3–

RGO/MAPbI3/PCBM/PCP/Ag 

Expt. 1.12 21.18 77.00 18.1

5 

(Xie et al., 2020) 

GO/CdTe Simul. 0.47

04 

28.05 78.5 10.3

6 

(Najim et al., 

2024) 

Glass/FTO/Bl–TiO2/rGO4–TiO2/ 

(FAPbI3)0.85(MAPbBr3)0.15/spiro-

OMeTAD/Au 

Expt. 1.07 22.16 75.40 17.6

6 

(Patil et al., 

2019) 

FTO/GO/Cs2TiBr6/TiO2 Simul. 0.54

1 

12.70 75.6 6.54 (Thomas, 2023) 

Glass/ITO/SnO2/MAPbI3–

GO/spiro-OMeTAD/Au 

Expt. 1.07 23.73 69.14 17.5

9 

(Zhang et al., 

2018) 

ITO/PC61BM/CH3NH3SnI3/GO/Fe Simul. 1.34

62 

34.84 77.32 36.2

7 

This work 



194 

 

Also, Zhang et al. 2018 (Zhang et al., 2018), demonstrated that an outstanding PCE of 

17.59% was recorded by a model cell structure with the configuration 

Glass/ITO/SnO2/MAPbI3–GO/spiro-OMeTAD/Au, where SnO2 was utilized as the electron 

transport layer. Current GO-based modelling research by Najim et al. (2024) (Najim et al., 

2024) and Thomas (2023) (Thomas, 2023) yielded significantly low PCEs of 10.36 and 6.54%.  

In contrast, the model cell under investigation in this study, 

ITO/PC61BM/CH3NH3SnI3/GO/Fe, uses a different strategy and uses a tin-based perovskite 

(CH3NH3SnI3) as the light absorber. This configuration had an impressive PCE of 36.27% and 

outstanding performance metrics. 

Performance metrics for several PSC setups are shown in Table 5.2, along with a variety 

of materials and their associated PCEs. This study's model cell architecture performs 

admirably, with a Voc of 1.3462 V, a moderate Jsc of 34.84 mA/cm², an FF of 77.32%, and a 

PCE of 36.27%. This arrangement performs better than other structures documented in the 

literature. With remarkably high-performance metrics, this configuration stands out and 

indicates a great deal of promise for additional study and development in comparable material 

combinations to produce PSCs that are highly effective. Although they perform poorly in one 

or more performance criteria, other configurations also exhibit competitive efficiency. Given 

that every material and configuration has a distinct impact on the device's overall performance, 

this emphasizes the significance of material selection and interface engineering in maximizing 

PSC performance. 

5.3.2 Optimization of different HTLs on the electrical parameters 

The HTL affects important electrical metrics like Voc, Jsc, FF, and PCE, and is essential 

in assessing the effectiveness and performance of PSCs. Much work has gone into optimizing 

HTLs with the goal of raising PSCs' stability and efficiency. Numerous HTL materials, both 

inorganic and organic, have been investigated for their possible application as HTLs; each 

presents unique benefits and difficulties. For instance, GO is well-known for having excellent 

PCE values due to its strong conductivity and favourable energy alignment. Another organic 

HTL, DPTTT-14, performs admirably but has a lower FF. Despite having a lower FF than GO, 

P3HT, a polymer that is frequently investigated, has high Voc and PCE, which makes it a good 

candidate for HTL application. 

Although they occasionally report lower FF and PCE compared to their organic 

equivalents, inorganic materials like CuSCN and Cu2O are regarded for their stability and have 

demonstrated promising outcomes. NiO performs well as well; it is well-known for having 
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good thermal stability and appropriate band alignment. For the model cell structure, GO 

generally performs exceptionally well, making it a great option for HTL. 

The effect of various HTLs on the electrical characteristics of PSCs is displayed in 

Table 5.3. Graphene Oxide (GO), DPTTT-14 (2,7-dialkyl[1]benzothieno[3,2-

b][1]benzothiophene), P3HT (Poly(3-hexylthiophene-2,5-diyl), CuSCN (Copper(I) 

Thiocyanate), Cu2O (Copper(I) Oxide), and NiO (Nickel (II) Oxide) are among the HTLs 

whose performance is shown in the presented data. With a Voc of 1.3462 V, a Jsc of 34.84 

mA/cm², an FF of 77.32%, and a PCE of 36.27%, GO performs admirably. These numbers 

show that GO provides the most effective charge transport and collection, leading to the highest 

PCE of all the mentioned HTLs. With a much lower PCE of 20.98%, DPTTT-14, on the other 

hand, shows the lowest FF of 53.24% and the lowest Voc of 1.1310 V. This implies that the 

efficiency of DPTTT-14's charge transmission or collecting is subpar. 

Table 5.3: Performance metrics for optimization of various HTL components in the model 

cell 

Hole Transport 

Layer 

Voc (V) Jsc (mA/cm2) FF (%) PCE 

(%) 

GO 1.3462 34.84 77.32 36.27 

DPTTT-14 1.1310 34.84 53.24 20.98 

P3HT 1.3951 34.84 74.53 36.23 

CuSCN 1.2606 34.84 78.95 34.67 

Cu2O 1.2213 34.84 67.30 28.63 

NiO 1.2272 34.84 75.60 32.32 

 

With the greatest Voc of 1.3951 V, an amazing FF of 74.53%, and a PCE of 36.23%, 

P3HT is a compelling contender for an HTL. It performs extremely similarly to GO. CuSCN's 

PCE is 34.67%, FF is 78.95%, and Voc is 1.2606 V. Its greater FF produces a high PCE, while 

having a slightly lower Voc than GO, demonstrating its efficacy as an HTL. Cu2O performs 

moderately, with a PCE of 28.63%, FF of 67.30%, and Voc of 1.2213 V. As a result, it is less 

effective than GO and P3HT. NiO exhibits modest performance as well, with a PCE of 32.32%, 

FF of 75.60%, and Voc of 1.2272 V. Although it performs rather well, it is not as effective as 

GO and P3HT. GO is suggested as the HTL in conclusion because of its strong FF, high PCE 

of 36.27%, and high Voc. These metrics demonstrate how much better GO is at enabling charge 

transmission and collection, which improves PSC performance. P3HT demonstrates 

encouraging outcomes as well, but GO performs somewhat better overall than P3HT. 
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5.3.3 Effect of temperature on the performance metrics of the cell structure 

Temperature has a major effect on solar cell performance parameters. The Voc is one of 

the main impacts, and it typically rises with temperature (An et al., 2024). This decrease 

happens as a result of the solar cell's saturation current rising with temperature and the 

semiconductor material's bandgap narrowing, both of which add to the drop in Voc (Ahmadi & 

Kim, 2024). On the other hand, at higher temperatures, the Jsc tends to somewhat increase. 

Higher intrinsic carrier concentration and enhanced light absorption at higher temperatures are 

the causes of this rise (Wang et al., 2024). But as the temperature rises, the FF usually drops. 

This decline is caused by higher series resistance and increased recombination rates at higher 

temperatures (Afrin et al., 2024). 

As temperature rises, the solar cell's overall efficiency drops. Lower PCE may be 

attributed to the combined effects of lower Voc and FF, which outweigh the small gain in Jsc 

(Zhang et al., 2024). The solar cell's series and shunt resistances are impacted by temperature 

as well. Higher resistance in metallic contacts and other conductive channels causes series 

resistance, or RS, to tend to grow. Concurrently, there is a chance that shunt resistance (RSH) 

will drop, increasing leakage currents and decreasing efficiency even further (Muduli & Kale, 

2024). Additionally, higher temperatures cause charge carriers to recombine more frequently, 

which reduces the amount of carriers available to generate current and lowers efficiency 

(Noman, Shahzaib, et al., 2024). Furthermore, high temperatures can hasten the deterioration 

of perovskite and other components, lowering the solar cells' long-term durability and 

efficiency (Ahn & Choi, 2024).  

Thermal cycling repeatedly has the ability to cause mechanical stress and layer 

delamination inside the cell structure (Chen et al., 2024). By controlling the temperature of the 

solar cells, passive or active cooling devices can assist minimize performance losses caused by 

temperature effects (Sheikh et al., 2024). It is also possible to improve overall performance and 

endurance across a variety of climatic circumstances by choosing materials with lower 

temperature coefficients and better thermal stability. Optimizing solar cell performance in real-

world applications requires an understanding of the capacity to control temperature impacts. 

The suggested solar cell architecture's performance is strongly impacted by 

temperature. Elevated temperatures have the potential to hasten the breakdown of the 

perovskite layer (CH3NH3SnI3), thus diminishing stability and efficiency. Thermal stress can 

lead to crystallization problems and phase transitions in perovskite, which can impact charge 

transport and electronic characteristics (Yin et al., 2024). Furthermore, higher temperatures 

might intensify interactions between the perovskite and the PC61BM and GO neighbouring 
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layers, resulting in undesired interfacial defects (Pandiaraj et al., 2024). On the other hand, 

modest temperature rises can enhance charge carrier mobility and lower recombination losses, 

which will momentarily boost efficiency (Jiang et al., 2024). For this reason, keeping the solar 

cell architecture stable and performing well requires maintaining an ideal operating 

temperature. Equation 5.1 links a PSC's metric and temperature characteristics (Ahmad et al., 

2023).  

𝑉0𝐶 =
𝑛𝐾𝐵𝑇

𝑞
[𝐼𝑛 (

𝐼𝐿

𝐼0
+ 1)]                                                                           (5.1) 

Here, thermal voltage is represented by 
𝐾𝐵𝑇

𝑞
 . 𝐼𝐿 is for the current generated by light, and Io is 

for the saturation current. 

Chapter 3 page 87 covers the continuity and Poisson's equations, providing an in-depth 

explanation of their role in modelling charge carrier dynamics and electrostatic potential 

distribution in PSCs. The equations are mathematically derived and used to illustrate how 

electron and hole transport occurs, as well as their interactions with electric fields within the 

device. This discussion forms the basis for later analyses and simulations of PSC performance, 

highlighting the importance of these equations in optimizing the cell's overall efficiency. 

The effect of temperature on a solar cell's Voc is depicted in Figure 5.3a. Voc rises first 

with increased temperature, peaking before declining as temperature rises further. Reduced 

recombination rates and increased carrier mobility at lower temperatures are responsible for 

the increase in Voc, which enhances charge carrier separation and decreases non-radiative 

recombination. Better performance measurements for the solar cell result from this. On the 

other hand, Voc maximizes at a certain ideal temperature. At this moment, the advantageous 

thermal energy that facilitates charge separation and the beginning of increased recombination 

rates as a result of temperature increases come into balance. Voc starts to drop after this ideal 

temperature is exceeded. The main cause of this is that charge carriers recombine more 

frequently at higher temperatures. Temperature-dependent increases in the intrinsic carrier 

concentration in the semiconductor lead to increased recombination rates and decreased 

bandgap energy, which in turn lower Voc.  

Controlling the operating temperature is critical to maintaining optimal performance in 

solar cell design. Using cooling mechanisms or better-performing materials can help maintain 

the Voc close to its optimal value. Moreover, choosing materials with appropriate thermal 

properties guarantees stable performance in a range of temperatures. This knowledge is 

especially important for PSCs, which are temperature-sensitive despite their high efficiency. 

Designing PSCs with better thermal stability can be guided by knowledge of how Voc varies 
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with temperature. The negative impacts of temperature on Voc can be lessened by employing 

techniques including surface passivation, adjusting the composition of perovskite layers, and 

utilizing hybrid materials. The relationship between temperature and Voc highlights important 

factors for thermal control and material choice in solar cell design, guaranteeing reliable and 

effective operation at a variety of temperatures. 

Figure 5.3b depicts how temperature affects a solar cell's Jsc. It is observed that Jsc is 

constant over a range of lower temperatures, suggesting that the performance of the cell is 

stable and unaffected by temperature within this range. This stability suggests effective 

processes for the generation and collection of charge carriers, which are unaffected by thermal 

effects up to a certain point. A sharp increase in Jsc occurs as the temperature rises and reaches 

a specific threshold. This sudden increase suggests a substantial alteration in the characteristics 

of the cell, most likely as a result of a phase transition in the perovskite material, a decrease in 

non-radiative recombination mechanisms, or improved charge carrier mobility brought on by 

higher thermal energy. The performance of the cell may be enhanced by this phase shift, which 

may result in a better crystalline structure and less recombination losses. Jsc stabilizes at a 

greater value over this threshold, suggesting that the solar cell achieves a new equilibrium state 

with improved performance.  
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Figure 5.3: Effect of temperature on the performance metrics of the cell structure 

Increased temperatures may improve material characteristics or charge carrier 

dynamics, as suggested by the greater constant value of Jsc. It is essential to comprehend Jsc 

temperature sensitivity in order to optimize solar cell design. Throughout the operational 

temperature range, performance should be maintained or improved by customizing the material 

composition and device architecture. Furthermore, putting thermal management techniques 

into practice could guarantee that the cell runs within its ideal temperature range. Figure 5.3b, 

in summary, emphasizes the critical role that temperature plays in solar cell performance. It 

displays stable Jsc at lower temperatures, a notable increase at a particular temperature 

threshold, and stabilization at a higher performance level beyond that. This knowledge is useful 

for selecting materials and developing design plans that maximize solar cell efficiency at 

different temperatures. 
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The impact of temperature on a cell structure's FF performance measures is shown in 

Figure 5.3c. According to the observed tendency, FF first decreases sharply as temperature 

rises, reaching a minimal point before progressively increasing once more. This trend suggests 

that temperature variations have a significant impact on the cell's efficiency. Reduced carrier 

mobility, altered material characteristics, or higher recombination rates could be the cause of 

the initial decline in FF. The temperature at which the cell has the greatest performance 

deterioration is represented by the lowest point. After this, the steady rise in FF points to 

possible recovery processes or stabilization inside the cell structure, either as a result of 

material phase transitions or heat stress adaption. The materials utilized in the cell construction, 

such as perovskite, which is known for its sensitivity to temperature fluctuations, are probably 

what are causing this temperature-dependent behaviour.  

The way that temperature impacts FF is also influenced by the design and production 

process. Utilizing materials with improved thermal stability and practicing effective thermal 

management could lessen the precipitous drop in FF. Deeper research on material phase 

changes at varying temperatures, carrier mobility, and recombination rates would yield more 

insights into the underlying mechanisms. Furthermore, examining the hysteresis behaviour 

through structural cooling following heating may disclose the reversibility of the noted 

alterations. In general, these tendencies must be understood in order to optimize solar cell 

performance in a variety of climatic settings and guarantee stability and efficiency in real-world 

applications where temperature swings are frequent. 

Conversely, Figure 5.3d illustrates how temperature affects a perovskite solar cell's 

power conversion efficiency (PCE). The figure demonstrates how the PCE greatly improves 

when the temperature rises from 280 K to about 370 K. Better solar performance at moderate 

temperatures can be due to increased charge carrier mobility and decreased recombination 

losses. The PCE peaks around 400 K, suggesting that this is the ideal temperature for the solar 

cell to operate at. The physics of the device and the characteristics of the material are best 

suited for effective energy conversion at this temperature range. Nevertheless, the PCE begins 

to drastically decrease above this ideal temperature. An increase in temperature can have a 

number of negative effects. For example, it can cause the perovskite materials to degrade 

thermally, which lowers their efficiency and crystallinity. It can also promote charge carrier 

recombination, which lowers the quantity of carriers available to generate current. Thermal 

instability can also result in phase segregation or ion migration, which negatively affects the 

performance of the device. 
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Figure 5 general pattern emphasizes how PCE depends on temperature, with 

performance metrics peaking at specific temperatures before declining. This emphasizes how 

crucial heat control is to PSC stability and good performance. When building and implementing 

PSCs in real-world settings with frequent temperature fluctuations, effective thermal 

management is essential. It is possible to produce PSCs that are more dependable and effective 

by improving the cell structure and materials to increase thermal stability. 

5.4.4 Generation and recombination characteristics profiles 

The perovskite material is highly efficient in producing these excitons because of its 

appropriate bandgap and high absorption coefficient (Elangovan et al., 2024). Conversely, 

recombination is the process by which electrons and holes recombine and can happen via a 

variety of methods. When electrons and holes recombine, a key process in semiconductors 

known as "radiative recombination" occurs, which releases a photon and frequently serves as 

a loss mechanism in solar cells (Oni et al., 2024). Conversely, non-radiative recombination 

happens without the release of photons and is usually brought on by imperfections or impurities 

in the perovskite material itself (Dudipala et al., 2024). This non-radiative recombination can 

be an important loss mechanism in materials such as CH3NH3SnI3, which may have a higher 

defect density than lead-based perovskites. Surface recombination occurs at the interfaces 

where the solar cell's layers meet. Effective interface engineering, like the application of GO; 

can lessen these losses by lowering recombination and passivating the interfaces (Oni et al., 

2024). 

Each layer has varying degrees of success in reducing recombination. In order to 

effectively move electrons and keep them from recombining with holes in the layer of 

perovskites, PC61BM is necessary (H. Wang et al., 2024). Successful extraction of charges 

and a decrease in recombination losses depend on its energy level alignment with the perovskite 

material (Ye et al., 2024). Another crucial factor is the perovskite layer's superiority. Longer 

charge carrier lifetimes and fewer recombination centers are characteristics of a high-quality, 

flawless perovskite layer. By passivating defects at the perovskite/GO interface and facilitating 

effective hole extraction, the GO layer greatly reduces surface recombination (Shen et al., 

2024). The Fe electrode's appropriate contact and work function alignment guarantee low 

energy barriers and decreased recombination losses at the electrode interface (Jha et al., 2024). 

All things considered, a PSC's efficiency is mostly dictated by how well charge creation 

and recombination are balanced. Optimizing efficiency requires a high-quality perovskite 

material, well-engineered interfaces, and efficient charge transport layers like PC61BM and 

GO. The performance of PSCs can be greatly enhanced by reducing recombination through 



202 

 

careful material selection and interface engineering. Optimizing the design and fabrication 

procedures is crucial to improving the performance and efficiency of PSCs. This involves 

having a thorough understanding of these features within the particular configuration of the 

device. 

Understanding generation and recombination properties is essential to semiconductor 

physics in order to analyse device performance, especially in applications like as solar cells 

and diodes. These analyses revolve around two essential equations: the Shockley equation and 

the Shockley-Read-Hall (SRH) recombination equation. When characterizing the J-V 

relationship of a p-n junction diode, the Shockley equation is essential. This formula is essential 

for assessing the effectiveness of gadgets like solar cells since it clarifies how the diode reacts 

to applied voltage (Mohandes & Moradi, 2024). 

𝑅𝑆𝑅𝐻 =
𝑛𝑝−𝑛𝑖

2

𝜏𝑛,𝑝 (𝑝+𝑛+2𝑛𝑖 𝑐𝑜𝑠ℎ (
𝐸𝑖− 𝐸𝑡

𝐾𝑇
))

                                                                (5.2) 

𝑅𝑆𝑅𝐻 , represents SRH recombination, where n and p denote the electron and hole concentration 

densities, respectively, whereas ni refers to the intrinsic carrier concentration (cm-3), 𝜏 and 

𝜏𝑛,𝑝 indicate the electron or hole lifetime (S), Ei represents the intrinsic fermi level (eV) and Et  

is the trap energy level (eV),k is Boltzmann constant and T represents temperature. 

The current flowing through the diode is represented by equation 5.6, where I is the 

saturation current, q is the charge of an electron, V is the voltage across the diode, k is 

Boltzmann's constant, and T is the absolute temperature. The Shockley equation captures the 

exponential relationship between current and voltage, which is important for comprehending 

how the diode functions under various conditions. Conversely, the Shockley-Read-Hall (SRH) 

recombination equation offers insights into the recombination processes that occur in 

semiconductors, particularly when non-radiative recombination centers are present. This 

equation is essential for comprehending how defects and impurities affect carrier dynamics 

within the semiconductor. 

1

𝜏
=

𝑛𝑝

𝑛𝑛𝜏𝑛𝑝+𝑛𝑝𝜏𝑝𝑛

+
𝑝𝑛

𝑝𝑝𝜏+𝑝𝑝𝜏𝑝𝑛

                                                                       (5.3) 

From equation 5.3, 𝜏 denotes the carrier lifetime, while 𝑛𝑛 and 𝑝𝑛 represent the electron 

and hole densities at the recombination center, respectively. The terms 𝜏𝑛𝑝 and 𝜏𝑝𝑛 are the 

recombination times for electrons and holes, respectively. In order to maximize the efficiency 

of semiconductor devices, this equation aids in quantifying the impact of flaws and impurities 

on recombination rates. The Shockley equation mainly deals with the general electrical 

properties of diodes, but the SRH equation delves more deeply into the carrier recombination 
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mechanisms. Both equations are essential for constructing effective electrical and 

optoelectronic devices as well as for gaining a thorough understanding of semiconductor 

behaviour. 

 

Figure 5.4: Generation-recombination characteristics 

The production rate and recombination rate in a material as functions of depth are 

displayed in Figure 5.4. On different scales, these two rates are displayed on the y-axis. The 

recombination rate ranges from 0 to 1.6 x 1016 cm-3 s-1 on the right y-axis, whereas the 

generation rate ranges from 0 to 1044 cm-3s-1 on the left. Based on the plot, it can be shown 

that the generation rate curve peaks at a depth of 0.05 µm. This demonstrates unequivocally 

that at this level, generation outnumbers recombination by an astounding magnitude of 1025. In 

general, recombination is quite abundant throughout the cell structure, particularly at a depth 

of 1.0 µm. This helps explain the cell's exceptional performance measurements that have been 

seen. 

A semiconductor material's generation and recombination rates as a function of distance 

are shown in Figure 5.4. There are two separate curves displayed: the generation rate curve 

shows the speed at which electron-hole pairs form in the material, and the recombination rate 

curve shows the speed at which these pairs split up and disappear. A notable observation is the 

presence of a conspicuous peak in the generation rate curve at around 0.2 µm, indicating that 

this region experiences the highest rate of electron-hole pair formation.  

The distribution of the recombination rate curve is wider; it begins at a relatively low 

value, rises steadily to a high of 0.6 µm, and then taper down towards the conclusion. It is clear 

that both rates vary with distance, with the recombination rate being dispersed over a wider 

area and the production rate being more localized. This figure shows a section close to an 

interface inside a semiconductor device. While processes like light absorption, thermal 
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excitation, or impact ionization can produce electron-hole pairs, band-to-band or trap-assisted 

recombination is most likely to be the dominant mechanism during the recombination process. 

It is implied from the discrepancy in the geographical distribution of the rates of generation 

and recombination that the produced carriers have a tendency to diffuse out of the generating 

zone before recombining. Factors such as carrier lifetime and movement affect its diffusion. 

5.3 5 J-V and QE characteristics of the model cell structure 

Analysing a PSC's performance and efficiency entails looking at its J-V (current 

density-voltage) and QE (quantum efficiency) properties using the structural model. The 

various parts of the cell structure each have a specific purpose. Because of its transparency and 

high conductivity, ITO is employed as the front electrode, which effectively allows light to 

enter the cell (Wen et al., 2024). By serving as an ETL, PC61BM makes it easier for electrons 

to transfer from the perovskite layer to the electrode. The creation of electron-hole pairs and 

light absorption are carried out by the perovskite active layer, or CH3NH3SnI3. Fe is utilized as 

the back electrode, and GO acts as the HTL to help move holes to the electrode. 

The J-V curve is essential for assessing the PSC's performance since it offers important 

metrics such the Jsc, or the current density at zero voltage, which shows the maximum current 

the cell is capable of producing. The voltage that results from zero current is known as the Voc, 

and it represents the highest voltage that a cell can produce. The FF, which represents the solar 

cell's quality, is the ratio of the maximum power output to the product of Jsc and Voc (Khan et 

al., 2024). The PCE, which displays the cell's total efficiency, is calculated as the electrical 

power output divided by the incident light power (Li et al., 2024). 

High transparency and conductivity from ITO in this combination enable the perovskite 

layer to absorb light efficiently. Recombination losses are decreased by PC61BM effective 

electron transport to ITO. When light is absorbed, the absorber layer, CH3NH3SnI3, is essential 

for producing electron-hole pairs. While Fe functions as a strong back contact, GO aids in 

efficient hole transport and inhibits recombination at the back electrode. This structure usually 

exhibits a high PCE because of its good material qualities, high Jsc from effective light 

absorption and charge transfer, and appropriate Voc. 

QE, which is sometimes expressed as either internal quantum efficiency (IQE) or 

external quantum efficiency (EQE), quantifies how well the cell converts incident photons into 

electrons (Khalil et al., 2024). When it comes to charge carrier collection, EQE is the ratio of 

charge carriers collected to photons incident on the cell, whereas IQE is the ratio of charge 

carriers collected to photons absorbed by the cell (Hossain et al., 2024). In this configuration, 

EQE is contingent upon the CH₃NH₃SnI₃ absorption spectrum as well as the charge transport 
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efficiency of PC61BM and GO. Effective photon-to-electron conversion over a wide range is 

indicated by high EQE values (Li et al., 2024), usually reaching its peak in the CH3NH3SnI3 

absorption range. Because it only takes into account absorbed photons, IQE typically has a 

greater value than EQE. High performance and efficiency are achieved by the optimization of 

light absorption, charge transfer, and collection in the solar cell architecture. While the QE 

characteristics should show high efficiency in converting absorbed photons to charge carriers, 

with EQE peaking in the absorption region of the photoactive absorber, the J-V characteristics 

should show high Jsc, moderate Voc, and a decent FF, resulting in high PCE. 

A model solar cell's J-V and QE characteristics are displayed in Figure 5.5, providing 

crucial information about the cell's operation. The relationship between the applied voltage 

across the solar cell and the current density is depicted by the J-V curve. When the voltage is 

zero, the curve begins at a high current density of 34 mA/cm², which represents the short-circuit 

state. This shows the highest current that the cell is capable of producing when it is illuminated. 

The current density stays mostly constant as the voltage rises, indicating high-quality material 

and few recombination losses. The current density does, however, abruptly decrease when the 

voltage gets closer to 0.95V, signifying the open-circuit condition, in which the voltage is at 

its highest but no current flows. Good diode behaviour and little series resistance losses are 

indicated by this steep decline. The Jsc, Voc, FF, and PCE are important parameters that are 

obtained from the J-V curve and together they define the total performance of the solar cell.  

 

Figure 5.5: The J-V and QE characteristics of the model cell 

The efficiency with which the solar cell transforms incident photons of various 

wavelengths into electrical current is shown by the QE curve. The QE has a high initial value 

and can reach 100%; it stays high over a large wavelength range. This suggests that over this 
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spectral range, the solar cell is quite effective at converting photons into electrical current. The 

high QE indicates efficient charge separation and absorption in the solar cell's active layer. At 

higher wavelengths, on the other hand, the QE decreases, suggesting a decrease in photon 

absorption or conversion efficiency. The spectral response, which displays the range of 

wavelengths the cell is responsive to, the peak QE, or wavelength at which the cell has the 

highest quantum efficiency, and the integrated QE, which gives an overall measure of 

efficiency across the spectrum, are important characteristics of the QE curve. In conclusion, 

the graph shows that the model solar cell performs exceptionally well in photovoltaic 

applications. The cell's high quantum efficiency across a wide range of wavelengths, along 

with its high open-circuit voltage and short-circuit current density, indicate that it is very 

effective at converting solar energy into electrical power. The J-V and QE curves' good overlap 

further suggests that there are few recombination losses and effective charge collection, which 

makes this solar cell structure a good option for highly efficient solar energy conversion. 

5.3.6 Effect of optimizing back contacts on the electrical outcomes of the model cell 

Improving different back contacts is essential to improving the electrical results of solar 

cells, including PCE, Voc, Jsc, and FF. The choice of back contact materials and their 

characteristics, including work function, conductivity, and suitability for the absorber layer, 

can minimize recombination losses and greatly enhance charge carrier collection. Charge 

extraction and series resistance can be improved by using back contacts made of metals like 

gold, silver, or aluminum, or by adding passivating layers made of materials like TiO2 or MoS2. 

As a result, improving the back contact's thickness and surface roughness can enhance light 

absorption and reflection, increasing the solar cell's overall performance. The advancement of 

solar cell technologies, such as silicon-based and perovskite cells, depends on these 

optimizations in order to obtain higher efficiencies and more long-term stability. 

Results of the optimization of back contact materials for the model PSC are shown in 

Table 5.4, which also highlights the various materials' performance characteristics. The 

materials Au, Ni, Pd, Co, and Pt had the greatest Voc, each recording 2.8472 V, according to 

the data analysis. Al, on the other hand, has the lowest Voc at 1.2212 V, while Fe has the lowest 

at 1.3462 V. The Jsc, which is around 34.84 mA/cm², is comparatively constant for all materials. 

The FF, which measures the amount of recombination losses and the effectiveness of charge 

collection, is highest for Fe at 77.32%. Compared to the majority of tested back contacts, which 

have an FF of 40.73%, this is a significant advantage. Al nevertheless has a comparatively high 

FF of 62.0%, but it is still about 15% below the FF that Fe recorded. Mo exhibits a low FF of 
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54.81% as well. Au, Ni, Pd, Co, and Pt lead with 40.40% in PCE. Fe comes next, with a still 

strong PCE of 36.27%.  

Table 5.4: The Effect of optimizing back contacts on cell performance 

Back contact Work function 

(eV) 

Voc (V) Jsc (mA/cm2) FF %) PCE 

(%) 

Fe 4.5 1.3462 34.84 77.32 36.27 

Au 5.10 2.8472 34.84 40.73 40.40 

Ni 5.15 2.8472 34.84 40.73 40.40 

Pd 5.12 2.8472 34.84 40.73 40.40 

Al 4.2 1.2212 34.85 62.00 26.39 

Co 5.0 2.8472 34.84 40.73 40.40 

Pt 5.65 2.8472 34.84 40.73 40.40 

Mo 4.6 2.0592 34.84 54.81 39.32 

 

Al has the lowest PCE (26.39%), whereas Mo demonstrates a competitive PCE of 

39.32%. Based on these findings, it can be concluded that although though Au, Ni, Pd, Co, and 

Pt have the greatest Voc and PCE values, their lower FF relative to Fe indicates that charge 

collection efficiency may still be improved. Fe, on the other hand, is notable for its effective 

charge extraction and low recombination losses due to its high FF of 77.32%. 

Fe, despite not having the highest Voc and PCE, makes a strong case as a back contact 

material with a work function of 4.5 eV. Fe has many benefits, chief among them being its high 

FF, indicating superior charge collection efficiency. Fe is also more affordable and readily 

available than precious metals such as Au, Pt, and Pd, which makes it a more economical option 

for larger-scale uses. Moreover, Fe might provide superior mechanical and chemical stability, 

extending the life and dependability of solar cell technology. Fe is suggested as a feasible back 

contact material for the suggested solar cell type due to its affordability, abundance, and 

possible stability benefits, particularly in situations where stability and cost are important 

considerations.  

5.3.7 The band diagram of the model cell structure 

A solar cell's band diagram sheds light on its energy levels and electron mobility 

(Mukhamale et al., 2024). Sunlight strikes the semiconductor material on the solar panel, where 

it is absorbed, starting a series of operations (Xamidullayevich, 2024). Photogeneration of 

charge carriers is the process by which an electron in a semiconductor is excited to move from 
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the valence band to the conduction band after it has been absorbed by a photon (Nogueira et 

al., 2025). A hole that is positively charged remains in the valence band as a result of this 

transition, which forms an electron-hole pair in which the electron is now free to travel in the 

conduction band (Shin & Pyun, 2024). The energy band structure of the semiconductor shows 

the relationship between energy levels and electron movement; electrons in the conduction 

band can move freely and contribute to electrical conductivity, while those in the valence band 

are bound to atoms. The presence of these electron-hole pairs allows current to flow through 

the material (Jouybar et al., 2024). The energy differential between these two bands is known 

as the band gap, and it is a key factor in determining the solar cell's efficiency. 

Cliffs or spikes in the energy band structure, particularly at the interfaces, can seriously 

affect a PSC's performance. These features are frequently caused by flaws at interfaces or by 

mismatched energy levels between various layers. The energy band diagrams provide an 

explanation for the energy offsets at these interfaces. The energy offset (ΔE) at the interface 

between two materials can be described by a key equation that includes the valence and 

conduction band boundaries. The difference between the perovskite layer's and the ETL's 

conduction band edges yields the CBO. This can be stated mathematically as: 

Δ𝐸𝐶 = 𝐸𝐶 , ETL − 𝐸𝐶 , Perovskite                                                               (5.4) 

In a similar manner, the difference between the perovskite layer's and the HTL's valence band 

edges determines the VBO: 

Δ𝐸𝑣 = 𝐸𝐶 , Perovskite −  𝐸𝑣, HTL                                                              (5.5) 

These offsets may have a substantial effect on the device's performance. A conduction 

band spike, which might obstruct electron transport, is shown by a positive value (ΔEC > 0) 

for the conduction band offset. On the other hand, a CBO, which can promote recombination 

at the interface, is indicated by a negative value (ΔEC < 0). Comparably, for the VBO, a valence 

band spike with a positive value (ΔEV > 0) acts as a barrier for hole transport and is commonly 

referred to as Hole Blocking (HBL), whereas a valence band cliff with a negative value (ΔEV 

< 0) also facilitates recombination at the interface. 
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Figure 5.6: The band diagram of the model cell 

Electron-hole pairs are produced in the model cell design when sunlight reaches the 

CH3NH3SnI3 layer. While the holes are directed into the GO layer and gathered by the Fe 

electrode, the electrons travel to the PC61BM layer and subsequently to the ITO electrode. The 

ideal alignment of energy levels in the band diagram permits the efficient separation and 

movement of these charge carriers. This alignment improves the efficiency of sunlight's 

conversion to electrical energy and lowers energy losses. 

The model PSC's energy band diagram, which shows the band alignments and energy 

levels of the different materials in the cell structure, is shown in Figure 5.6. The four main 

materials in the diagram are PCBM, CH3NH3SnI3, GO, and ITO. Every component of the 

material contributes to the overall functioning of the cell by fulfilling a certain purpose. PCBM 

functions as the ETL and has a bandgap of 3.2 eV. With a bandgap of 1.25 eV, the perovskite 

absorber layer, CH3NH3SnI3, is the core layer where light absorption takes place, producing 

electron-hole pairs. GO is the HTL and has a bandgap of 1.8 eV. Lastly, an electrode with a 

bandgap of 3.4 eV is employed: ITO. The conduction band edge (Ec), valence band edge (Ev), 

quasi-fermi level (Fp) for holes, and quasi-Fermi level (Fn) for electrons are the four energy 

band representations. The alignment of these energy levels in various materials is shown in the 

diagram. A cliff-like valence band offset (VBO) of 0.25 eV is seen at the interface between 

PCBM and CH3NH3SnI3, whilst a spike-like conduction band offset (CBO) of 0.15 eV is 

observed at the CH3NH3SnI3/GO contact. It is discovered that the device's built-in potential 

(Vbi), which is 0.32 eV, is essential for propelling the created electron-hole pairs inside the 

absorber layer to separate. Because electrons flow toward the ETL (PCBM) and holes toward 
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the HTL (GO), charge separation which is necessary for current generation under light is made 

easier. The diagram emphasizes how crucial the band offsets at the interfaces are, since they 

have a big impact on how charge carriers move and how well the device works as a whole. In 

general, the energy band diagram shows how various materials interact with one another and 

with their respective energy levels, offering a thorough understanding of the PSC's energy 

landscape. This knowledge is essential for improving the cell's performance and efficiency. 

5.3.8 Theoretical absorption model of the cell layers 

When sunlight hits the surface of a solar cell, light absorption starts. Anti-reflective 

coatings (ARCs) are found on many solar cells in order to optimize light entry and limit 

reflection (Jamaluddin et al., 2024). The purpose of this layer is to increase light penetration 

into the cell by lowering the quantity of light that reflects off the surface. The front contact 

layer, which is frequently composed of transparent conductive materials like indium tin oxide 

(ITO), is encountered by light after it has passed through the ARC (Oni et al., 2024). This layer 

is essential because it conducts electrical current from the ensuing active layers and allows light 

to pass through to them. The absorber layer, which is where actual light absorption and charge 

creation take place, is the central component of the solar cell. For example, this layer is usually 

made of a perovskite substance in PSCs. This substance is very good at absorbing light from 

the sun in a variety of wavelengths and transforming it into electron-hole pairs. 

To produce an electrical current, these charge carriers must be effectively transferred 

to the electrodes when they are generated. Charge transfer layers (CTLs), which comprise 

HTLs and ETLs, are in charge of handling this task. Each layer has a distinct function in the 

particular model structure used in this work: ITO serves as the layer of front contact. It has 

electrical conductivity and is transparent to light, allowing it to reach the active layers. 

Although it absorbs very little light on its own, transparency is necessary for the best possible 

light ingress. The ETL is PC61BM. Its function is to ease the flow of electrons from the 

electrode to the perovskite layer. Due to its low absorption in the visible band, PC61BM largely 

facilitates light transmission to the photoactive layer. The principal absorber layer is 

CH3NH3SnI3. Its high absorption coefficient indicates that it effectively creates electron-hole 

pairs and absorbs a sizable amount of incident sunlight.  

Its great energy conversion efficiency is partly attributed to its broad absorption 

spectrum. Graphene oxide, or GO, is frequently employed as an HTL or interfacial layer. It 

controls hole transport and has a small effect on light absorption. But improving charge 

collection and overall cell efficiency is its main purpose. Fe functions as the layer of back 

contact. Its job is to finish the electrical circuit by gathering the electrons produced in the 
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CH3NH3SnI3 layer. Its function is less about light absorption and more about effective current 

collecting. The link between the photon wavelength and the absorption coefficient is expressed 

by the equation 5.6. 

𝛼 = 4𝜋𝑘
1

λ
                                                                                                   (5.6) 

In this context, 𝛼 is the absorption coefficient (cm-1), λ is the photon wavelength in nanometres 

(nm) whereas k is the extinction coefficient. 

The light absorption properties in this solar cell structure are mostly determined by the 

CH3NH3SnI3 layer. To achieve great efficiency, this perovskite material excels in capturing a 

wide spectrum of sunlight (Dou et al., 2024). The other layers are vital to maximizing the 

function of the cell even though they don't make a big difference in light absorption. The ITO 

layer controls light transmission into the cell, PC61BM handles electron transport, GO controls 

hole transport, and Fe gathers generated electrical current. Taken as a whole, these layers help 

the cell more efficiently convert sunlight into electrical energy. 

The absorption properties of the several layers in the model PSC, namely GO, Indium 

ITO, PC₆₁BM, CH3NH3SnI3, and GO, are displayed in Figure 5.7. The perovskite material 

shows the maximum absorption throughout the visible spectrum, demonstrating its critical 

function in efficiently harvesting solar energy. For photons to be converted into electrons, high 

absorption is necessary, which makes CH₃NH₃SnI₃ an important part of the solar cell's 

operation. A common fullerene derivative utilized as an electron acceptor is PC61BM. Its role 

in promoting electron transit and lowering recombination losses is highlighted by its moderate 

absorption level.  

 

Figure 5.7: Absorption model of the cell layers 
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Due to its ability to efficiently transfer electrons produced in the perovskite layer to the 

electrodes, this property is essential for preserving the solar cell's efficiency. In contrast to 

CH₃NH₃SnI₃ and PC61BM, GO exhibits reduced absorption. GO's superior electrical 

conductivity and flexibility, which boost charge transport and mechanical stability and improve 

the overall performance of the solar cell, make it valuable notwithstanding this fact. ITO has 

the lowest absorption of all the materials because its main function is to efficiently conduct 

electrons while letting light into the cell. Its conductivity and transparency are necessary for 

the solar cell to operate at its best. The different roles that these materials play within the solar 

cell are highlighted by their absorption characteristics. Gaining insight into these traits can help 

with future optimization and high-performance PSC design. 

5.3.9 The impact of acceptor density on Mott-Schottky capacitance analysis  

In PSCs, the ETL is essential to device performance, especially to the capacitance 

behaviour seen in MS analysis (Shao & Loi, 2020). The MS capacitance measurements are 

critical for extracting characteristics such as the Vbi, depletion region width, and carrier density. 

The acceptor density has a substantial impact on MS capacitance analysis (Ghahremanirad et 

al., 2023). The capacitance-voltage (C-V) properties, in particular the slope and intercept of 

the MS plot (1/C² vs. V), are impacted by changes in the ETL acceptor density. The Vbi, which 

is derived from the MS plot's intercept, may change as acceptor density changes (Kirchartz et 

al., 2012). A greater Vbi is usually the result of enhanced carrier recombination and separation 

efficiency at higher acceptor densities. The MS plot's slope indicates that the carrier density is 

inversely proportional to the carrier density in the depletion region (Zandi et al., 2018). A larger 

carrier density is shown by a steeper MS plot slope, which is a function of acceptor density. 

Additionally, variations in acceptor density affect the width of the depletion region; a higher 

acceptor density typically decreases this width, which in turn affects the capacitance of the 

device as a whole (Zhao et al., 2014). As a result of the larger concentration of mobile charge 

carriers caused by higher acceptor density, capacitance values rise. This changes the C-V curve 

and affects the precision of the derived parameters. 

Achieving the intended PSC performance requires optimizing the acceptor density in 

the. An increase in acceptor density can improve the efficiency of charge extraction, hence 

enhancing device performance. Excessive acceptor density, however, can result in higher 

recombination losses, which would be detrimental to the FF and Voc. Optimizing the acceptor 

density is crucial to preserving long-term performance and minimizing deterioration because 

the features of PSCs also impact their stability. Because different materials have different 

acceptor densities and electrical characteristics, choosing the right material such as TiO3, SnO3, 
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or ZnO is crucial. The findings of acceptor density and MS capacitance characteristics are also 

influenced by the fabrication process, which includes the annealing temperature and layer 

thickness (Weiss et al., 2016). Researchers can increase the precision of retrieved electrical 

parameters, improve overall PSC performance, and guarantee device stability by 

comprehending and optimizing the acceptor density. The link between acceptor density and 

capacitance is provided by Equation 5.7 (You, 2005).  

1

𝐶2 =
2(𝑉−𝑉𝑓𝑏)

ϵϵ0𝑞𝑁𝐴
                                                                                             (5.7) 

In this case, ϵ is the semiconductor's dielectric constant, ϵ0 is the permittivity of free 

space, q is the elementary charge (charge of an electron), NA is the acceptor density for a p-

type semiconductor, and C is the capacitance per unit area of the depletion region. 

 

Figure 5.8: Effect of acceptor density on MS capacitance analysis 

Acceptor density's effect on the MS capacitance analysis in the model PSC is shown in 

Figure 5.8. The applied voltage (V) is represented by the x-axis, while the inverse square of 

the capacitance (1/C2) is displayed on the y-axis. The acceptor densities associated with each 

curve range from 1010 cm-3 to 1019 cm-3. The voltage at which the depletion region begins to 

form shown by the sharp spike in 1/C² shifts to higher voltages as acceptor density rises. This 

shift suggests that in order to reach depletion, larger acceptor densities need a higher applied 

voltage. Higher acceptor densities are also associated with a rise in the Vbi, which is determined 

from the x-intercept of the linear section of the MS plot.  With a distinct linear area, the 

capacitance exhibits a more typical MS behaviour at lower acceptor densities of 1010 cm-3 to 

1016 cm-3. The capacitance action, on the other hand, has many inflection points and becomes 

more complex at greater acceptor densities (1018 and 1019 cm-3). Additional effects like altered 
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depletion widths, heightened recombination, or other transport layer effects could be the cause 

of this complexity.  

The capacitance values can be used to infer the depletion width; higher acceptor 

densities are associated with thinner depletion regions, as indicated by higher capacitance 

values at a given voltage. Higher acceptor densities generally indicate better built-in electric 

fields, which may improve device performance by enhancing charge separation. On the other 

hand, the more complex capacitance behaviour at the highest densities suggests that very high 

acceptor densities could introduce negative effects like increased recombination. In conclusion, 

Figure 5.8 illustrates the relationship between the depletion zone, Vbi, and total capacitance as 

the acceptor density increases behaviour in PSCs.  

5.3.10 Effect of donor density on MS capacitance analysis  

The HTL in PSCs has a major effect on the overall functioning of the device since it is 

necessary for effective hole extraction and conveyance. The donor density of the is one of its 

important characteristics, and MS capacitance analysis can be used to investigate it. By 

analysing a semiconductor junction's capacitance-voltage (C-V) characteristics, this technique 

can reveal information on the device's Vbi and charge carrier density (Rajendran et al., 2024). 

Equations 5.8 can be used in MS analysis to determine the relationship between a junction's 

capacitance (C) and applied voltage (V) (Huang et al., 2024): 

1

𝐶𝑆𝐶
2 =

2

ϵϵ0𝑒𝑁𝑑
(𝐸 − 𝐸𝑓𝑏 −

𝐾𝐵𝑇

𝑒
)                                                                    (5.8) 

In this context, CSC is the space charge capacitance, B is the vacuum dielectric constant, 

e is the elementary charge, Nd is the charge carrier density, Efb is the flat band potential (Vfb), 

KB is the Boltzmann constant, T is the temperature, and E is the electrode potential.  

The MS plot is influenced substantially by the donor density of the. This plot's steeper 

slope, which indicates a higher concentration of charge carriers, corresponds to a higher donor 

density (Bhattacharjee et al., 2024). Conversely, a lower charge carrier concentration is 

reflected by a shallower slope that results from a lower donor density.  Changes in the donor 

density can also have an impact on the Vbi, which is likewise provided by the voltage axis 

intercept of the MS plot (Yu et al., 2024). The depletion region width in the is influenced by 

the donor density. A higher donor density narrows the depletion width, which affects the 

capacitance found in the analysis. Consequently, at a given voltage, an increase in donor 

density usually results in a decrease in junction capacitance because of the narrower depletion 

region (Gülnahar et al., 2024). Conversely, a broader depletion region at lower donor densities 

leads to higher capacitance values. 
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It is useful to comprehend how donor density affects MS capacitance analysis in order 

to optimize PSCs. In order to improve charge extraction and transport and, ultimately, device 

efficiency, it aids in the selection of suitable HTL materials and doping techniques. Better 

performance and stability of PSCs can be achieved by optimizing the electrical properties of 

the HTL to provide desired device characteristics, which can be achieved by customizing the 

donor density through material selection, interface design, or additive engineering. 

 

Figure 5.9: Effect of the donor density on MS capacitance analysis 

The MS capacitance analysis for a solar cell with varying donor densities is shown in 

Figure 5.9. In a typical MS plot, the y-axis shows the reciprocal of the square of the capacitance 

(1/C2), and the x-axis typically shows the voltage (V). A critical factor in solar cells that affects 

charge carrier separation and electric field distribution is the Vbi. Plots show that the Vbi is 

approximately 0.32 V and does not change much with different donor densities. This suggests 

that the capacitance is more affected by changes in donor density than Vbi. The MS plot shows 

notable variations when the donor density rises from 1010 cm-3 to 1019 cm-3. The capacitance 

values are higher for lower donor densities (1010 cm-3 to 1014 cm-3), indicating a lower carrier 

density in the depletion area.  

On the other hand, the capacitance values fall at greater donor densities (1016 cm-3 to 

1019 cm-3), suggesting a larger carrier density in the depletion region. Donor density also affects 

the MS plot's slope, which represents the doping concentration. A higher doping concentration 

is indicated by a less steep slope, whereas a steeper slope denotes a lower doping concentration. 

Additionally, the plots demonstrate that the slope of the plot declines with increasing donor 

density, which is consistent with higher doping concentrations. The performance of the device 

is significantly impacted by these differences in donor density.  
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Elevated donor densities in the HTL have the potential to improve the overall 

performance of the solar cell by augmenting charge extraction and mitigating series resistance. 

Extremely high donor densities, however, may also result in higher recombination losses, 

which could offset these advantages. The MS analysis shows that the capacitance and doping 

profile of the solar cell are highly affected by changes in the HTL donor density. This in turn 

affects carrier dynamics and the way the electric field is distributed. Therefore, for the best 

solar cell efficiency, choosing the ideal donor density is essential to striking a balance between 

increased charge extraction and reducing recombination losses. 

5.3.11 Effect of temperature on MS capacitance analysis  

Temperature-related changes in the band gap of the semiconductor also affect the 

capacitance by altering the effective density of states (DOS) in the valence and conduction 

bands (Kumar et al., 2024). Additionally, the semiconductor material's dielectric constant may 

change with temperature, affecting capacitance readings (Abid et al., 2024). Temperature 

increases in PSCs can cause a number of measuring abnormalities that skew the data. These 

include mechanical stress brought on by component thermal expansion mismatches, increased 

hysteresis effects, and deterioration of the perovskite material. Reduced efficiency can result 

from higher temperatures because they can change the dynamics of charge carriers, increase 

dark current, and deteriorate layer interfaces. Measurement distortion can also be caused by 

variations in the bandgap of the perovskite material and an increase in electronic noise. To 

reduce these issues and guarantee accurate data, rigorous experimental design and efficient 

thermal control are crucial. Higher temperatures frequently cause leakage currents to become 

more noticeable, which could skew capacitance measurements (Husain et al., 2024). 

Furthermore, temperature can alter the contact resistance between the semiconductor and the 

electrode, which can compromise the accuracy of the measurement. In different temperatures, 

the MS plot might show varied slopes and behaviours. The kind of semiconductor (n-type or 

p-type) and the variations in carrier concentration are related to these changes. Temperature-

dependent reaction rates are explained by the Arrhenius equation (5.9) which may be used to 

examine how temperature affects PSC activation energy (Kim et al., 2017). 

𝑘 = 𝐴 𝑒𝑥𝑝 (
𝐸𝑎

𝑘𝐵𝑇
)                                                                                        (5.9) 

The rate constant in this instance is denoted by k, the Boltzmann constant by KB, the activation 

energy by Ea, the pre-exponential factor by A, and the temperature in Kelvin by T. 

Temperature changes can modify the dielectric constant and the built-in potential in 

PSCs, which can impact the capacitance. These changes require a grasp of the general 
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relationship between capacitance and temperature. Temperature and capacitance are related in 

equation 5.10 (Atkins et al., 2023). 

𝐶(𝑇) = 𝐶0𝑒𝑥𝑝 (
−𝐸𝐶

𝑘𝐵𝑇
)                                                                                (5.10) 

Here, C(T) is the capacitance at temperature T, 𝐶0 is a pre-exponential factor related to 

capacitance, Ec is the characteristic energy for capacitance, KB is the Boltzmann constant, T is 

the absolute temperature in Kelvins. As the temperature rises, the capacitance diminishes, 

demonstrating the temperature dependence of the dielectric properties and the Vbi in PSCs. 

The linear portion of the plot, which is connected to the space-charge area, will be 

impacted by temperature as it influences these parameters. This change may have an effect on 

the doping concentration and Vfb determination. It is essential to calibrate measurements and 

account for temperature-induced fluctuations in order to interpret MS findings effectively while 

taking temperature effects into account. Analysing the data from measurements made at various 

temperatures can reveal important information about the behaviour and characteristics of the 

semiconductor. 

 

Figure 5.10: Effect of temperature on MS capacitance analysis 

Capacitance-voltage (C-V) characteristics of semiconductor devices, such as solar 

cells, are examined by MS analysis, which offers important insights into parameters including 

doping concentration and the Vbi (Gülnahar et al., 2024). The MS charts for a solar cell at 

various temperatures (300 K, 350 K, 400 K, 450 K, and 500 K) are displayed in Figure 5.10. 

A thorough examination of how temperature affects MS capacitance yields numerous 

important findings. As the temperature rises, the flat-band potential (Vfb) approaches lower 

voltages. This change suggests that the solar cell's intrinsic potential is temperature-dependent, 

with the flat-band potential rising with temperature. Second, as temperature rises, the MS plot's 
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slope, which is inversely proportional to the doping concentration (ND), diminishes. This 

implies that at greater temperatures, the effective doping concentration rises. Changes in defect 

states inside the solar cell or increased carrier production are the causes of the increase in 

doping concentration. Furthermore, at a given voltage, the capacitance of the cell structure rises 

with temperature. Generally, elevated temperatures are correlated with higher capacitance 

values.  

The higher thermal production of carriers, which results in a higher charge density in 

the depletion region, is the cause of the enhanced capacitance. Additionally, at higher 

temperatures, especially between 450 K and 500 K, the MS plots show more noticeable non-

linearity and deviations from perfect linear behaviour. Defect states, higher carrier 

recombination, and other structural irregularities in the solar cell can all contribute to these 

variations. The precision of parameter extraction from the MS analysis, such as doping 

concentration and Vbi, is impacted by these variations. Lastly, modifications to the material 

properties of the solar cell, such as bandgap narrowing, elevated intrinsic carrier concentration, 

and modified defect states, are connected to the temperature dependency seen in the MS 

analysis. These modifications have an effect on the efficiency and Voc of the solar cell as well 

as its overall performance. 

In general, the MS capacitance analysis shows that temperature has a major effect on a 

solar cell's electrical properties. The capacitance rises, the effective doping concentration 

increases, and the flat-band potential decreases with temperature. Additionally, when the 

temperature rises, the MS plots show increased non-linearity and deviations, revealing intricate 

interactions between the material and structure of the solar cell (Sibu et al., 2024). Optimizing 

solar cell performance under a range of operating situations requires an understanding of these 

impacts. 

5.3.12 Nyquist plot for the model cell 

The first step in creating a Nyquist plot is to obtain impedance data for the model cell 

over a range of frequencies. Examining the Nyquist plot's many properties can provide light on 

the electrochemical behaviour of the cell. Plots typically exhibit a line that approaches the real 

axis at high frequencies. This area often indicates the resistance of the cell and provides a clear 

indicator of the series resistance of the cell (RS) (Zhu et al., 2023). The plot frequently bends 

or forms a semicircle as the frequency drops. The cell's inductive or capacitive characteristics 

are shown by its curvature. On the other hand, the low-frequency behaviour can shed light on 

Warburg impedance or diffusion-related phenomena, which are important to comprehend for 

things like ion diffusion in electrochemical cells (Sriram et al., 2024). All things considered, 
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the Nyquist plot is an effective diagnostic tool that aids in deciphering the intricate relationships 

and dynamics within a model cell, offering insightful data for both theoretical research and 

real-world applications (Pandey et al., 2024). 

The model cell's electrochemical impedance is depicted in the Nyquist plot. The charge 

transfer resistance between the HTL (GO) and the perovskite layer (CH3NH3SnI3) is shown by 

a semicircle that is usually visible at high frequencies. Warburg impedance regions, which are 

indicative of diffusion-limited processes, are frequently seen in the plot at lower frequencies 

(Srivastava et al., 2021). The low-frequency region sheds light on ion migration and overall 

cell performance, while the diameter of the semicircle provides information on the charge 

transfer resistance. By examining these factors, one may evaluate the stability and efficiency 

of the cell and improve material interfaces to maximize charge extraction and reduce resistive 

losses. 

 

Figure 5.11: Nyquist plot for the model cell 

The model solar cell's impedance response at different temperatures (300 K, 350 K, 400 

K, 450 K, and 500 K) is displayed in Figure 5.11. With the real part of the impedance (Z') 

drawn on the x-axis and the imaginary part (Z'') plotted on the y-axis, Nyquist plots are typically 

used to depict complicated impedance data. Each plotted curve represents the impedance 

response at a particular temperature. In a Nyquist plot, each semicircle is typically linked to a 

distinct physical process occurring within the solar cell, such as transport resistance, 

recombination, and charge transfer resistance.  The semicircles shift to the left, indicating a 

discernible drop in overall impedance as the temperature rises from 300 K to 500 K. Lower 

impedance values are often the result of increased carrier mobility and less recombination 

resistance at higher temperatures. Impedance measurements across a range of frequencies are 

plotted, with the low-frequency response shown at the right end of each curve and the high-
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frequency response shown at the left. Low frequencies represent slower processes such charge 

recombination, while high frequencies are primarily controlled by the resistance and 

capacitance of the bulk material and contacts. 

The characteristic frequencies at which the impedance is primarily reactive are shown 

by the peaks in the imaginary part of the impedance (Z''). Changes in the temporal constants of 

the activities taking place inside the solar cell can be inferred from the shift in these peaks with 

temperature. The graphs show larger semicircles at lower temperatures (e.g., 300 K and 350 

K), indicating higher overall impedance and implying slower recombination rates and more 

resistance to charge carriers. In contrast, the semicircles look much smaller at higher 

temperatures (e.g., 450 K and 500 K), indicating lower resistance and suggesting that charge 

carriers can move more freely but recombine more quickly. In conclusion, the Nyquist plot 

provides insights into the fundamental device physics that impact performance by showing 

how the solar cell's impedance varies with temperature. Fitting the Nyquist plot and obtaining 

quantitative data on these processes can be done with a comprehensive equivalent circuit 

model, which typically consists of components like resistors, capacitors, and constant phase 

elements. Understanding and maximizing the efficiency of solar cells under various operating 

situations depends on this approach. 

5.4 Conclusions 

The proposed device structure demonstrates exceptional performance, achieving a 

notable power conversion efficiency of 36.27% at an optimal absorber thickness of 1000 nm. 

This device reaches a peak quantum efficiency of 100% within the 360 to 700 nm wavelength 

range, indicating excellent photon absorption for enhanced power generation. The quantum 

efficiency varies from approximately 85% at 300 nm to 87% at 900 nm. Mott-Schottky 

capacitance analysis, influenced by temperature, reveals a built-in potential (Vbi) of 0.30 V at 

300 K, which decreases significantly to 0.2 V at 500 K, suggesting that the device retains 

around 67% of its power at higher temperatures still an impressive performance. Altering the 

donor density from 10¹⁰ cm⁻³ to 10¹⁹ cm⁻³ does not significantly impact the Vbi, which remains 

steady at 0.32 V, indicating that increased donor density does not substantially affect the 

device's operation. Conversely, increasing the acceptor density from 10¹⁰ cm⁻³ to 10¹⁹ cm⁻³ 

raises the Vbi from 0.2 to 0.72 V, suggesting improved performance at higher acceptor 

densities. The band diagram analysis of the device indicates a consistent Vbi of 0.32 V. Overall, 

incorporating graphene oxide (GO) as the HTL enhances carrier mobility and reduces 

recombination losses, while using iron as the back contact improves electrical conductivity and 

device stability. Although based on simulation, this study offers valuable insights into the 
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mechanisms driving perovskite solar cell (PSC) performance. By examining generation-

recombination dynamics, carrier transport, and interfacial engineering, the performance 

metrics of this cell are robust and could guide the development of highly efficient solar devices. 

This research supports the push towards sustainable energy, and future studies should aim to 

experimentally validate these results, explore new HTL materials, and address stability 

challenges to facilitate the scalability and commercialization of next-generation photovoltaic 

technologies. 
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CHAPTER SIX 

GENERAL DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS 

6.1. General Discussion 

This work utilized the solar cell device simulator (SCAPS-1D) to analyse and optimize 

various high-performance perovskite solar cell (PSC) configurations, focusing on developing 

hole transport layer-free (HTL-free) and lead-free PSCs for enhanced solar energy capture, 

improved device efficiency, and better performance under diverse conditions. In this study, a 

novel HTL-free PSC of the configuration, ITO/PC61BM/CH3NH3SnI3/Pt, was investigated. 

The objective was to enhance device performance by introducing buffer layers like cadmium 

sulphide (CdS) and optimizing ETLs. Mott-Schottky capacitance analysis provided crucial 

insights into the interface characteristics and charge carrier behaviour within the solar cell 

structure. Optimization of the back contacts played a key role in improving charge extraction 

and minimizing recombination losses. The simulation results were impressive, with a PCE of 

38.11%, a Jsc of 35.32 mA/cm², an FF of 88.67%, and a Voc of 1.2168 V. These findings 

demonstrate the potential of HTL-free PSCs to achieve high performance while reducing 

manufacturing costs. 

Moreover, lead-Free PSC cell structure, ITO/PC61BM/CH3NH3SnI3/PEDOT:PSS/Mo, 

aimed at optimising the thickness of the light-absorbing layer and assess the solar cell's 

temperature tolerance was thoroughly examined. The optimal thickness for the CH3NH3SnI3 

layer was determined to be 1000 nm, maximizing QE. Mott-Schottky capacitance analysis 

showed that the cell maintained 95% of its power output at 400 K, indicating excellent thermal 

stability. Key electrical parameters included a Jsc of 34.84 mA/cm², a Voc of 1.5226 V, an FF 

of 71.04%, and a PCE of 37.66% at 300 K. The study also analysed the effects of different 

buffer layers (CdS, ZnS, ZnSe, and V2O5) and parasitic resistances on the cell's performance, 

offering valuable insights into developing lead-free solar energy technologies. In the third 

investigation, the PSC design with graphene oxide HTL (ITO/PC61BM/CH3NH3SnI3/GO/Fe) 

was tested under various conditions. In this case, graphene oxide (GO), known for its 

exceptional electrical conductivity and mechanical properties, was used as the HTL to enhance 

charge transport and reduce recombination losses. The optimal thicknesses for GO and the 

absorber layer were determined to be 50 nm and 1000 nm, respectively. Comparative analysis 

of different HTL materials revealed that GO provided superior electrical performance. The 

optimised PSC achieved a Voc of 1.3462 V, a Jsc of 34.84 mA/cm², an FF of 77.32%, and a 

PCE of 36.27%. The device also demonstrated strong photon capture efficiency, with quantum 
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efficiency (QE) ranging from 85% to 100% across wavelengths of 300 to 700 nm. These results 

highlight the importance of selecting appropriate HTL materials for optimal device 

performance and contribute to the development of advanced, eco-friendly solar energy 

technologies. Together, these studies underscore the potential of various PSC configurations to 

achieve high efficiency, thermal stability, and cost-effectiveness, advancing the pursuit of 

sustainable and scalable solar energy solutions. 

6.2. Conclusions 

This study highlights a pivotal breakthrough in the advancement of perovskite solar cell 

(PSC) technology, where material innovation, device engineering, and the use of advanced 

simulation tools are driving significant progress in solar energy. The shift from traditional lead-

based PSCs to lead-free alternatives like MASnI₃ marks an important step toward 

sustainability, addressing both environmental and health concerns. The research emphasizes 

how careful design of device architectures, especially through interface engineering and the 

incorporation of novel materials such as graphene oxide (GO) and cadmium sulphide (CdS), 

has led to notable improvements in power conversion efficiency (PCE) and operational 

stability. This progress reflects a broader trend in renewable energy research, focusing not only 

on achieving high efficiencies but also on ensuring that these technologies are scalable, cost-

effective, and environmentally friendly. The remarkable PCEs achieved in simulations, 

exceeding 38% in some instances, demonstrate the potential of these next-generation PSCs to 

outperform current photovoltaic technologies. The use of advanced simulation tools like 

SCAPS-1D plays a critical role in this development, enabling researchers to model and predict 

the behaviour of complex solar cell systems under various conditions. This capability is 

essential for refining material choices, optimizing band alignment, and improving charge 

transport mechanisms, all of which are key to enhancing PSC performance. The insights gained 

from this research not only contribute to the evolution of PSC technology but also support 

global efforts to decarbonize energy production. By advancing the design and fabrication of 

lead-free PSCs, this research helps facilitate the transition to a sustainable energy future, where 

solar power plays a central role in reducing dependence on fossil fuels and mitigating climate 

change. The ongoing exploration of innovative materials and device configurations will be 

crucial in unlocking the full potential of perovskite solar cells, ensuring their significance in 

the renewable energy landscape. Towards this end, the following conclusions can derived from 

this work: 
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i. The incorporation of CdS, ZnSe and TiO2 buffer layers were effective in improving the 

methylammonium – based perovskite solar cell performance, resulting in a PCE 

exceeding 38% for both HTL-free and HTL-based configurations. 

ii. In all the solar cell architectures investigated in this work, the PCE was above 35%, 

Jsc > 34 (mAcm−2), Voc  > 1.2 (V)and FF > 71%, with the highest PCE and FF 

being recorded at 38.11% and 88.68%, respectively for the HTL-free cell structure. 

iii. It is evident from the study that various solar cell architectures attained quantum 

efficiencies > 90% in the wavelength range 300 -700 nm indicating impressive solar 

capture for charge for effective charge transport and enhanced electricity generation 

6.3. Recommendations 

In order to assess how different material layers impact the performance of a solar cell 

architecture based on a methylammonium tin iodide photoactive layer, continued research into 

lead-free perovskite materials, is essential for developing high-performance, affordable and 

environmentally friendly perovskite solar cells. This is critical in evaluating the influence of 

interfaces on the electrical parameters of the solar cell architectures for possible scaling and 

manufacturing. The following recommendations can be deduced from this study. 

i. Organic-based buffers such as fullerene, P3HT (poly(3-hexylthiophene), PEI 

(poly(ethyleneimine) and Spiro-OMeTaD should be investigated for the performance 

of cell architectures investigated in this work. 

ii. Electrical outcomes such as PCE, Jsc, Voc, and FF need to be determined for different 

photosensitizers – formamidinium tin iodide and chalcogenide-based perovskites in 

order to understand their performance in comparison to the cell devices evaluated in 

this work. 

iii. Optical parameters such as absorption, bandgap and electron affinities should be 

simulated for the model cell structures using the density functional theory (DFT). 
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APPENDICES 

Appendix I: SCAPS-1D graphical user interface 
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Appendix II: SCAPS-1D graphical user interface showing a solar cell architecture 
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Appendix III: Publication 1 

 

 

 

 

  



237 

 

Appendix IV: Publication 2 
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Appendix V: Publication 3 
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