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ABSTRACT 

The past decade has witnessed significant progress in dye-sensitized solar cells (DSSCs) due to 

attractive power conversion efficiencies (PCEs), low toxicity, roll-to-roll compatibility, and 

versatility. As a result, significant strides have been made in developing high-performance DSSCs 

for the Internet of Things (IoT), highly integrated microelectronics, light-emitting diodes, and 

portable power supplies, among other emerging applications. Concurrently, fundamental studies 

have been conducted to elucidate the underlying electronic, chemical, and physical properties of 

isolated components of DSSCs from both theoretical and experimental perspectives. In this 

roadmap, this study optimized electron transport materials using density functional theory (DFT) 

formalism and numerical simulation methods to investigate the optoelectronic and photovoltaic 

characteristics of simulated solar cell models. One-dimensional solar cell capacitance simulator 

(SCAPS-1D) and Gaussian 09w SCAPS-1D program were used to study the solar cell 

configuration FTO/ZnOS/N719 dye/CuSCN/Au, while Gaussian 09w was used to analyze ground 

state properties, optimized geometries, and bandgap energies. FTO/ZnOS/N719 dye/CuSCN/Au 

achieves an outstanding performance of power conversion efficiency (PCE) of 10.87%, short 

circuit current (Jsc) of 20.32897 mA/cm2, fill factor (FF) of 68.56% and open circuit voltage 

(V𝑂𝐶) of 0.7800 V. For the HTL-free configuration, the architecture FTO/ZnOS/N719 dye/Au 

yielded an optimal power conversion efficiency (PCE) of 11.54%, 18.50 mAcm-2 as the short 

circuit current (Jsc), 62.71% as the fill factor (FF), and an open-circuit voltage (V𝑂𝐶) of 0.99 V, 

while FTO/TiO2/N719 dye/Au gave an optimal photovoltaic performance of 10.22% as the PCE, 

a Jsc of 16.50 mAcm-2, and 63.58% as the FF. The computational studies of reduced density 

gradient (RDG) and molecular electrostatic potential (MEP) agree with earlier studies in statistical 

physics, which suggest that the N719 dye chemically bonds with photoelectrodes via the two 

carboxylic groups in a bidentate bridging configuration. This theoretical investigation 

demonstrates that SnO2 and ZnOS are alternative photoelectrodes to conventional TiO2 in 

harnessing visible light. Nonetheless, ZnOS stands out as a top ETL contender owing to its high 

Jsc and PCE, which enhance its light-harvesting capabilities. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background information 

For many years, fossil fuels have been the primary energy source worldwide for domestic and 

commercial applications (Halkos & Gkampoura, 2020). However, at the onset of industrialization 

in the 19th century, these finite fossil fuels were depleted at a higher rate, emitting pollutants to the 

environment, especially carbon dioxide (CO2) and other greenhouse gases (Sati & Verma, 2021). 

The outflow of CO2 is projected to increase by 85% by 2040 due to the continuous use of non-

renewable energy sources (Sohag et al., 2020). The current worrying trends in global warming and 

the climate crisis, caused by conventional fossil fuels, have motivated the scientific community to 

explore modern and secure renewable energy alternatives (Chen et al., 2019). Most of these 

renewable sources are clean and include solar, hydropower, biomass, wind, geothermal, and 

biofuel. Developing countries require a sustainable, non-polluting energy sources to compete with 

developed countries for a low-carbon transition roadmap during energy production and use (Mills 

et al., 2021). Of all the possible renewable energy alternatives, solar technologies and biofuels are 

considered as credible economic alternatives that contribute mainly to achieving Sustainable 

Development Goals (SDGs) number seven (affordable and clean modern energy) and number 13 

(climate action) (Nazari et al., 2021). Solar technologies are versatile and environmentally benign, 

capable of harnessing clean energy, with a broad potential to fulfill global energy demands in a 

pollution-free atmosphere (Mehrabian & Dalir, 2018).  

Dye-sensitized solar cells, perovskites, organic, multi-linked tandem, and quantum-dot 

technologies belong to the third-generation solar cell systems (Rono et al., 2021a). They possess 

robust features, such as ease of fabrication and lower cost compared to conventional silicon solar 

cells, as well as high power conversion efficiency (PCE) under low-light illumination (Amin et 

al., 2012). Solid-state dye-sensitized solar cell (ssDSSC) consists of a photosensitive layer (dye) 

sandwiched between two charge-selective contacts –electron transport layers (ETL) and hole 

transport layers (HTL), electron and hole conductive materials, respectively. The photoanode 

(ETL) is a crucial component of solar cells, influencing the photovoltaic performance of DSSCs 

by controlling carrier concentration (MaríSoucase et al., 2016). The presence of ETLs in DSSCs 
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is critical in achieving a higher fill factor (FF), high open-circuit voltage (V𝑂𝐶), good absorption of 

photon light, and better transport of directional charges (Snaith, 2010). The criteria for selecting 

the photoanode (ETL) are that it should possess fundamental properties: (i) long diffusion length, 

(ii) high electron mobility to minimize interfacial electron recombination, (iii) high internal surface 

area for maximum dye anchorage, (iv) energy levels that match other solar cell components (Zhang 

et al., 2018). Previous theoretical and experimental results have been reported, exploring new 

interfacial materials in third-generation thin-film solar cells (Rono et al., 2021b; Shao & Loi, 

2020). Due to the complexities of solar cell structures, numerical simulation approaches have been 

employed to elucidate the electrical, optical, and mechanical properties of microscopic parameters 

in solar cells.  

Computational modelling of isolated DSSC components (redox shuttles, semiconductor 

nanoparticles, and dyes) has successfully complemented experimental work by providing insights 

into the physical and chemical processes governing their operations (Tsipis, 2014). The hybrid 

density functional Becke 3-Parameter (Exchange), Lee, Yang, and Parr (B3LYP) level of theory 

has been identified as a reliable method for predicting properties, electronic structure, and 

geometry of conjugated materials (Aulakh et al., 2015). Various computer-based numerical 

simulation programs have been developed to theoretically assess solar cell performance prior to 

device fabrication (Kowsar et al., 2019). There are one-dimensional simulation tools such as solar 

cell capacitance simulator (SCAPS), one-dimensional analysis of microelectronic photonic 

structures (AMPS-1D), and one-dimensional personal computer simulation (PC-1D). 

Nevertheless, these simulators differ in the graphical interface, features, speed, effectiveness, and 

user accessibility (Kowsar et al., 2019). Of all the available numerical software for solar cell 

simulation, SCAPS-1D presents advantages such as easy-to-learn and intuitive control capabilities 

(Burgelman et al., 2013), the capability of simulating up to seven different layers with non-routine 

measurements, and the output results are also easy to interpret (Basak & Singh, 2021; Kim et al., 

2017). Investigating various models with recombination mechanisms, interface defect-level, and 

batch calculations with bulk designs is also easier. Furthermore, SCAPS-1D simulation results 

have demonstrated good agreement with experimental studies and have been widely utilized in 

various types of solar cells (Rono et al., 2021a). 
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Whereas previous studies reported the theoretical power conversion efficiency of DSSCs to be 

approximately 20% (Snaith, 2010), today, the efficiency of DSSCs is just over 12.5% based on 

Ru(II) dyes by optimizing structural and material properties (Shabir et al., 2022). Nevertheless, 

these efficiencies are still lower than Si-based and thin-film solar cells, which post approximate 

efficiencies of 20-30% (Sharma et al., 2018). Consequently, this study seeks to develop a novel 

ssDSSC configuration by optimizing the material layer properties. In the proposed research, 

SCAPS-1D will perform modelling and numerical simulation calculations of the cell 

configuration: FTO/ETL/N719 dye/CuSCN/Au. Herein, FTO, ETL, N719 dye, CuSCN, and Au 

are the fluorine-doped tin oxide, ETL (SnO2, TiO2, and ZnOS) is the electron conductive layer, di-

tetrabutylammonium cis-bis(isothiocyanato)bis (2,2′-bipyridyl-4,4 dicarboxylato) ruthenium (II) 

(absorber layer), CuSCN is the p-type layer, and gold (Au) back contact, respectively. Current-

voltage and heterojunction characteristics, the effect of working temperature on cell performance, 

defect densities, electric losses due to shunt and series resistance, HOMO and LUMO energy 

levels, band gap energies, and quantum efficiency curves will be analyzed using SCAPS-1D, 

Gaussian 09w, and Chemissian computational tools.  

1.2 Statement of the problem 

Arguably, the simplest solution to reducing net carbon emissions is to generate power from 

renewable energy resources such as the sun. Solar energy is the most abundant resource with 

attractive potential for new energy advancements. Harnessing solar energy could become the most 

sustainable energy alternative, particularly due to its widespread abundance in most parts of the 

world. Nevertheless, there is a need to identify affordable and easily processable optoelectronic 

materials for efficient and large-scale production compared to conventional silicon 

semiconductors. The PCE of practical ssDSSCs remains very low compared to Shockley-Queisser 

(S-Q) limits due to fundamental losses stemming from shunt and series resistances, optical losses 

at the interfacial layers, reflection losses, and recombination due to defects. The current record of 

DSSC efficiency stands at 13.6%, with its fabrication designed to achieve low energy losses at 

excited states compared to the widely deployed single-crystalline silicon devices, which consist of 

positive–negative junctions (Si p-n), and have reached a maximum efficiency of approximately 

25%. In order to optimize solar cell performance, the generation of electron-hole pairs must be 
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maximized, and the kinetics of charge recombination must be minimized. Recombination of 

charge lowers the open-circuit voltage (V𝑂𝐶) and reduces short-circuit current (Jsc). There is a need 

for quality interfaces between the absorber layer and the charge-selective contacts. This indicates 

that interfacial optimization at the ETL/N719 interface is critical in electron transport and charge 

separation. Interface quality and stability may be enhanced by controlling the defects of the 

photosensitive and interfacial layers, using feasible contact layers to enhance charge carrier 

generation and collection, and minimizing the kinetics of recombinations. This research 

endeavours to probe the ground-state properties, geometry, HOMO and LUMO energies, band 

gap, and optoelectronic behaviour of various ETLs and CuSCN using SCAPS-1D, Gaussian 09w, 

and Chemissian software. In addition, the photovoltaic performance of the proposed DSSCs 

models will be evaluated by varying interface defect densities and ETLs, with optimization carried 

out under various operational conditions. Herein, the purpose of the computational simulation is 

to enhance and widen our understanding of the key parameters and novel ETLs to focus on in 

improving the photovoltaic performance of dye-sensitized solar cells towards the S-Q limits.  

1.3 Objectives 

1.3.1 General objective 

To investigate optimized optoelectronic properties of various electron transport materials for solar 

cell applications using a solar cell capacitance simulator. 

1.3.2 Specific objectives 

i. To design a high-power conversion efficient solar cell configuration by optimizing the 

optoelectronic properties of TiO2, SnO2, and ZnOS electron transport materials. 

ii. To determine the effect of varying critical device parameters on photovoltaic performance 

of the model solid-state dye-sensitized solar cell models. 

iii. To simulate ssDSSCs models that yield optimal current-voltage characteristics. 

iv. To determine the quantum efficiency curves of the proposed solid-state dye-sensitized solar 

cell configurations. 
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1.4 Research questions 

i. How will optimization of the model ssDSSC configuration give a highly efficient solar cell 

configuration? 

ii. Will the photovoltaic performance of the model ssDSSCs vary significantly when critical 

device parameters are varied? 

iii. How can simulation of ssDSSC models be used to achieve optimal current-voltage 

characteristics? 

iv. Is it possible to simulate ssDSSC based on a one-dimensional solar cell simulator that gives 

characteristic photovoltaic quantum efficiency? 

1.5 Justification 

To address the current global energy and environmental issues linked to the unabated consumption 

of fossil fuels, it is essential to explore sustainable energy alternatives, such as renewable solar 

energy. Third-generation thin-film PV devices, in particular, solid-state dye-sensitized solar cells, 

are versatile, emerging prospective candidates for meeting SDG number 13 (climate action), 

United Nations (UN) climate change act goals, enhance access to clean and modern energy in 

accordance with SDG number seven, SDG number one on poverty reduction, and SDG number 

nine that promotes industry and innovation. Moreover, as the Government of Kenya (GoK) strives 

to achieve food security and nutrition under the Big Four Agenda, post-harvest management of 

perishable foodstuffs has been noted as one of the most enduring challenges. The process requires 

financial and technological innovations to overcome the limitations associated with electricity 

supply, installation, and maintenance of conventional cooling systems. Conveniently, the 

advancement of solar energy technologies has been pivotal in mechanical refrigeration and 

temperature control in food storage systems. Solar-powered cooling systems have been associated 

with notable economic benefits, such as reducing energy costs, preventing root crops from decay, 

and improving nutrition due to the availability of adequate, high-quality food. This cold storage 

technology, which relies on solar panels, can be installed in food storage centers to extend the 

freshness of onions and other perishable foodstuffs. It is crucial to design and manufacture low-

cost photovoltaic devices for effective solar energy harvesting. Despite recent developments in PV 

devices, there are still fundamental limits in converting sunlight to electricity, which is a steady 
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and valuable energy source. Therefore, this study focuses on the numerical simulation of the 

physical parameters of solid-state dye-sensitized solar cell models through a comprehensive 

analysis of their absorber layers, back contacts, and interfacial layers to develop new and cost-

effective charge transport materials (ETL and HTL), counter electrodes (CE), and photoanodes for 

enhanced efficiencies and stabilities. The device performance is significant in meeting the large 

industrial demand for secure electricity and simultaneously meeting the UN climate development 

goals, besides enhancing food security and nutrition, as detailed in Kenya’s Big Four Agenda. 

Nevertheless, capitalizing on the “tune-ability” of material properties is an important action with 

huge potential for the industrial production of PVs. Thus, the better alternative is DSSCs in terms 

of fabrication cost and is also a non-pollutant; however, its efficiency has not achieved the 

theoretical limits of ~ 33%. Therefore, there is much more to be explored since almost infinite 

combinations and modifications of potential materials can improve solar performance. 
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CHAPTER TWO 

LITERATURE REVIEW 

A REVIEW ON THE CURRENT STATUS OF DYE-SENSITIZED SOLAR CELLS: 

TOWARDS SUSTAINABLE ENERGY  

Abstract 

Dye-sensitized solar cells (DSSCs) represent an attractive third-generation photovoltaic 

technology, characterized by their adaptability, roll-to-roll compatibility, low toxicity, lightweight 

nature, and favourable power conversion efficiencies (PCEs). However, their transition from 

laboratory to industrial scale has been slow because of their inability to compete with silicon-based 

cells in terms of stability and efficiency. For decades, research has been conducted on dye-

sensitized solar cells (DSSCs) to improve the efficiency and cost-effectiveness of photovoltaics; 

however, these efforts have been insufficient. In order to improve efficiency and 

commercialization, their chemical and physical properties must be optimized. This article provides 

a concise overview of the most recent developments in the field of dye-sensitized solar cells 

(DSSCs), including the development of molecular engineering techniques, the pursuit of improved 

electrodes, effective sensitizers, and enhanced carrier transport materials (CTMs). This study 

compiles data regarding the historical development of DSSCs, as well as contemporary 

advancements such as surface morphology control, doping techniques, modelling and simulation, 

characterization, and recent pioneering research in photovoltaic studies. This review investigates 

the practical applications of dye-sensitized solar cells (DSSCs) in the Internet of Things (IoT) and 

portable electronics, as well as the use of nanostructured materials as photoelectrodes. The 

objective is to identify potential issues and future advancements. The primary goal of this work is 

to provide a concise summary of solar energy harvesting materials and optimization techniques 

for various components of DSSCs. 

2.1 Introduction 

Presently, the global population is increasing rapidly in tandem with energy consumption, with the 

possibility of energy demand surpassing population growth (Zeren & Akkuş, 2020). Essentially, 

nuclear, bioenergy, and fossil fuels are the primary sources of energy. The unabated use of nuclear 
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and fossil fuels like coal, natural gas, and liquefied petroleum gas (LPG) has resulted in the 

emission of greenhouse gases (GHGs) like methane (CH4), nitrogen oxides (NOX), and oxides of 

carbon (COX) has resulted and radioactive wastes including Technetium-99 (99Tc) isotopes 

(Temba et al., 2016). These have had a significant impact on global climate patterns and degraded 

the natural ecosystem. To address the ever-increasing demand for energy and mitigate the adverse 

effects of conventional fossil fuels and nuclear energy resources on human and environmental 

health, many countries have transitioned to highly environmentally desirable alternative forms of 

energy that are considered renewable and ecologically friendly (Moustakas et al., 2020). An energy 

source that is affordable, secure, reliable, and with minimal ecological and environmental hazards 

is essential to the quality of life (Nadimi et al., 2017). 

The most attractive option for producing heat and electricity is solar energy, which is recognized 

as a sustainable and eco-friendly source (Rono et al., 2021b). Various industries employ the heat 

and electricity generated by solar energy. Solar thermal energy is employed in the textile industry, 

chemical processing, space heating, and food processing. Conversely, electricity generated by 

solar has been utilized in telecommunications, agriculture, construction, transportation, and water 

treatment (Hassanien et al., 2016). The earth receives 1.20 × 107 watts of energy from the sun in 

a single day, which is enough to power the world for two decades (Crabtree & Lewis, 2007). In 

1.5 days, the solar system produces approximately 1.7 × 1022 Joules of power (Crabtree & Lewis, 

2007). This energy is equivalent to the amount of energy generated by the 3 trillion barrels of oil 

reserves on earth (Hayat et al., 2019). In view of this, the sun can be the most accessible source of 

energy, provided that the necessary solar infrastructure and technology are well-developed (Hayat 

et al., 2019). The sun is estimated to produce 4.6 × 1020 Joules in a single hour, which is 

equivalent to the global energy demand for one year (Crabtree & Lewis, 2007). In terms of 

industrial scope and technology, solar energy development is presently in its inception (Bella et 

al., 2015). Nevertheless, ongoing research is being conducted to improve the efficiency of 

harnessing the inexhaustible solar energy by rationally designing, characterizing, and fabricating 

material components, technologies, and processes. 

When a photon with energy ℎ𝑣 that exceeds the band gap energy, 𝐸𝑔, strikes and excites an electron 

from the valence band (VB) to the conduction band (CB) of a semiconductor during solar 

harvesting, generating an electron-hole pair. The excess energy, ℎ𝑣 − 𝐸𝑔, is rapidly shed off as the 
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heated hole and electron thermalize to the band edge. The fundamental limitations in enhancing 

the light-to-electricity conversion of dye-sensitized solar cells (DSSCs) toward the Shockley-

Queisser (S-Q) limits of ~ 33% are attributed to this energy loss (Fujisawa & Hanaya, 2018). 

However, these devices also suffer limitations related to intrinsic and extrinsic stabilities, energy 

losses in dye regeneration kinetics, and interfacial recombination loss kinetics (Godin & Durrant, 

2021; Yadav et al., 2017). DSSCs have demonstrated record efficiencies of approximately 14.2% 

under a one sun illumination (1000 W/m2 Air Mass Global (AM 1.5 G) (Yildiz et al., 2021). 

Numerous novel electron and hole acceptors have been proposed in recent research, garnering 

significant attention for their potential to reduce energy losses through the optimization of charge 

transfer kinetics (Nabil et al., 2021). Additionally, considerable research has been undertaken to 

enhance the efficiency of device architectures towards S-Q limits by optimizing and controlling 

the nanoscale morphology and interfacial engineering (Lunt et al., 2011). Furthermore, a growing 

body of photovoltaic research suggests that solid-state hole-transporting layers (HTLs) are ideal 

replacements for liquid electrolytes, which are not only volatile and toxic but also corrosive to cell 

components (Jang et al., 2019). Hole-transporting layers (HTLs) are essential for stabilizing solar 

cells, preventing internal charge recombination, and enhancing hole migration. Various HTLs, 

such as conducting polymers, small molecule hole conductors, and inorganic p-type 

semiconductors, have been proposed and applied in solid-state dye-sensitized solar cells 

(ssDSSCs) (Jang et al., 2019). In general, HTLs that are efficient should possess the following 

characteristics: (i) high thermal and photostability, (ii) excellent hole mobility, (iii) cost-

effectiveness, (iv) high transparency in the visible spectrum, (v) the highest occupied molecular 

orbital (HOMO) should be greater than the valence band maximum (VBM) of the photosensitizer, 

and (vi) good solubility for easy film formation (Wang et al., 2020). In addition to facilitating the 

flow of holes to the cathode, HTLs also prevent the absorber layer from detrimental environmental 

factors, including moisture and oxygen (Wang et al., 2020). 

Charge extraction and transportation from the photosensitive layer to the respective electrodes are 

enhanced by interfacial layers, including electron transport layers (ETLs) and HTLs (Naqvi & 

Patra, 2021). Additionally, these layers block the passage of ions that are oppositely charged to the 

respective electrode. The electron-transfer efficiency and the overall solar cell efficiency have been 

determined by electron-transmission in n-i-p ssDSSCs. To date, the electronic transmission 
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materials that have been extensively investigated include tungsten trioxide (WO3), tin oxide 

(SnO2), zirconium dioxide (ZrO2), zinc (I) oxide (Zn2O), titania (TiO2), and zinc (II) oxide (ZnO) 

(Omar & Abdullah, 2014). While blocking the transport of holes, these materials enhance electron 

flow. Nevertheless, it is widely recognized that the development of effective ETLs is impeded by 

a vast scientific challenges, including (i) electron trapping tendencies, (ii) the inherent instability 

of the air, and (iii) the challenge of aligning the lowest unoccupied molecular orbital (LUMO) of 

the materials with the work function of the cathode (Lin et al., 2021). Figure 2.1 illustrates the 

optimization strategies and selection criteria for prospective ETMs. 

 

Figure 2.1: Selection criteria and optimization strategies for target electron transport layers (Wang 

et al., 2020)  

Significant research is being conducted to identify better-performing ETLs, HTLs, and dyes for 

highly efficient DSSCs (Agarwala & Kabra, 2017). To expedite real-world applications, it is 

essential to investigate the electronic structure and structural properties that influence the 

optoelectronic properties of target materials. Experimental and theoretical investigations have been 

employed to calculate optical energy gaps, LUMO and HOMO energy levels, and molecular 

geometries. Molecular orbital theory (MOT) is closely related to band theory, as the CB and VB 

represent the LUMO and HOMO energy levels, respectively (Molapo et al., 2012). The energy 
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gap 𝐸𝑔 is the difference between the LUMO and HOMO energy levels (cf. Equation 2.1) (Molapo 

et al., 2012). 

𝐸𝑔 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂                                                                                    (2.1) 

The gap between VB and CB is the energy gap or the band gap, as depicted in Figure 2.2. 

 

Figure 2.2: Comparison of the HOMO-LUMO and energy band diagram  

To scale up photovoltaics, sensitizers with minimum environmental impact are also necessary for 

solar cells (Yashwantrao & Saha, 2022). The visible photoexcitation of sensitizers in these devices 

is essential for generating electron-hole pairs, thereby converting solar radiation into usable power. 

The dyes sensitizers employed in these devices have been the subject of intense investigation by 

researchers after the groundbreaking work of O’Regan and Grätzel (O’regan & Grätzel, 1991). 

Currently, numerous publications have examined the theoretical and experimental potential of 

natural and synthetic dyes for their application in DSSCs. Consequently, significant advancements 

have been made in the design and synthesis of a variety of metal-free (organic dyes), porphyrin 

compounds, and ruthenium complexes (Sen et al., 2023). When light is incident on a solar cell, the 

electrons are excited from the HOMO of the semiconductor to the LUMO of the anchored dye 

molecule. This is the reason why the theoretical and experimental principles of LUMO and HOMO 

energy levels of various sensitizers are indispensable for evaluating the performance of DSSCs 

(Maddah, 2022).  
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Third-generation solar cells are made up of nanostructured materials that are either entirely organic 

or a combination of inorganic and organic components. As a result, a diverse array of materials 

can be optimized to advance solar energy conversion efficiency cost-effectively and sustainably 

(Doumon et al., 2022). Dye-sensitized solar cells are based on cost-effective materials, relatively 

compact dimensions, and minimal environmental impact, making them a promising candidate for 

future advancements (Dhonde et al., 2023). It is worthwhile to note that the industrialization of 

DSSCs has been slow due to their inability to compete with the extensively deployed silicon-based 

cells in terms of efficiencies and stabilities (Kunzmann et al., 2018). Studies have shown that the 

efficiency of a photovoltaic system is dependent on various factors, including irradiance, 

reflection, spectral response, temperature, light source power intensity, system design, and the 

nature of the active material (Dhass et al., 2022). To further explore the reputation of DSSCs, data 

on publication growth year-wise were extracted from the ScienceDirect database (using dye-

sensitized solar cell as search keyword). As shown in Figure 2.3b, the numbers of publications on 

DSSCs have increased from 967 in 2010 to over 1,392 in the first quarter of 2024. 

 

Figure 2.3: PV system efficiency of crystalline silicon, thin film, and concentrator technologies 

(a) and (b) number of DSSCs-related publications from 2010-2024 

Figure 2.3 shows the decades of research activities that have been conducted on photovoltaics to 

improve their efficiency and cost-effectiveness. Nevertheless, these efforts remain insufficient, 

necessitating the refinement of their chemical and physical properties to enhance the efficacy and 

commercialization of DSSCs. The objective of this review is to bind the research findings of 

numerous researchers and offer a concise summary of the executed work on DSSCs. This review 

(b) 

(a) 
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article is necessary for the purpose of summarizing the research investigations on molecular 

engineering technologies, the search for superior carrier transport materials (CTMs), efficient 

sensitizers, and better electrodes. Additionally, this paper includes a concise summary of the 

research activities in the areas of surface morphologies, doping strategies, modelling and 

simulation, and characterization. Studies on the roles of the photo-anode, counter electrode, 

electrolyte, and photosensitizer are scattered. In this context, we have pursued a distinct trend, 

highlighting a variety of materials that have been investigated, as well as modelling and simulation 

methodologies, in search of highly efficient DSSCs and emerging applications for this photovoltaic 

technology.  

2.2 The evolution of solar technologies 

The first generation of solar technologies is silicon-based solar cells, which continue to dominate 

the commercial market and play a significant role in shaping the solar energy landscape 

(Heidarzadeh & Tavousi, 2019). They are divided into three categories based on the type of silicon 

used in the fabrication process: single-crystalline silicon (c-Si), multicrystalline silicon, and 

amorphous silicon (a-Si). Single-crystalline silicon with positive-negative junctions (Si p-n) has 

recorded a maximum efficiency of ~ 25% (Hayat et al., 2019). Conversely, polycrystalline Si, 

which is sliced into thin wafers after melting, solidifying, and orienting the crystals in fixed 

directions, has previously achieved efficiencies of 10.1%, 16.8%, and 20.4% (Litvinov et al., 

2017). Compared to single-crystalline solar cells, polycrystalline photovoltaic (PV) cells have two 

main advantages: they are less expensive to make and have a lower number of defects in the crystal 

(Hayat et al., 2019). Although the development of ribbon silicon technology is anticipated to lower 

the production costs of first-generation PV devices significantly, the primary disadvantage of c-Si 

is its high cost and the complex fabrication process involved (Ramanujam & Singh, 2017).  

The second generation, based on thin-film technologies, emerged in the market to reduce material 

dependency and the costs of first-generation silicon technologies (Iqbal et al., 2022). These cells 

consist of amorphous silicon (a-Si), copper indium gallium diselenide (CIGS), cadmium telluride 

(CdTe), and copper zinc tin sulphide (CZTS) (Nazeeruddin et al., 2011). Monocrystalline CdTe 

has a maximal efficiency of ~ 17% (Zhao et al., 2016). The evaporation technique is employed to 

deposit CdTe on a glass substrate during chemical fabrication. Nevertheless, these cells were not 
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scaled up in the photovoltaic market due to the toxicity of Cd and the limited availability of 

tellurium in the Earth’s crust (Kumar et al., 2017). Conversely, a: Si has attained a maximum 

efficiency of 10.1% (Ji et al., 2019). They are cost-effective in terms of the material requirement; 

however, their performance decreases by 20% over time, and they suffer from instability issues 

(Hayat et al., 2019). Despite their high efficiency in comparison to CdTe and (a-Si), the energy 

market dominance of thin-film CIGS is limited by the scarcity and toxicity of the materials used, 

including Cu, Ga, In, Te, and Cd (Vigil-Galán et al., 2015). On the laboratory scale, their 

performance reached 20%; however, in commercial applications, it ranges between 12 and 14% 

(Hayat et al., 2019). 

The production of high-efficiency, long-lasting, and thermally and photostable PV cells has been 

inspired by the “nano-world” in an effort to replace the rapidly depleting fossil fuels. This has 

resulted in the discovery of novel production techniques and the identification of new materials to 

address the intrinsic and extrinsic instabilities of solar cells. The advancement of nanotechnology 

has necessitated researchers to refine and control the nanoscale morphology and interfacial 

engineering of device architectures to enhance their efficiencies towards the S-Q limit of 

approximately 33% for single-junction photovoltaic devices (Guillemoles et al., 2019). As a result, 

these technologies resulted in the development of third-generation solar cells. 

2.2.1 Third-generation photovoltaics 

The present third-generation solar cells, which have proven to be affordable and capable of 

overcoming the shortcomings of the first and second generations of solar cells, were developed in 

response to the fundamental problems of the first two generations of solar cells (Mingsukang et 

al., 2017). According to Nazeeruddin et al. (2011), DSSCs and organic/polymer solar cells are the 

two most extensively researched third-generation solar cells. The third generation, which includes 

dye-sensitized solar cells (DSSCs), perovskites, organic solar cells, and quantum-dot solar cells, 

possesses outstanding qualities such as ease of manufacturing and affordability compared to 

conventional silicon technology (Mingsukang et al., 2017). Typically, a ruthenium-polypyridine 

dye anchored to a wide band semiconductor serves as the photosensitizer in DSSCs. Charge 

separation occurs at the interface when photo-induced electrons from VB of the dye are injected 

into the CB of an electron transport material like titanium oxide (TiO2). The electrons diffuse from 
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the CB of TiO2 to the anode where they are collected. Remarkably, after three decades of intensive 

research, the conversion efficiency of DSSC has increased from 7% to ~12% (Rudra et al., 2019), 

and their thermal and photostability last for up to ten years (Raja et al., 2017). Other studies have 

also reported an efficiency of 13% for this technology, with minimal energy losses at excited states 

(Rondán-Gómez et al., 2019). Due to their low toxicity, ease of fabrication, affordability, more 

appealing designs, and high incident power conversion efficiency (IPCE), particularly in low-light 

conditions, these solar cell devices have piqued the interest of researchers following the seminal 

work of Grätzel (Amin et al., 2012). Table 2.1 presents a comparison of the durability, cost, and 

efficiency of the three generations of solar cells.  

Table 2.1: Characteristic features of generational solar cells 

   Solar cell generation  Efficiency  Cost Stability 

First High High High 

Second Medium Medium Medium 

Third Medium Low Low 

The regeneration of dyes is facilitated by the redox couple in DSSCs, which is conventionally 

iodide/tri-iodide ( I−/ I3
−). Scientific reports have shown that liquid electrolyte-based DSSCs have 

achieved record efficiencies of 13% (Goh et al., 2022). Despite DSSC being a prospective 

technology, these liquid electrolytes exhibit low stability and tend to corrode the cell components 

(Kunzmann et al., 2018). In addition, they volatize (due to solvent leakage) because of the 

difficulty in achieving perfect sealing in these devices (Singh et al., 2019). Nevertheless, numerous 

studies have argued that these obstacles can be addressed by substituting liquid electrolytes with 

organic HTLs, ionic conducting polymers, inorganic p-type semiconductors, and room 

temperature molten salts (Sharma et al., 2018). Devices fabricated with these materials 

demonstrated lower efficiencies than DSSCs with liquid electrolytes as a result of (i) inadequate 

contact between the p-type semiconductor and the dyed TiO2 porous film and (ii) low hole 

conductivity in polymer gel electrolytes, organic polymers, and molten salts (Singh et al., 2019). 

Various HTLs utilized in third-generation solar cells have been the subject of investigation and 

optimization in recent years. The absorption of a greater fraction of the irradiating photons 

increases cell efficiency; thus, thicker HTLs with high mobility are essential in device fabrication. 
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Moreover, these materials reduce charge recombination kinetics by expediting the transportation 

of charges to the electrodes (Rono et al., 2021a). Figure 2.4 (a) depicts a DSSC with solid-state 

hole transport material, while (b) is a DSSC with a liquid redox electrolyte.  

                   (a) 

 

             (b) 

Figure 2.4: Schematic representation of solid-state dye-sensitized solar cell (a) and (b) dye-

sensitized solar cell with redox electrolyte  

2.3 The principle of operation 

Three primary components comprise DSSCs: (1) the electrolytes, which are typically   𝐼−/𝐼3
− redox 

couples, (2) the counter electrode (CE) coated with conducting polymer or carbon or platinum-

based materials on transparent conducting materials (TCO), and (3) the working electrode (also 

referred to as the photoanode) composed of TCO-coated substrates with ZnO and TiO2 films for 

electron transport, as illustrated in Figure 2.5. 
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Figure 2.5: The main components of DSSCs (Dawo & Chaturvedi, 2023) 

The operating principle of a DSSCs is as follows; 

Step 1: Photoexcitation of the electron in the dye  

The dye molecules anchored on the metal oxide conductor absorb a broad spectrum of sunlight. 

When the irradiating photons strike the dye molecules, they change from the HOMO to the LUMO 

electronic states, called the excited state (𝐷∗), as represented in reaction (Rxn) 2.1; 

𝐷/𝑇𝑖𝑂2 + ℎ𝐽 → 𝐷∗/𝑇𝑖𝑂2 (photo excitation)                                                 (Rxn 2.1) 

Step 2: Electron injection 

The electrons in the excited state of the dye molecule (𝐷∗) is injected into the conduction band 

(CB) of the ETM (typically TiO2), leaving holes (𝐷+) in the dye (Rxn 2.2). The injected electrons 

are then transported to the TCO surface. This process initiates the generation of electron-hole pairs 

within a typical time constant, k, of approximately 10−12 seconds under one sun illumination (298 

K, spectral intensity corresponding to AM 1.5 global standard solar spectrum, and 1000 W/m2)    

𝐷∗/𝑇𝑖𝑂2 → 𝐷+/𝑇𝑖𝑂2 + 𝑒−/𝑇𝑖𝑂2 (𝑘 ≈ 10−12 𝑠)                                         (Rxn 2.2)                                     

Step 3: Dye regeneration  

When the dye loses electrons, it gets oxidized, ready to accept electrons from 𝐼−/𝐼3
− redox couple, 

as shown in Rxn 2.3. The accepted electrons from the redox couple refill the HOMO of the dye, 
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making it ready to continue absorbing irradiating photons. Then the dye in its ground state 

continues to generate excited electrons. 

2𝐷+/𝑇𝑖𝑂2 + (𝑅𝐸)3𝐼 →  2𝐷/𝑇𝑖𝑂2 + 𝐼3
− (OX) (𝑘 ≈ 10−4 𝑠)                      (Rxn 2.3) 

Step 4: Regeneration of the electrolyte  

The tri-iodide ion (𝐼3
−) in the electrolyte is reduced when the photoexcited electrons travel to the 

CE through the load (Rxn 2.4). The electrolyte recovers its ground state by accepting electrons 

from the CE, and the catalyst coated on the CE helps in fast reduction. The time constant for this 

reaction is ≈ 10−6 𝑠. 

(OX)𝐼3
− + (𝐶𝐸)2𝑒− → (𝑅𝐸)3𝐼− (regeneration of 𝐼−)                                  (Rxn 2.4) 

There are recombination reactions with excited electrons at the CB of the TiO2, which are 

detrimental to device performance. These are the regeneration of the oxidized dye (Rxn 2.4) and 

the regeneration of the electrolyte redox couple (Rxn 2.5). The selection of optoelectronic 

materials that favour regeneration rates and avoid energy losses due to recombinations improves 

the device performance. 

Step 5: Recombination by 𝐷∗ dark reaction 

𝑒−/𝑇𝑖𝑂2 + 𝐷+/𝑇𝑖𝑂2 → 𝐷/𝑇𝑖𝑂2 (𝑘 ≈ 10−4 𝑠)                                            (Rxn 2.5)                       

Step 6: Recombination by OX, dark reaction 

𝑒−/𝑇𝑖𝑂2 + 𝑂𝑋 → 𝑅𝐸   (𝑘 ≈ 10−2 𝑠)                                                            (Rxn 2.6) 

In step 7, the electron transfer from the CB of the TiO2 to the FTO occurs. The injected electrons 

convert solar energy into electrical energy. At the same time, recombination reactions may happen 

in the FTO due to the regeneration of the dye and the redox couple, as expressed in reactions Rxn 

2.7 and 2.8, respectively.  

Step 7: Electron transportation 

𝑒−/𝑇𝑖𝑂2 + 𝐹𝑇𝑂 → 𝑒−/𝐹𝑇𝑂 + 𝑇𝑖𝑂2   (𝑘 ≈ 10−3 𝑠)                                    (Rxn 2.7)                                                                

Step 8: Back reaction from FTO to dye 

𝑒−/𝐹𝑇𝑂 + 𝐷∗/𝐷𝐹𝑇𝑂 → 𝐷/𝐹𝑇𝑂                                                                  (Rxn 2.8) 
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Step 9: Back reaction from FTO to electrolyte 

𝑒−/𝐹𝑇𝑂 + 𝑂𝑋 → 𝑅𝐸                                                                                     (Rxn 2.9) 

Other energy loss reactions are electrolyte and dye reduction reactions by themselves, as 

represented in Rxn 2.10 and 2.11, respectively.  

Step 10: electrolyte reduction reaction 

𝑂𝑋 + 𝑒− → 𝑅𝐸 𝑘 ≈ 10−5 𝑠                                                                           (Rxn 2.10) 

Step 11: Dye reduction reaction 

𝑂𝑋 + 𝑒− → 𝑅𝐸                                                                                              (Rxn 2.11) 

To optimize the performance of DSSCs, the electron injection (Rxn 2.1) and the dye regeneration 

process mediated by the electron donor (step 4) should be faster than the decay of the dye (Rxn 

2.5) and the back reaction between the injected electron and the oxidized dye (Rxn 2.6). Efficient” 

regeneration of the charge mediator at the CE improves the performance of DSSCs.  

It is crucial to comprehend the dynamics of charge transportation and loss reactions within 

junctions to assess the overall performance of DSSCs (Dawo & Chaturvedi, 2023). The electron 

collection efficiency in DSSCs is directly influenced by the diffusion length, which is the average 

distance an electron diffuses in TiO2 before recombining with tri-iodide ions. Consequently, this 

parameter has a direct impact on short circuit current density. The electron collection efficiency in 

solar cells is believed to be enhanced by a large electron diffusion length, according to previous 

reports. It is widely recognized in the literature that the diffusion length must be 2-3 times greater 

than the TiO2 film to ensure the efficient collection of electrons in DSSCs. The transportation of 

photoexcited electrons from the excited dye to the CB of the semiconductor metal oxide should be 

faster (order of picoseconds and femtoseconds) than the process by which the dye decays from its 

excited state to the ground state (nanoseconds), as illustrated in Figure 2.6. The loss of 

photoexcited electrons should be minimized by accelerating the regeneration of 𝐼− at the CE and 

the dye regeneration by the 𝐼−/𝐼3
− redox couple. The kinetics view on the operating principle of 

DSSCs is illustrated by blue arrows (charge transportation) and black arrows (loss reactions). 
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Figure 2.6: The kinetics view of the operating principle of DSSCs (Dawo & Chaturvedi, 2023) 

The photovoltaic process is initiated by light absorption, which leads to the quasi-Fermi level 

splitting of electrons and holes, respectively, denoted as 𝐸𝐹𝑛 and 𝐸𝐹𝑝 (Xiang et al., 2021). The 

open-circuit voltage (V𝑂𝐶) in dye-sensitized solar cells (DSSCs) is generated by the separation of 

the quasi-Fermi level for holes in the HTL (redox potential of the electrolyte) (𝐸𝐹𝑝) and the quasi-

Fermi level for electrons (𝐸𝐹𝑛) in the metal oxide (Snaith, 2010). As a result, the maximum 

V𝑂𝐶  value is obtained when 𝐸𝐹𝑛 is pushed closer to the CB and the LUMO of the absorber material, 

and when there is minimal potential loss during the transition from the excited state of the absorber 

material to 𝐸𝐹𝑛 of the metal oxide. Charge transport and recombination kinetics are responsible 

for electronic losses in DSSCs (Snaith et al., 2008). The potential loss in DSSCs is indirectly 

influenced by charge transport and recombination, whereas the accelerated recombination rates of 

charge carriers directly influence photocurrent. As charge recombination rates decrease, 𝐸𝐹𝑛 is 

pushed to the CB until the recombination kinetics are in equilibrium with the charge separation 

rate (Snaith et al., 2008). Fill factor (FF) and short-circuit current (Jsc) in specific systems may be 

improved by the efficient transmission of charge carriers, which in turn enhances charge collection. 

The operational principle of dye-sensitized solar cells is illustrated in Figure 2.7 (Snaith et al., 

2008). 
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Figure 2.7: Operation principle of a dye-sensitized solar cell under photon illumination 

2.4 Hole transport materials 

The substitution of platinum (Pt) electrodes with cost-effective materials and the replacement of 

the liquid electrolyte with a solid conduction system are remarkable advancements in hybrid 

photovoltaic devices (Singh et al., 2019). The objective is to enhance the safety of cell fabrication 

and decrease the overall cost. The transition of DSSCs to an industrial production scale is impeded 

by ineffective encapsulation, volatilization, and solvent leakage. Consequently, the viable 

alternative is to employ all-solid-state materials in cell fabrication. Despite the prospects of solid-

state systems in overcoming volatilization and leakage phenomena, the performance of HTLs 

remains fundamentally limited. The primary scientific challenge of these materials is the 

inadequate interfacial contact and permeation within the mesoscopic structure of the 

photoelectrode. An ideal HTL candidate should possess the following characteristics: good 

thermal and photochemical stability, long-term stability in the air, suitable energy levels to align 

with the photosensitive layer, and good hole mobility (Wang et al., 2020). The growing number of 

studies on HTLs in recent years has attracted significant scholarly attention, as evidenced by the 

increasing interest in both organic and inorganic HTLs. A summary of the various electrolytes 

employed in ssDSSCs is illustrated in Figure 2.8. 
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Figure 2.8: A summary of different electrolytes employed in ssDSSCs (Singh et al., 2019) 

2.4.1 Organic hole transport layers 

After Grätzel and colleagues reported a ssDSSC in 1998 that utilized spiro-OMeTAD as a p-type 

layer, organic HTLs have been the subject of extensive research (Zhang et al., 2016). In addition, 

poly(3-hexylthiophene) (P3HT) and poly(3,4-ethylenedioxy-thiophene) (PEDOT) have been 

examined as potential HTLs in ssDSSCs. Nevertheless, due to the presence of three phenyl rings 

and a lone pair of electrons at the nitrogen atom, Spiro-OMeTAD has demonstrated superior 

performance, thereby increasing the stability of the cation and facilitating delocalization (Yang et 

al., 2018). Abate et al. (2013) noted that Spiro-OMeTAD has relatively reduced hole mobilities 

and that recombination of charge kinetics is a limiting factor. Nevertheless, research has indicated 

that the addition of chemical dopants, including Li[(CF3SO2)2N] and N(PhBr)3SbCl6, can enhance 

electrolyte conductivity and suppress interfacial recombination (Hsu et al., 2012). In 2011, Grätzel 

and his colleagues employed a chemical doping strategy by incorporating Co (III) complexes into 

Spiro-OMeTAD in ssDSSCs. They reported a device performance of 7.2% under a one sun (Air 

Mass 1.5 Global) (Burschka et al., 2011). Figures 2.9 depict the chemical structures of Spiro-

OMeTAD and PEDOT: PSS HTLs utilized in solid-state dye-sensitized solar cells, respectively. 
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Figure 2.9: Chemical structures of Spiro-OMeTAD (a) and (b) PEDOT: PSS hole transport 

materials 

Poly(3,4-ethylene dioxythiophene) (PEDOT) exhibits remarkable stability at ambient 

temperatures, high transparency, and superior electrical conductivity across the visible spectrum 

(300-500 Scm-1), rendering it suitable for applications in ssDSSCs (Wei et al., 2014). Since its 

development at Bayer AG almost 40 years ago, PEDOT has emerged as the most favoured 

polymeric organic conductor for electronic, antistatic, and optoelectronic applications. Water-

soluble poly(styrene sulfonic acid) (PSS) doping produces PEDOT: PSS. Various doped PEDOT-

based materials, including PEDOT: PSS, have been investigated for the fabrication of DSSC 

cathodes in redox shuttles due to their superior electrocatalytic activity and effective hole transport 

mechanisms (conducting holes via charge hopping) across cell electrodes (Yang et al., 2018). 

Prior researchers, including Wei et al. (2014), examined the performance of DSSCs employing 

PEDOT as a counter electrode. They polymerized PEDOT on conductive glass, applied N719 dye 

to nanocrystalline TiO2, and utilized 𝐼3
−1/𝐼− as the electrolyte in their device. Their work aimed to 

compare the performance of DSSCs utilizing sputtering platinum electrodes with those employing 

PSS-doped PEDOT and p-toluenesulfonate (TsO) under air mass (AM) 1.5 Global illumination. 

Table 2.2 provides a summary of their findings. 

 

 

(a) 
(b)
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Table 2.2: Photovoltaic performance of dye-sensitized solar cells using different counter 

electrodes 

Counter electrode                𝐕𝑶𝑪 (V)     𝐉𝐬𝐜 (mA𝒄𝒎−𝟐)           FF PCE (%) 

Pt 0.68 11.1 0.62 4.27 

PEDOT: TsO 0.67 11.2 0.61 4.60 

PEDOT: PSS 0.68 11.0 0.28 2.10 

The TsO-doped PEDOT counter exhibits comparable current-voltage characteristics to sputtered 

Pt, as depicted in Table 2.2. Specifically, the PCE, FF, Jsc, and V𝑂𝐶  are approximately equivalent. 

This can be attributed to the partial exchange of 𝐼3
− and 𝐼− anions in the electrolyte with TsO- in 

PEDOT: TsO, which enhances 𝐼3
−/𝐼− redox reactions. This demonstrates that PEDOT: TsO can 

serve as an alternative counter electrode in DSSCs. Additionally, it has been observed that the 

charge-transfer resistance increases as the thickness of the PEDOT: TsO film increases (Saito et 

al., 2002). Nevertheless, this issue can be resolved by employing thin PEDOT: TsO films as a 

counter electrode to enhance the efficacy of the device. The low photovoltaic performance of 

PEDOT: PSS, in contrast, can be attributed to the blockage of 𝐼3
− or 𝐼− from contacting the active 

sites of PEDOT: PSS by PSS. The blockage of 𝐼3
− or 𝐼− leads to an increase in overpotential and 

oxidative current, which subsequently diminishes the performance of DSSCs. In addition, the 

conductivity of PEDOT: PSS is lower than that of Pt and PEDOT: TsO counter electrodes.  

The conductivity of the PEDOT: PSS counter electrode can be enhanced by treating it with 

dimethyl sulfoxide (DMSO), dichloromethane, N, N-dimethylformamide, and N, N-

dimethylacetamide, as demonstrated by other studies (Chen et al., 2007). Additionally, research 

contends that the conductivity of a PEDOT: PSS counter electrode that has been treated with 

DMSO can be further improved by doping it with carbon black (Wei et al., 2014). For instance, 

the efficiency of the DSSC was 5.81% higher than that of the device fabricated using Pt as the 

counter electrode and 5.66% when the counter electrode was DMSO-treated PEDOT: PSS (with 

0.1 wt% carbon black) (Chen et al., 2007). Spiro-OMeTAD and PEDOT: PSS have been 

extensively employed as HTLs in organic and perovskite solar cells (Jahantigh & Safikhani, 2019). 

One of the benefits of these materials is that their photovoltaic performance can be enhanced 

through secondary doping, enabling the production of flexible solar cells. A theoretical 
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investigation was conducted by Jahantigh and Safikhani (2019) to compare the photovoltaic 

performance of the HTLs in ssDSSCs. They found that PEDOT: PSS has superior efficiencies 

compared to Spiro-OMeTAD, as indicated in Table 2.3. 

Table 2.3: A comparison of the current-voltage characteristics of DSSCs based on Spiro-

OMeTAD and PEDOT: PSS hole transport materials 

Counter electrode                𝐕𝑶𝑪 (V)     𝐉𝐬𝐜 (mA𝐜𝐦−𝟐)           FF PCE (%) 

Pt 0.68 11.1 0.62 4.27 

PEDOT: TsO 0.67 11.2 0.61 4.60 

PEDOT: PSS 0.68 11.0 0.28 2.10 

In a recent study on the photovoltaic performance of solid-state polymerized (SS-PEDOT), Jang 

et al. (2019) showed promising stabilities based on surface morphology studies. The enhanced 

penetration depth between conductive PEDOT and TiO2 nanoparticles, which simultaneously 

improved the ionic conductivity of the sample and long-term stability of more than 1000 hours, 

was the reason given by the authors. Furthermore, their results showed that, in contrast to the 

liquid-based DSSCs, the J-V curve of the proposed ssDSSCs increased over time. Although the 

stability measurements were not sufficiently improved, the authors suggested a more stable device 

fabrication by using SSP conductive polymer and a well-known stable amphiphilic ruthenium dye, 

cis-bis(isothiocyanato)(2,2′-bipyridyl-4,4′-dicarboxylato)(4,4′-di-nonyl-2′-

bipyridyl)ruthenium(II) (Z907) (Jang et al., 2019). 

In its pure (intrinsic) form, Spiro-OMeTAD exhibits low hole mobility and conductivity due to its 

twisted spiro-centre, which hinders 𝜋−𝜋 stacking essential for effective charge transfer, hence 

limiting device performance (Yang et al., 2018). Doping strategies have been recognized as an 

effective method that enhances charge transfer in HTLs. P-type dopants, including metallic salts, 

metal-organic complexes, peroxides, electron acceptors, and protic ionic liquids, have effectively 

improved the performance of these devices (Abate et al., 2013). However, the currently deployed 

p-type dopants are limited by their high reactivity in ambient conditions and inadequate solubility 

in organic solvents. Consequently, research has focused on identifying p-type dopants that exhibit 

excellent stability in air and possess high solubility in organic solvents. Yang et al. (2018) used a 

novel p-type dopant, 2,2,6,6-tetramethyl-1-oxopiperidinebromide salt (TEMPO-Br), a stable N-
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oxoammonium salt, to improve the photovoltaic performance of Spiro-OMeTAD. This salt has 

been effectively used in inorganic semiconductors, including Fe3O4 (Chen et al., 2013) and TiO2 

(Yang et al., 2018). Yang et al. (2018) examined the electrochemical and photophysical 

characteristics of TEMPO-Br-doped Spiro-OMeTAD. Their research indicated that TEMPO-Br 

boosts hole mobility, conductivity, and photovoltaic performance compared to undoped Spiro-

OMeTAD. Furthermore, this p-type dopant enhances device stability, proving to be a viable 

impurity for solution-processed organic semiconductors (Yang et al., 2018).  

2.4.2 Inorganic hole transport layers 

Although PEDOT: PSS has been regarded as a superior HTL candidate in DSSCs, it is necessary 

to incorporate an electron-blocking layer due to its inadequate electron-blocking properties. The 

efficiency loss mechanisms are the consequence of the semi-metallic character of this organic 

HTL. To address these scientific challenges, researchers have been compelled to develop novel 

HTLs, particularly those of the organic variety. In ssDSSCs, copper (I) thiocyanate (CuSCN) and 

copper (I) iodide (CuI) are the most frequently employed inorganic HTMs. These materials exhibit 

high conductivity, suitable energy conversion, and excellent transparency. Copper(I) thiocyanate 

(CuSCN) is a semiconductor with a wide bandgap exceeding 3.4 eV (Wijeyasinghe et al., 2018). 

It has been employed in organic photovoltaics, perovskite solar cells, organic light-emitting diodes 

(OLEDs), and transparent thin-film transistors (TFTs) due to its lower costs and solution-

processability (Wijeyasinghe et al., 2018). Despite its low conductivity (1× 10−1 mScm-1), 

CuSCN exhibits greater stability (Wang et al., 2018). The introduction of dopants to inorganic 

semiconductors has enhanced their electrical properties, similar to molecular doping in organic 

semiconductors. Wijeyasinghe et al. (2018) conducted a thorough experimental and theoretical 

investigation into the impact of doping CuSCN HTL interlayers with fluorinated fullerene 

derivatives (C60F48). The authors observed that a p-doped CuSCN HTL significantly enhances hole 

extraction, becomes more conductive, reduces trap density, increases hole concentration, exhibits 

a decrease in the density of shunting pathways, and increases the density of charge conduction 

pathways. Arguably, the p-doping strategy of CuSCN HTL has a substantial impact on the hole-

transport properties, potentially enabling the development of new device applications and 

establishing numerous new research avenues. The crystalline phases of copper (I) iodide are alpha 
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(α), beta (β), and gamma (γ), and its band gap is 3.1 eV. Since the γ crystalline phase exhibits hole-

conductivity characteristics and is stable at ambient temperatures, it finds significant use in 

ssDSSCs (Tennakone et al., 1998). This material has become a focus of numerous scientific 

investigations after it was reported as a feasible HTL for ssDSSCs in 1995 (Zainun et al., 2013). 

Its development was slow because scientific reports indicated that CuI could not effectively fill 

the vacancies of the TiO2 layer, that it was difficult to control the grain size of CuI, and that it 

infiltrated the inside of the TiO2 layer, causing a short circuit (Wang et al., 2020).The photovoltaic 

performance of several ssDSSCs with CuSCN and CuI as the HTLs is presented in Table 2.4. 

Table 2.4: Photovoltaic performance of different DSSCs architectures employing different HTLs 

and dye sensitizers 

HTL Dye 𝑽𝑶𝑪  

(V)    

𝑱𝒔𝒄  

(mA cm-2)     

FF  

(%)    

PCE 

(%)  

Ref. 

CuSCN N3 0.59 7.8 0.44 2 (O’Regan et al., 2002) 

 N719 0.58 10.52 0.56 3.39 (Premalal et al., 2012) 

CuI Pigment 

cyanidin 

0.38 2.5 - 2.4  (Tennakone et al., 1995) 

 N3 0.59 6.84 0.58 3.8 (Meng et al., 2003) 

 N3 0.62 13 0.58 4.7 (Kumara et al., 2004) 

 N3 0.73 14.5 0.70 7.4 (Sakamoto et al., 2012) 

 D131+D358 

+DIPDAB2 

0.65 22.0 0.71 10.1 (Kato et al., 2018) 

2.5 Electron transport materials 

To improve charge-collecting efficiency, DSSCs need electron transport layers (ETLs) (Mahmood 

et al., 2017). High FF, high V𝑂𝐶 , strong light photon absorption, improved directional charge 

transfer, and thermodynamically better photo-generated carrier population operation all depend on 

the existence of ETLs (Elseman et al., 2020). Serious research is in progress to find ETL films 

with the ideal CB, compact morphology, and high carrier mobility. The extensively researched 

ETLs are classified as organic, inorganic, or a hybrid of organic and inorganic materials. They 

differ in their costs, transport capabilities, and stabilities. In a DSSC device, the photosensitive 
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layer is sandwiched between carrier transport materials (CTMs) – HTLs and ETLs. Therefore, it 

is crucial to identify the most suitable ETLs for DSSCs to enhance the carrier transport in highly 

efficient devices (Hezam et al., 2018).

Numerous publications have focused on a diverse array of ETLs, such as metal oxide 

heterostructured nanoparticles, metal oxide composites, and metal oxide materials in thin-film 

solar devices (Elseman et al., 2020). In addition to the conventional ETL material, TiO2, transition 

metal oxides, such as SnO2, ZnO, WO3, IGZO, and ZnOS, provide desirable electron extraction 

characteristics (Elseman et al., 2020). Carbon-60 (C60), phenyl-C71-butyric methyl ester (PC71BM), 

and (6,6)-phenyl-C61-butyric methyl ester (PC61BM) are all organic ETLs that have been reported 

thus far. The J-V curves are enhanced by the efficient charge collection of charge carriers, as the 

ETL layers are crucial for the extraction and transport of electrons to the electrode (Elseman et al., 

2020). 

The selection criteria for ETLs include: (1) electrical conductivity, which affects charge transfer 

and collection at the electrodes; (2) energy level alignment, which influences charge injection and 

recombination kinetics efficiency; (3) trap states, which affect charge transfer and recombination 

reactions; (4) carrier management, which affects photo-induced charge and collection; (5) 

morphology, which affects how it makes contact with the active layer and its deposition; and (6) 

interfaces, which are essential to comprehending recombination of charge (Elseman et al., 2020). 

To prevent current leakage from films and pinholes, materials selected for third-generation solar 

cells should have thick morphologies free of pinholes (Shariatinia, 2020). Additionally, they 

should not chemically react with cathode electrodes and adjacent light-absorbing layers. For the 

improved electron-accepting property, it should also have a lower LUMO in comparison to the 

dye. Figure 2.10 provides a summary of the variables influencing the performance of different 

ETLs. 
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Figure 2.10: Important factors affecting the performance of different electron transport layers 

employed in DSSCs (Elseman et al., 2020) 

2.5.1 Inorganic electron transport layers 

The well-known inorganic ETL, titanium (TiO2), has been used in a variety of thin-film solar 

systems, including DSSCs and perovskite solar devices (Awsha et al., 2021). According to 

previous researchers, TiO2 has been effectively used as a compact mesoscopic double layer in 

mesoporous perovskite solar cells and as a compact single layer in planar perovskite solar cells 

(Prajapat et al., 2023). Despite problems with instability and energy loss, studies on TiO2 suggest 

that mesoporous perovskite solar cells have greater PCEs than planar perovskite-based solar cells. 

Furthermore, TiO2, as the ETL, has shown superior photovoltaic efficiency in DSSCs due to its 

outstanding stability and desired optoelectronic properties. According to Raj et al. (2021), the 

valence band minimum (VBM) and conduction band minimum (CBM) of TiO2 are ~ 7.3 eV and 

4.2 eV, respectively, ensuring effective electron collection and hole blocking. Spray pyrolysis, 

atomic layer deposition, chemical bath deposition, and the spin-coating technique are some of the 

film formation techniques used in device fabrication employing TiO2 as ETL (Mayabadi et al., 

2014). Different phases, including TiO2- (monoclinic), rutile (tetragonal), anatase (tetragonal), and 

brookite (orthorhombic), have all been effectively used as ETLs in DSSCs (Akin & Sonmezoglu, 
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2018). Additionally, perovskite solar cells are frequently fabricated using TiO2 as the ETL. Non-

stoichiometric defects that impair cell performance are the underlying challenges limiting the 

application of TiO2, as well as other metal oxides. The formation of oxygen vacancies during 

thermal annealing processes is linked to these bandgap defects from trap states (Dhonde et al., 

2021). The trap states slow photoelectron transport from the active layer to the electrode. Effective 

electron injection is inhibited when the deep-level states of TiO2 are located near the interface with 

the dye (Ho et al., 2017). As a result of increased charge recombination, the performance of the 

device declines. Several known techniques exist to passivate these traps and reduce the oxygen 

vacancy density in the TiO2 coating. These consist of morphological modification, oxygen plasma 

treatment, and dopants such as Mg18, Nb19, Fe23, Y20, Sn21, Fe22, chromium (Cr), and manganese 

(Mn) (Dhonde et al., 2017). Additional strategies include use of acetylacetonated additives, 

graphene quantum dots, self-assembled monolayer Fullerene C60 and other ETLs like PC61BM and 

PC71BM, interface engineering, doping, and surface treatment (Dhonde et al., 2019). 

Tin dioxide (SnO2) is a promising ETL contender with superior properties to replace traditional 

TiO2 in the search for low-temperature processable DSSCs, as it requires low-temperature 

fabrication procedures. Additionally, it has a deeper CB than TiO2 to facilitate quicker electron 

transport and extraction. It also possesses a broader bandgap of 3.6-4.2 eV, which increases optical 

transmittance, improves conductivity, and lowers UV photocatalytic activity (Sharma, 2020). Tin 

dioxide (SnO2) has fewer oxidative holes in the VB under UV light than anatase TiO2, which 

improves solar cell stability and inhibits the deterioration of the active layer. Due to undesirable 

band alignment with the LUMO of the commonly employed N719, black dye, and N3 dyes, SnO2-

based DSSCs have lower PCEs than TiO2-based DSSCs, despite their good optoelectrical features 

(Hossain et al., 2017). The decreased V𝑂𝐶  is attributed to high overpotentials at dye/SnO2 contacts, 

whereas this decreased efficiency may be connected to charge recombination. According to some 

researchers, doping techniques improve overall photovoltaic performance; hence, creating new 

designs and coating mesoporous SnO2 with a different thin metal oxide film could improve DSSC 

performance (Dong et al., 2014).  

In addition, tungsten trioxide (WO3) has garnered considerable attention in hybrid photovoltaics 

due to its unique electrical properties. It is a transition metal oxide with a bandgap of 2.6–3.1 eV 

(Kumar et al., 2019). Although WO3 has good carrier mobility in the range of TiO2, it has poor 
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dye adsorption on its surface, resulting in unfavourable charge recombination and low 

photocurrent. Recent research indicates that incorporating one-dimensional (1D) nanostructures, 

such as nanotubes, nanorods, and nanowires, considerably improves DSSCs based on WO3 ETL 

(Akin & Sonmezoglu, 2018). According to various published reports, the performance of WO3 

ETL can be enhanced by introducing a blocking layer to reduce charge recombination from FTO 

to the electrolyte. Thus, manufacturing a photoelectrode with a large surface area for efficient 

light-harvesting and higher dye loading on the surface is critical (Dhonde et al., 2023).  

Strontium titanate (SrTiO3) is another ETL contender for use in DSSCs. This material can be 

regarded as a doped TiO2 structure because it has a bandgap of 3.2 eV, which is similar to anatase 

TiO2 (Yang et al., 2010). In addition to having a wide bandgap, SrTiO3 has a high dielectric 

constant (ε = 300), which allows for effective electrostatic shielding of electrons from the oxidized 

active layer, thereby decreasing charge recombination rates (Chaubey et al., 2014). However, this 

material has not been extensively researched in the field of hybrid photovoltaics. Cerium (IV) 

oxide (CeO2) has also garnered considerable interest due to its appealing photo response, which is 

attributed to the existence of partially occupied 4f and 5d orbitals (Dias et al., 2018). Furthermore, 

it has high stability to photo and chemical corrosion, strong light absorption in ~ 380-400 nm, and 

improved redox nature of 𝐶𝑒4+/𝐶𝑒3+, and low toxicities (Choudhury et al., 2013). However, weak 

photocatalytic effectiveness, quicker charge carrier recombination, and low light absorption 

efficiency pose challenges to its practical application (Yu et al., 2012). 

According to Shahpari et al. (2015), iron (III) oxide (∝-Fe2O3) has been effectively used as a 

counter electrode in DSSCs. Consequently, because of its narrow bandgap of 2.2 eV and intriguing 

optoelectrical characteristics, it has been employed as an ETL. It is noteworthy that around 40% 

of the photons that are irradiating have photon energies higher than this bandgap energy (Akin & 

Sonmezoglu, 2018). However, this material has a small optical absorption coefficient, a short 

lifespan of photo-generated charge carriers, and a reduced charge carrier mobility of 0.2 cm2 V-1s-

1 (Mirzaei et al., 2016). Research has been conducted to address these issues, which include 

controlling the porosity of hematite structures, adding the appropriate dopants, and regulating the 

morphology size (Akin & Sonmezoglu, 2018). With a bandgap of 4.0 eV, niobium pentoxide 

(Nb2O5) has also drawn a lot of interest for use in DSSCs as an ETL material, a bilayer on TiO2, 

and a blocking layer in the FTO/TiO2 interface material (Singh et al., 2018). High cell internal 
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resistances and insufficient surface area for dye molecule anchoring are the causes of the low 

efficiency of Nb2O5-based DSSCs (Akin & Sonmezoglu, 2018). 

Due to its significant excitation binding energy at ambient temperature (60 meV), suitable electron 

band position, high electron mobility, and direct band gap of 3.3 eV, zinc oxide (ZnO) is also 

attracting considerable interest from the scientific and industrial communities (Akin & 

Sonmezoglu, 2018). Compared to titania, zinc oxide (ZnO) is more basic and more likely to react 

chemically with an acidic dye (mostly the carboxylic groups) (Shi et al., 2013). As a result, it 

inhibits charge injection and decreases dye molecule adsorption. DSSCs based on ZnO currently 

have low efficiency. Numerous strategies are being attempted, including doping with metallic and 

non-metallic anions, designing and synthesizing novel dyes, creating new ZnO photoanode 

topologies, and engineering interfacial modifier layers (Akin & Sonmezoglu, 2018). 

2.5.2 Organic electron transport layers 

The performance of DSSCs is also significantly influenced by the choice of organic ETLs. 

Fullerenes and their derivatives, including carbon-60 (C60) and PCBM, have also been used as 

electron transporters in DSSCs (Janani et al., 2015). Some research groups have reported that C60 

exhibits superior conductivity and hole mobility in comparison to PC61BM (Liu et al., 2018). 

Nevertheless, the synthesis of compact and dense C60 via solution processing is a challenging 

process due to the low solubility of C60 in common solvents (Cysewski, 2019). For this reason, 

thermal evaporation is implemented during the deposition of the C60 layer (Raiford et al., 2019). 

Conversely, PCBM is an indispensable ETL due to its low-temperature procedures, 

straightforward fabrication process, electron extractability, and straightforward fabrication 

techniques (Zhang et al., 2020). 

Unlike inorganic ETLs, organic ETLs are highly flexible and moisture-resistant, and their 

properties can be modified by adjusting their structures (Zhang et al., 2020). Because organic ETLs 

have lower conductivity than inorganic ETLs, they should be thin to facilitate charge transmission. 

In the pursuit for highly efficient ETLs, various aspects must be considered: (i) identification of 

novel deposition methods for fullerene and its derivatives, (ii) use of efficient interlayers between 

the dye and the PC61BM layer for efficient charge transport, (iii) mechanical robustness is required, 

(iv) suppressing molecular aggregation of PCBM by mixing it with poly(methyl methacrylate) 
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(PMMA), and (v) a combination of inorganic and organic ETLs to improve device performance 

and enhance long-term stabilities (Zheng et al., 2015). 

2.6 Photosensitizers in dye-sensitized solar cells 

Currently, the widely deployed solar cell technology, silicon-based, has efficiencies of ~ 27% (Yu 

et al., 2018). In contrast, DSSCs based on attractive and abundant materials have efficiencies 

ranging from 13% to 14% (Singh et al., 2019). However, extensive literature reviews have 

consistently emphasized the importance of optimizing various components of DSSCs, including 

the dyes used, charge-selective contacts, anodes, and cathodes. The performance of these devices 

is determined by the dyes used (Ludin et al., 2014). Thus, they must meet characteristics such as 

outstanding electron lifetime, strong absorption spectrum, efficient transfer to TiO2, and good 

adsorption on the TiO2 surface, among other desirable ETLs. Numerous studies have been 

conducted on sensitizers that can be utilized in DSSCs, including natural dyes, quantum dot 

sensitizers, metal-free organic dyes, ruthenium-complex dyes, and mordant dyes. 

2.6.1 Natural dyes 

All-natural dyes are inexpensive, widely available, and environmentally safe. Plant extracts with 

a variety of colours and pigments that can be extracted and used in DSSCs include flowers, tree 

bark, seeds, vegetables, leaves, fruits, and microbes (Maldonado-Valdivia et al., 2013). These dyes 

are commercially available, have high absorption coefficients, do not require complicated 

processing, do not require toxicity testing, and are environmentally benign (Shalini et al., 2016). 

Each pigment is characterized by the colour perceived by humans and the wavelength of maximum 

absorbance. Tree barks, vegetables, seeds, fruits, and flowers are among the natural dyes that have 

been investigated for use in DSSCs. Figure 2.11 presents natural dyes, including (a) Anthocyanin 

pigment obtained from red cabbage plant (Brassica oleracea L.), (b) Anthocyanin (Quercetin) 

pigment extracted from hibiscus flower (Hibiscus rosasinensis), (c) Betalain pigment extracted 

from parsnip (Pastinaca sativa), (d) Anthocyanin (Delphinidin-3-glucoside) pigment obtained 

from Rengas wood (Gluta spp.), (e) Anthocyanin (Delphinidin) pigment obtained from Blackberry 

(Rubus fruticosus L.), (f) Monascin pigment extracted from Monascus plant, (g) Chlorophyll 
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pigment from spinach leaves (Spinacia oleracea), and (h) Flavonoid (Flavonols) pigment extracted 

from Biota orientalis plants (Platycladus arientalis).  

Figure 2.11: Examples of natural dyes that have been explored for application in DSSCs

(a) 

  

         (b) 

 

            (c) 

 

(d) 

 

         (e) 

 

            (f) 

 

 

                                                                            (h) 

             

 

(g) 



35 

 

Typically, dyes should absorb all available light across the electromagnetic spectrum. In this 

pursuit, research has focused on increasing the efficiency of DSSCs towards S-Q limits by 

optimizing the performance of photosensitizers. More recently, Das et al. (2020) employed an 

experimental approach to investigate the light-absorbing properties of natural dyes derived from 

seeds of pomegranate (Punica granatum), red spinach (Basella rubra L.), and Malabar spinach. 

Das et al. (2020) reported various J-V characteristics in solar cells with the three types of dyes, as 

shown in Table 2.5. 

Table 2.5: Photovoltaic performance of DSSCs based on different natural dyes  

Dye 𝐉𝐬𝐜 

(𝛍𝐀) 

𝐕𝐨𝐜 

(V) 

𝐉𝐬𝐜 × 𝐕𝐨𝐜 

(𝟏𝟎−𝟔W) 

𝐉𝐦𝐚𝐱 

(𝛍𝐀) 

𝐕𝐦𝐚𝐱(

𝐕) 

𝐏𝐦𝐚𝐱 

(𝟏𝟎−𝟔W) 

FF 

 (%) 

PCE 

(%) 

Malabar 

spinach seeds 

510 0.71 362.1 410 0.43 176.3 0.49 9.23 

Red spinach  345 0.51 174.23 280 0.32 89.6 0.51 4.69 

Pomegranate 300 0.41 123 270 0.218 58.86 0.48 3.08 

The solar cell containing Malabar spinach seeds had the highest power conversion efficiency 

(9.23%), and all the samples exhibited ideal behaviour. Furthermore, the TiO2 electrode with 

Malabar spinach seeds is the best solar energy converter, according to research using X-ray 

diffraction, scanning electron microscopy, and an inductance analyzer (Das et al., 2020). Sanda et 

al. (2021) conducted a thorough experimental study to investigate the photovoltaic properties of 

various natural dyes. When comparing the J-V characteristics of the natural dyes with the 

ruthenium dye (N719 dye), as shown in Table 2.6, the natural dyes have very low Jsc, which 

suggests that their electron injection and exciton separation are poor. According to Sanda et al. 

(2021), sorghum exhibited high Jsc, which suggests high anthocyanin properties. These natural 

dyes did, however, provide reasonable V𝑂𝐶 values. Consequently, when anchoring groups like 

carbonyl and hydroxyl functional groups are present, the ten natural dyes can be employed as 

sensitizers in DSSCs. 

For the commercial production of ecologically friendly PVs, research on natural dyes is 

challenging (Omar et al., 2020). They are less efficient than synthetic dyes and have poorer thermal 

stability, low electron collection efficiency, fast recombination events (requiring graphene and 
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carbon nanotubes to suppress charge recombination), and the need for additives like phosphinic 

acid, hexadecyl malonic acid, and chenodeoxycholic acid to reduce dye aggregation at the ETLs, 

like the TiO2 layer (Castillo-Robles et al., 2021). To overcome these drawbacks of naturally 

occurring dyes, research is now focused on developing synthetic sensitizers for DSSCs. Through 

phytochemical screening, Sanda et al. (2021) determined the photovoltaic characteristics of these 

molecular sensitizers, as summarized in Table 2.6. 

Table 2.6: Phytochemical screening test of different natural dyes employed in DSSCs 

2.6.2 Ruthenium-complex dyes 

The conversion efficiency of the Grätzel cell, which is based on ruthenium, was 7.1% 

(Nazeeruddin et al., 2001). These dyes have piqued a significant amount of research interest due 

to the tunable electrochemical, photochemical, and photophysical properties of Ru(II) metal 

complexes (Kuciauskas et al., 2002). In addition, they are soluble in a variety of solvents (Zhang 

et al., 2013), possess accessible and stable oxidation states from I to IV, and their geometrical 

Dye extracts (Botanical name) Conc. 

(mg/

mL)  

𝛌𝐦𝐚𝐱 𝐉𝐬𝐜 

(mA/cm2) 

𝐕𝐨𝐜 

(V) 

𝐏𝐦𝐚𝐱 

(mW/c

m2) 

FF PCE 

(%) 

Sorghum stalk (Sorghum bicolor) 1 538 1.69 0.34 0.18 0.31 0.18 

Dawadawa (Parkia biglobosa) 10 450 1.22 0.33 0.12 0.29 0.12 

Red onion (Allium cepa) 5 449 1.68 0.28 0.16 0.34 0.16 

Achiote (Bixa Orellana) 10 432 1.28 0.35 0.16 0.35 0.16 

Flamboyant (Delonix regia) 10 458 0.81 0.42 0.1 0.29 0.10 

Yellow Frangipani (Prumeria) 

rubra) 

10 452 1.12 0.42 0.15 0.32 0.15 

Pink Frangipani (Prumeria 

rubra) 

20 484 0.55 0.31 0.05 0.3 0.05 

Oleander (Nerium oleander) 20 544 0.55 0.33 0.07 0.36 0.07 

Thevetia (Thevetia peruviana) 20 670 0.26 0.30 0.03 0.40 0.03 

White trumpet (Tabebuia rosea) 20 427 0.88 0.32 0.10 0.36 0.10 

Ruthenium dye (N719)  530 8.75 0.53 1.65 0.35 1.65 
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structures enable the controlled addition of ligands (Shalini et al., 2016). A substantial body of 

literature demonstrates that solar cells fabricated using Ru(II) complex dyes consistently produce 

the best photovoltaic performance, primarily due to their relatively longer lifetimes in meta-to-

ligand charge transfer (MLCT) properties (Salmahaminati et al., 2020). 

Ruthenium dyes are classified into three types: polynuclear bipyridyl Ru, carboxylate polypyridyl 

Ru, and phosphonate Ru dyes (Shalini et al., 2016). The number of metal centres distinguishes the 

first type from the second and third, while the absorption groups distinguish the second and third 

(Shalini et al., 2016). The widely studied Ru dyes include (N3-cis-di (thiocyanato) bis (2,2-

bipyridine-4,4-dicarboxylate) ruthenium (N3 dye), (di-tetrabutyl ammonium cis-bis 

(isothiocyanato) bis (2,2’-bipyridyl-4,4’-dicarboxylato) ruthenium (II) (N719 dye), and tris (N, N, 

N-tributyl-1-butanaminium) [2,2’’6’,2’’-terpyre -4,4’,4’’-tricarboxylato (3-)-N1, N1’, 

N1’’]tris(thiocyanato-N) hydrogen ruthenate (N749 or black dye) ) (Mujtahid et al., 2022).  

The primary difference between Ru(II) complexes lies in the absorption groups (Shalini et al., 

2016). According to Sekar and Gehlot (2010), the N3 dye can absorb electromagnetic radiation up 

to 800 nm because of its loose attachment to isothiocyanato groups. The HOMO and LUMO 

molecular orbitals, as well as the MLCT, are responsible for the complex’s light absorption. The 

chromophore (isothiocyanato ligands) of this dye has been used extensively as a sensitizer in 

DSSCs by shifting the HOMO towards the redshift of its absorption spectra. In the synthesis of 

N719 dye, the H+ cations of the carboxyl groups in the N3 dye are substituted with TBA+, which 

has been reported as a highly efficient active layer (Grätzel, 2005; Shalini et al., 2016). However, 

their poorer absorption coefficients have restricted the use of N749 (Shalini et al., 2016). Since 

thick semiconductor oxide is needed to adsorb enough dye molecules, the N749 dye has been 

viewed as a less practical material in DSSCs (Sekar & Gehlot, 2010). A drop in V𝑂𝐶  and Jsc as a 

result of ineffective electron transport is an inevitable consequence of the thick semiconductor 

oxide layer. Accordingly, N719 dye is the most widely utilized Ru complex dye due to its stable 

excitation states, high absorption, and good chemical nature in the visible region of the 

electromagnetic spectrum (Samuel & Yam, 2020). However, despite widespread interest in Ru 

complexes in the scientific community, they have been shown to harm the environment due to the 

presence of heavy metals and complex synthesis methods (Aghazada & Nazeeruddin, 2018). Not 

only is Ru rare in the earth’s crust, but it is also toxic to humans (Das et al., 2020). Metal-free dyes 
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such as coumarin, thienothiophene-derived, phenothiazine, hemicyanine, and oligothiophene have 

been identified as viable alternatives (Shalini et al., 2016). Figure 2.12 shows the ruthenium-based 

dyes that have been tested for DSSCs. 

             (a) 

 

N3 dye 

          (b) 

 

Black dye 

 

Figure 2.12: Chemical structures of ruthenium-based dyes (a) N3, (b) black dye, and (c) N719 

dye 

(c) 
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2.7 Application of nanostructured materials as photoelectrodes in dye-sensitized solar cells 

The photovoltaic market will evolve to include technologies that provide at least 25 years of 

continuous PCE for outdoor applications (Tan et al., 2022). Researchers have proposed several 

strategies to increase the stability and PCEs of DSSC, which include the use of nanostructured 

materials as photoelectrodes (Duarte et al., 2024). Titania nanoparticles, which are made up of 

randomly packed nanoparticles, are the most commonly used photoanode material (Wu et al., 

2023). However, this structure can impede transport dynamics and increase the recombination of 

photoelectrons with the redox couple, thereby lowering the collection efficiency in DSSCs. 

Nanostructured materials have been designed and developed for use in photocatalysis, 

optoelectronics, sensor devices, electronics, and photovoltaics (Saeed et al., 2024). Modifying 

DSSC anodes aims to increase PCE by lowering charge recombination, optimizing electron 

transportation, surface area, trapping power, and light scattering (Cheruku et al., 2023). Various 

metal oxides, including ZnO, TiO2, and WO3, have been used as photoanodes in DSSCs. For 

example, highly ordered TiO2 nanotube arrays, translucent TiO2 nanowires/nanotubes 

manufactured through a two-step anodization process, and high surface area ZnO nanotubes have 

all been effectively employed in DSSCs (Boro et al., 2018). The morphology of these materials is 

crucial in determining DSSC performance, and research initiatives have attempted to utilize one-, 

two-, and three-dimensional (3D) nanostructures to reduce recombination rates and enhance 

charge collection efficiencies (Boro et al., 2018).    

In addition to TiO2 (colloids), nanoparticles have been the subject of much research since the 

inception of DSSCs (Wang et al., 2014). According to Boro et al. (2018), one-dimensional (1D) 

structures, such as nanowires, nanorods, and nanotubes, have garnered considerable interest. These 

1D structures are highly valued because they facilitate charge carrier transit and have fewer charge 

recombinations at grain boundaries (Boro et al., 2018). In addition, TiO2/ZnO composites, which 

can be broadly categorized into 1D, 2D, 3D, and hybrid nanostructures, have been developed and 

have become attractive options for DSSCs due to their low preparation costs, high efficiency, and 

environmentally friendly characteristics (Boro et al., 2018). A composite material combines two 

or more materials (Cai et al., 2017). It possesses great catalytic activity and the capacity to 

transform pure nanomaterials into nanotips, nanobelts, nanotubes, and nanowires. As a result, 

composite materials have gained popularity for DSSCs (Boro et al., 2018). Drygała et al. (2023) 
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reported that 1D nanostructures of the TiO2/ZnO composite exhibit smooth electron mobility, 

resulting in lower recombination rates and enhanced charge transport. It is worthwhile to note that 

TiO2/ZnO 1D nanostructures have been manufactured using various techniques, including 

nanowires, nanorods, and nanotubes (Zhu et al., 2010). Titania has also been doped with ZnO 

nanorods, which improves the PCE of DSSCs (Feng et al., 2016). Other groundbreaking 

breakthroughs include the usage of coaxial TiO2/ZnO nanotube arrays prepared electrochemically 

by depositing ZnO layers inside TiO2 pores, as shown in Table 2.7. The ZnO layer is composed of 

small ZnO nanoparticles, which form rough and nanoporous inner layers that improve dye loading 

and electron transport (Feng et al., 2016). Several findings have also demonstrated that ZnO-

decorated TiO2 nanotubes are more efficient than their TiO2 equivalent nanoparticles (Boro et al., 

2018; Lee et al., 2013; Momeni & Ghayeb, 2015).    

 Table 2.7: Photovoltaic characteristics of various DSSCs using ZnO and TiO2 nanoflowers and 

nanotubes 

Due to their improved dye adsorption on the surface and light-scattering effect, 2D TiO2 

nanosheets have demonstrated superior performance over naked TiO2 (Boro et al., 2018). 

Furthermore, the distinct morphological properties of 2D ZnO nanosheets have led to their 

Nanocomposite        Materials  𝐕𝑶𝑪  

(v)    

 𝐉𝐬𝐜 

(mA/cm2)  

FF 

(%)  

PCE 

(%) 

Ref. 

Nanoflower ZnO 

nanoflowers/TiO2 

0.82 6.14 0.56 2.82 (Liu et al., 2014) 

 Amorphous TiO2 over 

ZnO nanoflowers 

0.76 6.30 0.60 3.10 (Prabakar et al., 

2011) 

 ZnO nanoflowers 0.76 7.96 0.45 2.73 (Xin et al., 2013) 

Nanotubes Coaxial TiO2/ZnO 0.65 7.28 0.60 2.8 (Xie et al., 2011) 

 ZnO/TiO2 nanotube 0.89 5.96 0.70 3.75 (Liu et al., 2012) 

 ZnO-decorated TiO2 

nanotubes 

0.72 6.77 65.11 3.17 (Lee et al., 2013) 

 ZnO coated with TiO2 

nanoparticles 

0.94 6.97 0.60 3.94 (Giannouli, 

2013) 
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applications in DSSCs (Hezam et al., 2018). However, ZnO/TiO2 composite nanostructures are 

not commonly used in DSSCs due to their low PCE (Boro et al., 2018). Light harvesting and 

photoelectric performance have been successfully improved by 3D structures like sponge-like 

TiO2/ZnO nanodonuts (Li et al., 2015), ZnO nanoflowers/TiO2 nanocomposite photoanode 

(Samsuri et al., 2017), ZnO nanorods/nanoflowers on FTO (Ishak et al., 2023), 

crystalline/amorphous TiO2 over ZnO electrode (Boro et al., 2018), and 3D heterostructures 

(Gasso & Mahajan, 2022). According to Boro et al. (2018), hybrid TiO2/ZnO heterostructured 

arrays, such as TiO2 nanowire/ZnO nanosheet or TiO2 nanowire/ZnO nanorod, have demonstrated 

exceptional qualities for use in solar cell applications. The photovoltaic properties of DSSCs made 

with different TiO2/ZnO nanomaterials are presented in Table 2.8. 

Table 2.8: Photovoltaic characteristics of various DSSCs based on various TiO2/ZnO 

nanomaterials 

 

Nanomaterial          Materials  𝐕𝑶𝑪 (

v)    

 𝐉𝐬𝐜 

(mA/cm2)  

FF 

(%)  

PCE 

(%) 

Ref. 

Nanocomposites TiO2/ZnO 

nanodonuts 

0.78 16.70 0.69 9.00 (Li et al., 2015) 

 ZnO coated TiO2 0.75 13.46 0.65 6.62 (Chou et al., 2012) 

 ZnO nanoparticles 0.72 0.49 0.69 1.21 (Kim et al., 2005) 

 TiO2 coated ZnO 0.77 8.78 0.72 4.89 (Sakai et al., 2013) 

Nanofibres TiO2/ZnO core-

sheath 

0.75 11.3 0.61 5.17 (Du et al., 2012) 

Nanowires ZnO with anatase 

TiO2 

0.78  4.5 0.58 2.25 (Law et al., 2006) 

 TiO2-coated ZnO  0.79 12.2 0.59 5.65 (Xu et al., 2012) 

3D hierarchical 

heterostructure 

1D ZnO nanorod 

on 2D TiO2 

nanosheet 

0.80 3.24 0.17 0.51 (Zheng et al., 2014) 

Nanorods TiO2 doped with 

ZnO 

0.76 11.4 0.50 5.80 (Pang et al., 2007) 
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2.8 Theoretical and computational modelling of solar cells 

Third-generation solar cells provide an exceptional platform for fundamental investigations into 

charge and mass diffusion across multi-layer heterogeneous interfaces, solar energy conversion, 

and electrochemistry (Rahman et al., 2023). Theory and computations are recognized for offering 

a scientific basis to comprehend isolated elements of DSSCs (e.g., electrodes, dyes) and 

fundamental processes such as ion/electron transport characteristics at liquid-solid and organic-

inorganic interfaces (Muñoz-García et al., 2021). The application of various theoretical 

methodologies, including sunlight simulation, has proven essential for the scientific community in 

addressing complex processes and materials that span multiple temporal and spatial scales. 

Processes, including electron transport, light harvesting, electrode/dye charge transfer, electrolyte 

diffusion, dye regeneration, and reduction at the counter electrode, occur over varying time scales, 

ranging from femtoseconds to milliseconds, in different regions (Benazzi et al., 2019). 

Consequently, the theoretical methodologies must be multi-scale to guarantee the optimization of 

DSSC components. For any novel photovoltaic technology to be deemed appropriate for 

commercial application, it must have an outdoor lifespan of approximately 25 years and an indoor 

deployment of approximately 5 years (Sangpongsanont et al., 2020). Lifetime investigations of 

these devices require many months of exposure for each iteration, compelling the scientific 

community to employ both theoretical and computational approaches in the development of 

innovative materials, hence expediting research advancement (Muñoz-García et al., 2021).  

Computer modelling offers valuable atomic-level insights into complex processes and materials, 

complementing experimental investigations of matter (Corà et al., 2004). It is an essential method, 

particularly in the industrial sector, where there is a search for new materials with specific 

electronic properties and structures tailored to specific applications (Gubernatis & Lookman, 

2018). An in-depth understanding of the optical, mechanical, and electrical characteristics of 

various solar cell layers is essential for the development of innovative and highly efficient solar 

devices. In this context, Density Functional Theory (DFT) is indispensable for describing the 

ground state properties of a variety of materials (Butt et al., 2020). While the Generalized Gradient 

Approximation (GGA) and Local Density Approximation (LDA), which are respectively based on 

non-uniform and uniform electron density distributions, are crucial for estimating ground-state 
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electronic properties approximation, they yield inaccurate results for excited state DFT 

calculations. Conversely, the calculation of band gaps and band offsets has been investigated using 

a variety of DFT hybrid techniques, including HSE06, which are well-established (Labat et al., 

2008). The first principles of the Hartree-Fock method are incorporated into a various DFT hybrid 

methods, and hybrid methods like the B3LYP correlation function are dependent upon the material 

of interest. 

Numerous properties of interfaces and individual components in DSSCs can be predicted and 

described using the well-established computational tools of DFT and time-dependent Density 

Functional Theory (TD-DFT) (Labat et al., 2006). According to preliminary research, global 

parameters like Jsc and V𝑂𝐶, as well as microscopic characteristics like the optical characteristics 

and electronic structure of semiconductor/electrolyte and dye/semiconductor interfaces, have been 

precisely analyzed using a periodic approach and global hybrid (GH) functional with the aid of 

DFT and TD-DFT (Labat et al., 2008). The binding energies, equilibrium lattice parameters, band 

structures, and relative stabilities of rutile and anatase TiO2 (crucial DSSC semiconductors) have 

been effectively determined by ab initio calculations employing the Hartree-Fock, DFT, and 

hybrid functionals Perdew-Burke-Ernzerhof (PBE) and Becke 3-Parameter (Exchange), Lee, 

Yang, and Parr (B3LYP) levels (Labat et al., 2008). 

2.8.1 Modelling of DSSCs components 

Experimental work has been successfully supplemented by computational and theoretical 

modelling of isolated DSSC components, such as redox shuttles, semiconductor nanoparticles, and 

dyes, which have provided insights into the physical and chemical processes that govern their 

operations (Pastore & Angelis, 2013). The B3LYP level of theory is a reliable method for 

predicting the electronic structure, geometry, and properties of conjugated materials (Aulakh et 

al., 2015). The LUMO, HOMO, and band gap energies of small molecules, including 

triphenylamine (TPA), carbazole, N, N, N, N-tetraphenyl-benzidine, triazine, thiophene, and 

triazatruxene, have been examined by previous authors using B3LYP/6-311g and B3LYP/6-

31g(d) levels of theory (Naqvi & Patra, 2021). The B3LYP hybrid functional and 6-311 g and 6-

31g(d) as basis sets were employed to optimize the structures of these molecules. All calculations 

were conducted using the Gaussian 03 program. According to Naqvi and Patra (2021), B3LYP/6-
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311g level of theory offers precise predictions for parameters such as atomic orbitals and accurate 

energy information. 

Organic dyes are essential components of DSSCs. Typically, these dyes consist of electron-

donating groups (EDG) and electron-withdrawing groups (EWG) (Khanmohammadi et al., 2018). 

Charge transfer from EDG to EWG of the dye is responsible for the presence of a conduction band 

in the excited state of these dyes. Xue et al. (2012) used the Gaussian 03 program to perform DFT 

calculations on the degradation of Ru(dcbpy)2(SCN)2
2- (N719) dye. Their study employed the 

B3LYP hybrid technique and LanL2DZ basis set for the Ru atom, along with the 3-21G* basis set 

for the other elements. They also used the GaussView tool to determine the HOMO and LUMO 

energies of the optimized structures. The HOMO of the N719 dye is predominantly distributed in 

SCN-1 and Ru, with a marginal distribution in dcbpy; however, the LUMO is distributed in dcbpy 

and Ru. The substitution of SCN-1 with an iodine (I) ligand alters the orbital makeup of the dye, 

as demonstrated by Xue et al. (2012); the HOMO and LUMO energies of the dye are altered. The 

N719 dye has a smaller energy gap (1.76 eV) than Ru(dcbpy)2(I)2
2- (N719-I), which has a gap of 

1.93 eV. As a result, the N719-I dye requires more energy to transfer an electron from the HOMO 

to the LUMO than the N719 dye. Furthermore, Xue et al. (2012) revealed that the LUMO energy 

of N719 dye is 0.15 eV lower than that of N719-I. 

This finding is attributed to the decreased potential of electron injection from the excited state of 

N719 dye to the CB of TiO2 compared to N719-I (Lo et al., 2010). Recently, Aziz et al. (2018) 

employed GaussView and Gaussian 09w computational programs in ab initio molecular orbital 

theory to determine the excitation energies, electronic configurations, and geometric structures of 

the squaraine dye – 5-carboxy-2-[[3-[(1,3-dihydro-3,3-dimethyl-1] 2-hydroxy4-oxo-2-

cyclobuten-1-ylidene] methyl -3,3-trimethyl-1-methyl-3H-indolium anchoring group on Ti+4, as 

well as free Ti characteristics. In this work, the partial and total density of states (PDoS and TDoS) 

were visualized using Multiwfn software. The authors of this work reported that their pure DFT 

functional (PBEPBE) calculations yielded results consistent with their experimental findings on 

the UV-Vis spectra of both unbound and bound squaraine dyes (Aziz et al., 2018). Figure 2.13 

depicts the HOMO and LUMO energies of N719-I and N719 dyes measured with the GaussView 

program. 
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Figure 2.13: The HOMO and LUMO energies of N719-I and N719 dyes pictured using the 

GaussView program  

Metal-free organic dyes with donor-acceptor (D-A) molecular designs have sparked great research 

interest in the field of DSSCs with outstanding PV performance (Rahman et al., 2023). Carbazole, 

in particular, is noted for its chemical and thermal stability, as well as the simplicity with which it 

may be functionalized at various locations. Electron-deficient groups such as cyano and nitro have 

been examined as potential anchoring/withdrawing units that can be paired with carbazole donors 

to generate efficient metal-free organic dyes for DSSCs (Naik et al., 2023). For example, Naik et 

al. (2023) used Biovia Turbomole 22, Chemdraw, and TmoleX 2022 to conduct a theoretical 

analysis of a new family of carbazole-based chemical chromogens (R1-6). The DFT and TD-DFT 

were used to study electron delocalization in the HOMO and LUMO energy levels, electronic 

absorption, vertical excitations, and oscillator strength in chloroform and gas phases. In this 

theoretical study, the TD-DFT used CAM-B3LYP/def TZVP methods, and the electrostatic 

potential maps were generated using the B3LYP/def TZVP level. 
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Figure 2.14: Molecular design of R1-6 dyes  

The research group Naik et al. (2023) investigated Gibbs free energy for dye regeneration (∆𝐺𝑟𝑒𝑔), 

Gibbs free energy for electron injection(∆𝐺𝑖𝑛𝑗), and Gibbs free energy for charge recombination 

(∆𝐺𝑟𝑒𝑐) to assess the dye ideal for anchoring on TiO2. These theoretically calculated parameters 

are summarized in Table 2.9.  

Table 2.9: Electronic and thermodynamic properties of dyes R1-6 

Dye 
HOMO 

(eV) 

LUMO 

(eV) 

Bandgap 

E0-0, (eV) 

(∆𝑮𝒓𝒆𝒈) (∆𝑮𝒊𝒏𝒋) (∆𝑮𝒓𝒆𝒄) 

R1 
-5.54 -2.11 3.43 0.34 2.09 1.34 

R2 
-5.64 -2.66 2.98 0.44 1.54 1.44 

R3 
-5.56 -2.12 3.44 0.36 2.08 1.36 

R4 
-5.60 -2.01 3.59 0.4 2.19 1.40 

R5 
-5.86 -2.49 3.37 0.66 1.71 1.66 

R6 
-5.95 -2.88 3.07 0.75 1.32 1.75 

Table 2.9 indicates that dyes provide favourable thermodynamic driving forces for charge injection 

and regeneration, since they satisfy the thermodynamic criteria for charge transfer across the 

complete photoelectronic conversion cycle (Naik et al., 2023). Their findings also illustrate the 



47 

 

HOMO-LUMO energy levels and the bandgap requirements (Naik et al., 2023). The energy 

bandgap of the examined dyes varies from 2.98 to 3.59 eV. The authors simulated the UV-Vis 

absorption of these dyes in a chloroform solvent phase using the CAM-B3LYP/TZVP method. 

The greatest absorption values (𝜆𝑎𝑏𝑠) displayed absorption bands between 333 and 385 nm (within 

the visible spectrum), attributed to intramolecular charge transfer between the accepting units and 

the carbazole. The findings of their research met the criteria for appropriate sensitizers in DSSC 

applications. In general, the introduction of DFT and TD-DFT has broadened the scope of 

computational DSSC modelling (Lu et al., 2018). Density Functional Theory (DFT) methods are 

reliable for characterizing electrical, mechanical, and optoelectronic properties in systems with 

hundreds of atoms (Pastore & Angelis, 2013). Because device components can be optimized, these 

approaches may push DSSC performance parameters closer to the S-Q limits. Future DSSC 

research is expected to focus on computational and theoretical modelling to optimize cell design. 

2.8.2 Numerical simulation of solar cells 

It is crucial to evaluate the performance of photovoltaic devices under various conditions, 

including operating temperatures and solar radiation (Agwa et al., 2020). The performance of these 

devices is evaluated using the spectrum response of current-voltage plots under standard test 

conditions (Hayat et al., 2019). Numerical simulations are one of the more cost-effective ways 

employed in this pursuit. Numerical simulation is a computational technique that involves 

simulating a computer program on a virtual or real device and analysing its performance. 

Furthermore, numerical simulations aim to evaluate the performance of a given solar cell design 

and adjust the modelling output to match reported experimental data, ultimately developing a 

highly efficient solar cell (Rono et al., 2021a). The simulation technique saves time and money on 

solar cell fabrication by providing relevant data on how to change parameters during the 

manufacturing process (Burgelman et al., 2013). It also enables the determination of relevant 

parameters that would otherwise be difficult to get experimentally. Motivated by prior success 

with novel computational resources, multiple researchers have sought to optimize various CTMs, 

sensitizers/photosensitizers, and counter electrodes using numerical simulation programs (Azri et 

al., 2019). The one-dimensional solar cell capacitance simulator (SCAPS-1D) (Burgelman et al., 

2013), COSMOL (Gerlich et al., 2013), analysis of microelectronic and photonic structures 
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(AMPS), and wxAMPS (Liu et al., 2012) have all been widely used to vary key parameters in solar 

cells such as bandgap, defect density, doping concentration, and thickness. Table 2.10 summarizes 

the theoretical results of various solar cell architectures obtained using different numerical 

simulation programs. 

Table 2.10: Photovoltaic characteristics of various solar cell structures from theoretical studies 

Solar cell structure 
𝐕𝑶𝑪 (

V) 

𝐉𝐬𝐜 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

Ref. 

FTO/ZnOS/N719 dye/CFTS/Au 
0.56 16.84 59.09 5.53 (Abdullah et al., 2024) 

FTO/ZnOS/N719 dye/CZTSe/Au 
0.88 20.83 70.86 12.91 (Abdullah et al., 2024) 

FTO/ZnOS/N719 dye/CZTS/Au 
0.87 19.46 71.77 12.20 (Abdullah et al., 2024) 

FTO/ZnOS/N719 dye/CNTS/Au 
0.87 19.89 71.76 12.47 (Abdullah et al., 2024) 

FTO/TiO2/LEG4 dye/PEDOT/Ag 
0.83 13.40 64.00 7.11 (Zhang et al., 2016) 

FTO/TiO2/N719 dye/CuI/Cr-FTO 
0.48 15.3 0.51 3.8 (Ranasinghe et al., 2014) 

FTO/TiO2/BEHP-co-MEH 

PPV/MoO2MoO3/Pt 

2.14 4.23 92.93 8.42 (Rondan-Gómez et al., 

2020) 

FTO/TiO2/BEHP-co-MEH 

PPV/PEDOT: PSS/Pt 

1.53 6.43 80.58 7.95 (Rondan-Gómez et al., 

2020) 

Other numerical simulation tools include analysis of silicon amorphous (ASA), photonic computer 

one-dimensional (PC-1D), and automat for heterojunctions (AFORS-HET), which simulates 

heterojunction solar cells (Ahmed & Khalid, 2019). The selected published literature reveals that 

several theoretical alternatives can serve as springboards for scaling DSSCs from the laboratory to 

commercial production. SCAPS-1D has been primarily used in device simulation due to its 

capacity to examine up to seven layers and perform deep and batch calculations (Burgelman et al., 

2013). It is an analytical tool that solves the continuity and Poisson equations. Furthermore, the 

SCAPS-1D results are consistent with experimental results reported by other researchers, and it 

has an easy-to-use interface, making it a dependable software for analyzing DSSC performance 

(Rono et al., 2021b). SCAPS-1D simulations can be performed on both amorphous and 
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polycrystalline cells under sunlight and dark conditions, providing manufacturers with critical 

information during solar cell fabrication. Several simulation software packages have been created 

to adjust solar cell input parameters and examine changes in quantum efficiency (QE), current-

voltage characteristics, and PCEs (Rono et al., 2021b). 

SCAPS-1D has been popularly used to study p-i-n or p-n junction multilayer solar cells (Azizi et 

al., 2019). It determines the solar photon-to-electrical power conversion efficiency (PCE) of a 

model solar cell. Typically, the efficiency of a solar cell is expressed by Equation 2.2;  

PCE = 
Voc×Jsc

Pin
FF × 100%                                                                              (2.2) 

where, 𝑉𝑂𝐶 is the open-circuit voltage, 𝐽𝑆𝐶  is the short circuit current, FF is the fill factor, and 𝑃𝑖𝑛 

is the power input.  

The one-dimensional solar cell capacitance simulator (SCAPS 1-D) provides recombination 

models, including Auger, radiative, and Shockley-Read-Hall (SRH) recombination profiles. Auger 

recombination is a non-radiative three-particle process whereby an electron (e) from the CB 

transfers its energy either to another electron in the CB (eeh process) or a hole (h) in the VB (ehh 

process). During these processes, the excess energy is transferred to another particle (h or e) and 

released as heat in the lattice (Vossier et al., 2010). The rate of Auger recombination is expressed 

by Equation 2.3; 

𝑅𝐴𝑢𝑔𝑒𝑟 = 𝐶𝑛(𝑛2𝑝 − 𝑛0
2𝑝0) + 𝐶𝑝(𝑛2𝑝 − 𝑛0𝑝0

2)                                             (2.3) 

where 𝐶𝑛 and 𝐶𝑝 denote Auger recombination for eeh and ehh processes, respectively. Here, n and 

p are electron and hole concentrations under illumination. The subscript 0 represents the 

concentration values under equilibrium (dark) conditions. Figure 2.15 shows the energy losses 

through Auger recombination processes. 
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Figure 2.15: Auger recombination processes – ehh and eeh processes  

The SRH recombination mechanism, which predominates in DSSCs, typically begins when the 

energy state traps electrons in the cell’s forbidden area. The transport, continuity, and Poisson 

equations are fundamental equations in semiconductor physics. The Poisson equation is Equation 

2.4, while the drift and diffusion equation for electron carriers in the semiconductor device is 

Equation 2.5. The drift and diffusion equation for hole carriers is Equation 2.6. 

𝑑2∅

𝑑𝑥2 =
𝑞

𝜖𝑜𝜖𝑟  
𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝑑 − 𝑁𝑎 + ⍴𝑝 − ⍴𝑛                                           (2.4) 

Here, ∅(𝑥), 𝜖0,𝜖𝑟, 𝑞, 𝑝(𝑥), 𝑛(𝑥), 𝑁𝑑, 𝑁𝑎, ⍴𝑝, ⍴𝑛 are the electrostatic potential, vacuum 

permittivity, relative permittivity, electric charge, hole concentration, electron concentration, 

charge impurities of donor, charge impurities of acceptor, holes distribution and electron 

distribution, respectively. 

𝑑𝐽n

𝑑𝑥
= 𝐺 − 𝑅                                               (2.5)                                                     

Jn is the electron current density, R is the recombination rate, and G is the generation rate. 

𝑑𝐽𝑝

𝑑𝑥
= 𝐺 − 𝑅                                                  (2.6)             

𝐽𝑝, is the hole current density. 

Carrier transport in semiconductors occurs by drift and diffusion as expressed by Equations 2.7 

and 2.8, respectively. 



51 

 

𝐽𝑛=𝐷
𝑛

𝑑𝑛

𝑑𝑥

 +𝜇𝑛𝑛
𝑑∅

𝑑𝑥
                                             (2.7)                 

𝐽𝑃=𝐷𝑝

𝑑𝑝 

𝑑𝑥
+ 𝜇𝑝 𝑝

𝒅∅

𝑑𝑥
                                            (2.8)                                                 

where 𝐷𝑛, 𝐷𝑝, 𝜇𝑛 and 𝜇𝑝 are the diffusion coefficient of electrons, the diffusion coefficient for 

holes, the mobility of electrons, and the mobility of holes, respectively. 

2.8.2.1 The J-V and fill factor characteristic curves of solar cells 

An efficient method for determining the photovoltaic efficiency of the solar cell is the analysis of 

J-V characteristic curves. These J-V characteristics FF, open-circuit voltage, peak power (𝑃𝑚𝑎𝑥) 

and 𝐽𝑆𝐶  have been the subject of numerous experimental and theoretical explorations. The ideality 

of the cell is quantified by the fill factor (FF). The quality of the PV cell is determined by the 

relationship between the maximum power output, 𝑃𝑚𝑎𝑥  (𝑃𝑚𝑎𝑥 = 𝐽𝑚𝑝 × 𝑉𝑚𝑝) generated by the solar 

cell and the product of JSC and VOC, which is defined as the maximum power output divided by the 

product of 𝐽𝑆𝐶  and 𝑉𝑂𝐶 (Equation 2.9). It is generally influenced by shunt and series resistances. 

𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝑉𝑜𝑐×𝐽𝑠𝑐
=

𝐽𝑚𝑝𝑉𝑚𝑝

𝑉𝑜𝑐×𝐽𝑆𝐶
                                                                                 (2.9) 

Here, 𝐹𝐹 is the Fill factor; 𝑃𝑚𝑎𝑥 is the maximum power; 𝑉𝑂𝐶 is the open-circuit voltage; 𝐽𝑆𝐶  is 

the short circuit current density; 𝐽𝑚𝑝 is the current density at the maximum power point and 𝑉𝑚𝑝 

is the voltage at maximum power. 

2.8.2.2 Short-circuit current density 

The short-circuit current density is the maximum photo-generated current that a solar cell can 

deliver when its terminals are connected (short-circuited). It is related to the optical properties of 

the dye and the different dynamic processes in the cell. The net current density is obtained from 

Equation 2.10; 

 𝐽(𝑣) = 𝐽𝑆𝐶 − 𝐽𝑑𝑎𝑟𝑘                                            (2.10)                                         

where, 𝐽𝑑𝑎𝑟𝑘 is the dark current density, which can be obtained from Equation 2.11. This is called 

the diode equation. 

𝐽𝑑𝑎𝑟𝑘(V) = 𝐽0(𝑒
𝑞𝑣

𝑚⁄ 𝐾𝐵𝑇 − 1)                                 (2.11) 
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Under illumination, the solar behaviour is described using the ideal diode equation and an 

additional current source 𝐽𝑠𝑐 during illumination. The illuminated solar equation is expressed by 

Equation 2.12. 

𝐽𝑉 = 𝐽𝑠𝑐 − 𝐽0(𝑒
𝑞𝑣

𝑚⁄ 𝐾𝐵𝑇 − 1)                                           (2.12) 

where T is the absolute temperature in Kelvins, Jo is the dark saturation current density, m is the 

ideality factor (1 < 𝑚 < 2), 𝐾𝐵 = 1.38 × 10−23𝐽𝐾−1and electronic charge 𝑞 = 1.603 × 10−19 

Coulombs (C). 

2.8.2.3 The open-circuit voltage 

This is a measure of voltage when no current is flowing through the external circuit and/or when 

the solar cell terminals are not connected. It is a measure of the difference between the Fermi level 

of the conductor and the redox potential of the electrolyte. It represents the maximum voltage that 

a photovoltaic cell can deliver and depends on the photo-generated current density, Jph, as 

expressed in Equation 2.13. 

𝑉𝑜𝑐 =
𝑚𝐾𝐵𝑇

𝑞
ln (

𝐽𝑝ℎ

𝐽0
+ 1)                                         (2.13) 

2.8.2.4 Incident photon to current conversion efficiency 

This corresponds to the photocurrent density produced in the external circuit under 

monochromatic illumination of the solar cell, divided by the photon flux that strikes the 

cell. This parameter can be calculated using Equation 2.14. 

𝐼𝑃𝐶𝐸 = 1240
𝐽𝑠𝑐

𝜆𝑃𝑖𝑛
                                              (2.14) 

𝐽𝑠𝑐 is the short-circuit photocurrent density generated by the monochromatic light, 𝜆 is the 

wavelength, and Pin is the intensity of the monochromatic light. The value of Incident power 

conversion efficiency (IPCE) depends on the dye’s light absorption, light intensity, and the 

regeneration of the oxidized dye. IPCE can also be evaluated by multiplying the light-harvesting 

efficiency (LHE) by the efficiency of collecting (ɳ𝑐𝑜𝑙𝑙) the holes at the FTO substrate and the 

quantum yield of hole injection (∅𝑖𝑛𝑗) as presented in Equation 2.15. 

IPCE (𝜆) = 𝐿𝐻𝐸(𝜆)∅𝑖𝑛𝑗 ɳ𝑐𝑜𝑙𝑙                                     (2.15) 
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It is also possible to obtain the value of absorbed photon-to-current conversion efficiency (APCE) 

by finding the ratio of IPCE and LHE as given by Equation 2.16. 

𝐴𝑃𝐶𝐸(𝜆) =
𝐼𝑃𝐶𝐸(𝜆)

𝐿𝐻𝐸(𝜆)
                                                                                        (2.16) 

2.9 Electrochemical methods for measurements and characterization of solar cells 

The characterization of solar cells is essential for understanding the relevant mechanisms and 

reactions in dye-sensitized solar cells (DSSCs), including electron-hole recombination and charge 

transport (Neukom et al., 2018). The comprehension of device limitations and performance is 

dependent upon the characterization and measurement of solar cells. The analysis of processes in 

excitonic devices, such as water-splitting cells, hybrid photovoltaics, organic photovoltaics, and 

DSSCs, is improved by charge extraction and optoelectronic transient measurements (Barnes et 

al., 2013). The measurement of transient voltages and both large and small perturbation currents 

is used to acquire data regarding charge transport and recombination within a device (Wang et al., 

2009). Conversely, capacitance and charge extraction measurements provide information on the 

charge retained in the film during operational conditions (Barnes et al., 2013). Cyclic voltammetry 

(CV), current-voltage (I-V) dynamic polarization, and electrochemical impedance spectroscopy 

(EIS) are among the standard electrochemical techniques employed to characterize and evaluate 

solar cells (Çakar et al., 2021). Furthermore, novel electrochemical frequency-domain methods 

have been developed, such as intensity-modulated photovoltage spectroscopy (IMVS) and 

intensity-modulated photocurrent spectroscopy (IMPS) (Ravishankar et al., 2019).  

Electrochemical impedance spectroscopy (EIS) is an essential tool that provides critical aspects of 

DSSCs, including the transfer of charges to the counter electrode, electron transport and 

recombination in ETMs, and electron transport and recombination at the photoelectrode. EIS is 

typically performed by injecting a small amplitude of alternating current (AC) into DSSCs to 

generate current and voltage signals at a specific angular frequency, 𝜔. The Bode or Nyquist plots 

are used to display the impedance values that are obtained (Omar & Abdullah, 2014; Omar et al., 

2020). Nyquist plots with three frequency regions are observed in dye-sensitized solar cells 

(DSSCs). The diffusion properties and Warburg resistance of the redox couple, 𝐼3
−/𝐼− are 

responsible for the low-frequency region. The charge transfer resistance at the electrolyte/Pt 
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interface is designated to the high-frequency region, while the middle-frequency region represents 

charge transfer recombination resistance at the TiO2/dye/electrolyte interface (Ammar et al., 

2019). Ammar et al. (2019) measured impedance on DSSCs using three natural dyes: chlorophyll 

pigment from spinach leaves, anthocyanin pigment extracted from red cabbage, and onion peels 

within the frequency domain of 0.1 - 105 Hertz (Hz)and compared them to N719 dye. Figure 2.16 

displays the EIS spectra of DSSC based on natural dyes and N719 dye. 

 

Figure 2.16: The EIS spectra for DSSCs based on different naturally extracted sensitizers and 

N719 dye (Ammar et al., 2019) 

As shown in Figure 2.16, the middle-frequency area has larger semicircles, representing slow 

charge recombination at the TiO2/dye/electrolyte interface. A large radius suggests slower 

recombination kinetics (Wei et al., 2015). Dye sensitized solar cell (DSSC) device based on N719 

dye showed lower impedance than natural dyes anchored on TiO2, resulting in higher performance 

(Ammar et al., 2019). Intensity-modulated photovoltage spectroscopy (IMVS) and IMPS are 

generally utilized for nanocrystalline and single-crystal semiconductors, but they have also been 

applied to DSSCCs to examine charge transfer, electron transport, and recombination processes 

(Peter, 2007). These strategies rely on a controllable modification of light intensity. While IMVS 

measures photovoltage responses in an open circuit, IMPS measures frequency-dependent 

photocurrent responses to a sinusoidally modulated incident light stimulus with the cell held in 

position (Pockett et al., 2021). Previous studies have suggested that IMVS and IMPS are effective 
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methodologies for analyzing charge transfer and electron transport dynamics in DSSCs (Wang et 

al., 2022; Xiang et al., 2018). These investigations will provide insights into the limiting 

parameters for electron-collecting efficiency, allowing researchers to maximize charge transfer 

and electron transport efficiency for the best performance of dye-sensitized solar cells (DSSC). 

2.10 Practical applications of dye-sensitized solar cells 

DSSCs have garnered considerable research interest due to their emerging applications, which 

include wearable and highly integrated microelectronic devices, the Internet of Things (IoT), and 

portable power supply (Dhonde et al., 2022). The rising demand for these emerging applications 

is driven by several DSSC characteristics, including adaptability, roll-to-roll compatibility, and 

ultra lightness (Aslam et al., 2020). Autonomous IoT devices can be powered by indoor 

photovoltaics, especially DSSCs. This new generation of technology offers sensing, data 

processing, artificial intelligence, and ad networking capabilities through an intelligent fusion of 

automation and computing power. The goal of the Internet of Things (IoT) is to balance 

productivity and efficiency in order to make human life more automated, comfortable, and easy. 

DSSCs have drawn remarkable attention for their capacity to power actuators, sensors, and other 

IoT communication devices. Internet of Things (IoT) devices require a reliable and uninterrupted 

power source (Rahmatian et al., 2024). The successful development of “independent,” “smart,” 

and “portable” devices relies on the infrastructure and technological advancements of DSSCs, 

which are known to perform effectively in both indoor and ambient light conditions (Barichello et 

al., 2024). Remarkably, DSSCs can function well in a range of interior lighting or intensity 

conditions, such as dimly lit living rooms (200 lux), highly illuminated supermarkets (1000 lux), 

and low-light intensity conditions (50 lux), suggesting a huge potential impact on IoT ecology 

(Aslam et al., 2020). However, to support the entire IoT system, a huge IoT network will require 

an enormous off-grid power source (Aslam et al., 2020). 

As a rising star in the solar cell market, DSSCs are attractive for use in portable devices powered 

by indoor lighting such as incandescent, light-emitting diodes (LEDs), and fluorescent light 

(Yadagiri et al., 2023). It is commonly understood that DSSCs can power sensors in healthcare 

systems, industrial automation, and environmental monitoring (Nath et al., 2023). In indoor 

situations with limited natural light, DSSCs have been integrated with building automation systems 
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and electrical appliances to reduce reliance on finite fossil energy sources (Aslam et al., 2020). 

Furthermore, in the field of biomedical therapies and devices, DSSCs have found application in 

photodynamic therapy (PDT), which uses light-sensitive medicines to limit cancer cell 

proliferation (de Aberasturi et al., 2015). These photovoltaic devices emit light, which activates a 

photosensitizing chemical, generating oxygen, which is known to kill cancer cells. Dye-sensitized 

solar cells are also used to power biomedical implants such as drug delivery devices and 

pacemakers (Biswas et al., 2024). 

Dye-sensitized solar cells are more capable than traditional silicon solar cells of producing power 

from indoor light. Therefore, in locations where diffused light is more prevalent than direct solar 

light, DSSCs have been utilized as power supply sources for light (Aslam et al., 2020; Biswas & 

Kim, 2020). To ensure that buildings are self-sufficient in their energy generation, photovoltaic 

cells have been incorporated into building windows (Aslam et al., 2020). Thin, translucent sheets 

of DSSCs have also been used to generate electricity by installing them in skylights, common 

windows, and glass facades (Salas Castillo et al., 2022). According to other studies, in addition to 

their energy-saving benefits, DSSCs can be integrated with windows and other building materials 

due to their aesthetically appealing appearance (Prajapat et al., 2023). Additionally, companies 

like G24 Power have developed a range of electronic gadgets, including wireless keyboards using 

Bluetooth (Sekaran & Marimuthu, 2024). 

3. Conclusions and outlook 

This review has shown that dye-sensitized solar cells (DSSCs) have garnered international 

research attention due to their potential for high power conversion efficiency, extended lifespans, 

and low manufacturing costs. This study presents cutting-edge advancements and serves as a 

foundation for the design and development of dye-sensitized solar cells (DSSCs) utilizing durable 

ruthenium and natural dyes, paving the way for future large-scale manufacture. Integrating 

ruthenium metal complex dyes with highly absorptive organic dyes is a crucial strategy for 

enhancing light harvesting to improve energy extraction. This study primarily addresses the 

necessity for enhanced carrier transport materials, improved dye sensitizers, and cost-effective 

counter electrodes. A significant advancement in dye-sensitized solar cells (DSSCs) involves 

substituting the liquid electrolyte with a solid-state p-type material and replacing the non-cost-
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effective platinum-based counter electrode. This study examines the current research undertakings 

in interfacial engineering, doping methodologies, and surface morphology control to enhance the 

photovoltaic performance of hole-transporting layers and electron-transporting layers in dye-

sensitized solar cells (DSSCs).  

Numerous researchers have investigated materials used in alternative excitonic solar cells, 

including perovskites and organic solar cells, for potential applications in dye-sensitized solar 

cells. The pursuit of novel and robust materials seeks to address the issues associated with current 

materials, which are considered costly, hazardous, and exhibit poor charge transport, resulting in 

low efficiency and reduced lifespans. With the advancement of nanoscience, nanostructured 

materials, including nanobelts, nanorods, nanotubes, nanowires, and nanoparticles, have been 

created for applications in photocatalysis, optoelectronics, sensor devices, electronics, and 

photovoltaics. The emergence of diverse computational methods, including density functional 

theory and the solar cell capacitance simulator (SCAPS-1D), has proven crucial in broadening the 

applicability of dye-sensitized solar cells (DSSCs). The Becke 3-Parameter (Exchange), Lee, 

Yang, and Parr (B3LYP) quantum level of theory and Gaussian 09w and GaussView 

computational algorithms have been employed primarily to study the electrical, mechanical, and 

optoelectronic characteristics of potential DSSC materials. Understanding the optoelectronic 

characteristics of electronic materials in DSSCs has also been facilitated by various numerical 

simulation methods. Manufacturers have found these numerical codes to be crucial in determining 

the ideal parameters needed for cell fabrication. Among these numerical simulations, SCAPS-1D 

is superior and is consistent with experimental results. Characterization and measurement 

techniques of DSSCs are essential. They facilitate an understanding of pertinent DSSC 

mechanisms and reactions, such as charge transport and electron-hole recombination. The 

increasing demand for these new applications is attributed to several attractive features of DSSCs, 

including their ultra-light weight, roll-to-roll compatibility, and adaptability. Applications for this 

technology can be found in various fields, including biomedical implants, portable electronics, and 

the Internet of Things.  

One important electrochemical tool for DSSCs is electrochemical impedance spectroscopy (EIS), 

which provides information on important processes like ionic diffusion in the electrolyte, electron 

transport and recombination in ETLs, electron transport and recombination at the photoelectrode, 



58 

 

and charge transfer to the counter electrode. In addition, other complementary electrochemical 

techniques like intensity-modulated photovoltaic spectroscopy (IMVS), cyclic voltammetry (CV), 

current-voltage (J-V) dynamic polarization, and intensity-modulated photocurrent spectroscopy 

(IMPS) have been employed to learn more about the factors that limit electron-collecting 

efficiency to maximize charge transfer and electron transport efficiency to enhance the 

performance of DSSCs. Current materials that have been tested in various dye-sensitized solar cell 

configurations are also within the scope of this article. As a result, the technology and 

infrastructure for DSSCs are still in their early stages for large-scale manufacturing. To the best of 

our knowledge, research is presently focused on designing and developing DSSCs using stable 

carrier transport materials. Lower efficiencies are the primary issue with employing solid-state p-

type materials in DSSCs, and this appears to be a significant disadvantage when fabricating high-

quality dye-sensitized solar cells. Stable HTLs like Spiro-OMeTAD, CuSCN, and PEDOT, both 

in their natural states and when doped with metallic salts, metal-organic complexes, peroxides, 

electron acceptors, and protic ionic liquids, hold promise for enhancing the photovoltaic 

performance of DSSCs for safe and sustainable energy in the future. 
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CHAPTER THREE 

SIMULATED PERFORMANCE OF A NOVEL SOLID-STATE DYE-SENSITIZED 

SOLAR CELL BASED ON PHENYL-C61-BUTYRIC ACID METHYL ESTER (PC61BM) 

ELECTRON TRANSPORT LAYER 

Abstract 

The unabated use of conventional transport fuels has led to increased exhaust emissions, resulting 

in unprecedented consequences on climate change. Renewable energy sources have become a 

crucial component for the sustainability and development of human society, with solar energy 

being the primary contender. In this study, the one-dimensional solar cell capacitance (SCAPS-

1D) software has been used to numerically model a novel solid-state dye-sensitized solar cell 

composed of solid layers with the configuration FTO/PC61BM/N719/CuSCN/Au. The primary 

objective of the numerical simulation employed in this study is to optimize the performance of the 

electron transport layer, specifically phenyl-C61-butyric acid methyl ester (PC61BM). Accordingly, 

the performance of the model cell has been evaluated by modulating working temperature, 

absorber thickness, defect density, and metallic back contact. The model solar cell showed the best 

photovoltaic performance with a power conversion efficiency of 5.38%, open circuit voltage (Voc) 

of 0.885 V, a short-circuit current density (Jsc) of 8.563 mAcm-2 and a fill factor (FF) of 70.94%. 

From the Mott-Schottky curve and band diagrams, an estimated built-in voltage of ~1.0 V was 

determined. Notably, the power conversion efficiency of the model solar cell is robust and is toxic-

free compared to lead-based perovskite solar cells. The findings of this study are valuable for the 

development and manufacturing of high-performance dye-based solar cells suitable for large-scale 

production. 

3.1 Introduction  

Traditional transport fuels, including coal, petroleum, and fossil fuels, have caused significant 

environmental degradation and continue to be depleted in the contemporary energy landscape 

(Wang et al., 2017). Consequently, researchers have recently focused on renewable energy 

sources, including biodiesel and solar power, which are recognized for their ability to mitigate 

environmental impacts (Gustavsson et al., 2017). One of the promising research areas to fulfil the 
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ever-growing energy demands without negatively affecting the planet is the transformation of 

sunlight into electricity. Achieving the United Nations (UN) Sustainable Development Goals 

requires a focus on photovoltaic technology as a pathway to a more sustainable and positive future 

(Santika et al., 2019). Theoretical simulations have been used to complement experimental 

research undertakings, reduce costs, and save time in solar cell design and fabrication. Through 

innovative technologies, the inexhaustible solar energy can be sustainably exploited to power our 

heating, electricity, and transportation needs, thereby contributing to a more sustainable and 

greener future. In 1.5 days, the energy capacity from the sun is ~ 1.7 × 1022 Joules, which is 

equivalent to the energy that can be extracted from three trillion barrels of all finite oil reserves on 

the Earth’s crust (Crabtree & Lewis, 2007). The global annual energy consumption exceeds 

4.6 × 1020 Joules, which is equal to the sun’s energy output in one hour (Crabtree & Lewis, 2007). 

Solar energy is not only environmentally benign but also inexhaustible and accessible to most 

regions of the globe. In one day, the Earth receives 1.2 × 107 watts, which is sufficient to satisfy 

energy demand for two decades (Chu & Meisen, 2011). The demand for sustainable energy 

resources is driven by the exponential growth of the human population, the advancement of 

industrial systems, environmental and human health concerns, climate change, and the demand for 

quality living standards (Caruso et al., 2020). Consequently, the world’s energy demand is 

anticipated to be met in the future through the development of solar infrastructure, contributing to 

a transition towards a more sustainable and resilient energy future (Santika et al., 2019).  

The research community has given dye-sensitized solar cells (DSSCs) a lot of attention because of 

their desirable qualities, which include low toxicity and simplicity in fabrication. Moreover, these 

devices have attractive features, including affordability, high incident photon conversion 

efficiency (IPCE), adaptability, and efficient light-harvesting efficiency (LHE) in diffuse light. 

(Gong et al., 2017). Typically, DSSCs are fabricated using an n-type layer, known as the electron 

transport layer (ETL), with a photoactive layer deposited on its surface and a liquid electrolyte as 

the acceptor-type layer (Lee et al., 2017). A DSSC is an embodiment of five major components, 

including a transparent conductive oxide (TCO) layer, a photosensitizer, a semiconductor, a 

counter electrode, and an electrolyte, as depicted in Figure 3.1. Previous studies have reported the 

success of using solid-state redox electrolytes due to limitations of liquid-state redox electrolytes, 

such as electrolyte sublimation, corrosive nature, instability, and evaporation of iodine/tri-iodide 
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electrolytes (Dissanayake et al., 2017). Consequently, all-solid-state layers in the cell device have 

been utilized to address the issues posed by iodine/tri-iodide liquid electrolytes, which are not only 

corrosive but also sublimes.  

 

Figure 3.1: The main components of DSSCs (Gong et al., 2017) 

Due to their remarkable benefits compared to the iodide/triiodide system – specifically the 

elimination of charge leakage and solvent volatility, which enhances device long-term stability, 

solid hole transport layers (HTLs) have been utilized in DSSCs (Manfredi et al., 2014). Organic 

and inorganic polymers, and p-conducting molecules are used as HTLs due to enhanced 

temperature stability and lower corrosiveness. Both inorganic and organic HTLs have been 

reported to mitigate the challenges associated with liquid electrolytes (Calio et al., 2016). In 

addition to sealing complications, their efficiencies continue to be very poor (Syafiq et al., 2020).  

Titanium dioxide (TiO2) has been the most economical ETL for decades, finding several 

applications in photovoltaic systems with dye-sensitized and perovskite photoactive layers that 

enhance solar cell performance (Jahantigh & Safikhani, 2019). Nonetheless, it has been observed 

that the material degrades over time due to prolonged ultraviolet (UV) exposure and the presence 

of oxygen vacancies, which activate surface traps (Madan et al., 2020). Consequently, it is essential 

to explore innovative materials that could serve as suitable ETLs in thin-film technology. Tin 
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dioxide (SnO2), tungsten trioxide (WO3), PC61BM, and zinc oxide (ZnO) have been examined as 

alternative ETLs (Almeida, 2020).  

Prior research has documented solid-state dye-sensitized solar cells utilizing N719 photoactive 

material, a TiO2 mesoporous photoanode, and caesium tin iodide (CsSnI3) as HTL, characterized 

by a direct bandgap of 1.3 eV and a hole mobility of 585 cm2V-1s-1 (Shum et al., 2010). The cell 

with all solid-state layers attained an optimized power conversion efficiency (PCE) of 8.5% and a 

peak photocurrent (Jsc) in ssDSSCs of 19.2 mAcm-2 (Shum et al., 2010). However, the oxidation-

induced deterioration of CsSnI3 under ambient conditions was attributed to the cell instability over 

time (Shum et al., 2010). Organic hole-conducting materials such as poly(3-octylthiophene) (POT) 

and poly(3-hexylthiophene) (P3HT) were first employed in the production of ssDSSCs, showing 

PCE less than 1% due to pores of the polymer HTLs that were not sufficiently filled in the 

mesoporous TiO2 film (Lancelle‐Beltran et al., 2008). This led to both low charge extraction 

efficiencies and ineffective charge separations. A ssDSSCs with TiO2/N719 dye/P3OT/Au 

configuration achieved an efficiency of 1.3% and exhibited remarkable stability following the 

optimization of TiO2 parameters such as architecture, layer thickness, and porosity (Lancelle‐

Beltran et al., 2006). Research shows that stoichiometrically increased quantities of SCN-1 do not 

create surface traps in CuSCN, and that the inorganic layer CUSCN does not easily decompose to 

SCN-1. The CuSCN-based simulated ssDSSCs exhibit the highest stable Voc and longevity (Perera 

& Tennakone, 2003). Due to their minimal hole conductance characteristics, the DSSCs employing 

TiO2 as ETL and CuSCN as HTL exhibited a PCE of 2%.  

Sun et al. (2014) reported PC61BM as a comparatively effective electron acceptor layer. The typical 

current-voltage (I-V) characteristics of the cell were demonstrated using the cell configuration 

ITO/PEDOT: PSS/CH3NH3PbI3/Au and PC61BM as the electron transport layer. The device yields 

a fill factor (FF) of 0.671%, PCE of 3.33%, and 5.961 mAcm-2 as the 𝐽𝑠𝑐, and 0.832 V as the 𝑉𝑜𝑐 

(Sun et al., 2014). Conversely, the solar cell that did not contain PC61BM showed no meaningful 

photovoltaic performance. These findings underscore the feasibility of PC61BM as a feasible 

electron acceptor with high electron affinity. A ssDSSC with configuration TiO2/N719 dye/ 

PC61BM/P3HT exhibited a poor PCE of 1.4% under standard test conditions (STCs) of 1000 

W/m2 and AM 1.5 solar spectrum (Yue et al., 2011). Yue et al. (2011) reported that the 

photoelectric response of DSSCs is enhanced by a P3HT/PC61BM heterojunction layer, which 
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promotes carrier transfer and photon extraction from sunlight (Yue et al., 2011). The present 

simulation study employs the PC61BM as the electron transport compact layer to optimize the 

output PV characteristics and stability. 

This article presents the effect of modulating the defect density of the photoactive materials on the 

PCE of the model ssDSSC cell. Furthermore, the impact of changing the working temperature and 

the metal back contact is considered. Also, this study presents the Mott-Schottky curve, the 

Nyquist plot, energy band diagrams and the optical absorption graphs of the simulated solar cell 

configuration. This study reports the solar cell parameters: PCE, FF, Voc, and Jsc. The findings of 

this study are intended to enhance the future development and fabrication of durable, less toxic 

dye-based solar cells with extended lifetimes. The solar cell under investigation can essentially 

function at practical temperatures between 260 and 300 K, suggesting that it can be deployed 

practically anywhere in the world despite its relatively low power conversion efficiency. The 

simulated performance of the potentially high-performance dye-based solar cells can be injected 

into the production workflow.  

3.2 Numerical simulation methodology 

Computational modelling techniques have been utilized in photovoltaic (PV) technology to 

comprehend its operational principles thoroughly (Rouway et al., 2020). Nevertheless, it is crucial 

to elucidate the electrical, optical, and mechanical properties, as well as the effect of these 

microscopic properties on complex solar systems (Messmer et al., 2018). This study utilizes 

SCAPS-1D 3.3.08 software for computational electronics analysis. The SCAPS-1D program is a 

numerical software developed by Professor Marc Burgelman and his colleagues at the Electronics 

and Information Systems (ELIS) department of the University of Gent, Belgium (Burgelman et 

al., 2013). When the program is launched, a new window – “action panel” is displayed. This panel 

contains the “working platform” and also the “action menu” (Jhuma et al., 2019). To perform 

simulations, one needs to click “set problem”, which opens up in a new window. In this window, 

the user constructs a stack of layers by inputting specific parameters. After constructing the solar 

cell model, measurements to be taken are specified; quantum efficiency (QE), current-voltage (I-

V), capacitance-frequency (C-f), and capacitance-voltage (C-V). Upon selecting the “single-shot”, 

the code computes the specified measurements. The input parameters used in this study have been 
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judiciously sourced from experimental data. The performance of the model is optimized by making 

reasonable adjustments to the layer defect densities, layer thickness, and working temperature.  

The SCAPS-1D version 3.3.08 has been used to study the current-voltage (I-V) photovoltaic 

characteristics of model ssDSSCs under air mass (AM 1.5G) illumination at 1000 W/m2. This 

numerical simulation tool provides recombination models, including Shockley-Read-Hall (SRH), 

radiative and Auger recombinations. SHR recombination models are predominant in DSSCs, 

typically occurring when an electron is trapped in the forbidden zone. SCAPS-1D has been shown 

to be an effective tool for simulating the electronic properties of thin films with heterojunction 

technologies (HJT), in which the basic semiconductor equations for Poisson and continuity are 

solved (Burgelman et al., 2004; Movla, 2014).  

3.3 Results and discussions 

 The model ssDSSCs used in this simulation investigation is a one-dimensional planar 

heterojunction n-i-p cell structure. The architecture comprises FTO/PC61BM/N719/CuSCN/Au, 

where FTO represents fluorine-doped tin oxide, PC61BM serves as the electron acceptor layer, 

N719 is the photoactive layer- di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2’bipyridyl-

4,4’dicarboxylato) ruthenium (II), CuSCN represents copper (I) thiocyanate, and Au is gold, which 

serves as the back contact. Figure 3.2a illustrates the structural assembly of the cell layers, whereby 

the n-region constitutes the ETL, the i-layer serves as the intrinsic layer (N719 dye), which acts as 

the active area, and the p-region denotes the HTL (CuSCN). When the photoactive layer is 

illuminated, the electron-hole carriers are created. Consequently, at the i-p interface, the excitons 

are dissociated, with holes moving to the p-type region while the remaining electrons diffuse to 

the n-type region. At the n-i interface, the excitons are dissociated, causing the electrons to migrate 

to the n-junction while the remaining holes transition to the p-type region. Figure 3.2b depicts the 

movement of excitons upon illumination. The numerical simulator can be used to model ssDSSCs 

by constructing a stack of various semiconductor layers, which are described by electron affinities, 

donor densities, bandgap energies, or by changing the physical parameters of the materials, as well 

as the thickness of the materials (Decock et al., 2012). 
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Figure 3.2: Device structure of the n-i-p primary dye-based solar cell (a) and (b) band alignment 

– electron transport layer, and the proposed hole transport layers 

Upon illumination, the SCAPS-1D software gives the illuminated J-V characteristics of the solar 

cell configuration. This simulator offers a reliable method for evaluating the photovoltaic 

performance of solar cells. Figure 3.2a, vide supra, depicts the simulated solar cell model with 

illumination incident on the front contact, entering the FTO, then ETL (PC61BM), N719 

photoactive layer, and finally through the HTL (CuSCN). The interface defect properties of the 

CuSCN/N719 dye are summarized in Table 3.1. 

Table 3.1: The interface defects properties of the CuSCN/N719 dye interface 

Defect type Neutral 

Capture cross-section electrons (cm²) 1.00 × 10−19 

Capture cross-section of holes (cm²) 1.00 × 10−19 

Energetic distribution single 

Reference for defect energy level Et Above the highest eV 

The energy with respect to Reference (eV) 0.600 

Total density (integrated over all energies) 

(1/cm2) 

1.00 × 1012 
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The simulated device includes all solid-state layers with specific parameters, such as thickness, 

input parameters of thickness, bandgap energy (Eg), the electron affinity (ꭓ), acceptor density 

(NA), relative dielectric permittivity (ϵ ϵr⁄ ), the donor density (ND), defect densities 𝑁𝑡 , mobility 

of electrons (μe), hole electron mobility (μp), conduction band densities (NC) and the valence 

band densities (NV. The selected input parameters used in this study were judiciously extracted 

from the literature (Azri et al., 2019; Gan et al., 2020; Jahantigh & Safikhani, 2019; Rai et al., 

2020; Rondan-Gómez et al., 2020; Zhang et al., 2014), based on theoretical and experimental 

studies presented in Table 3.2. The optimum defect density (𝑁𝑡) of PC61BM and HTL – CuSCN 

considered in this study was 2.0 × 1017 cm-3 and 1.0 × 1022 cm-3, respectively. 

Table 3.2: Material properties applied in the simulation of the solar cell device reported in this 

research                   

Parameter FTO PC61BM CuSCN N719 dye           

Thickness (nm) 400 30 6000.00 200 

Band-gap energy (eV) 3.50 2.0 2.33 3.60 

Electron affinity (eV) 4.00 3.90 3.90 1.70 

Relative permittivity( 𝑒𝑟) 9.00 3.90 30.00 10.00 

Effective density of 

conduction band NC (cm-3) 

9.20 × 1018 2.2 × 1021 2.40 × 1020 1.00 × 1021  

Effective density of valence 

band NV (cm-3) 

1.80 × 1019 2.2 × 1021 2.50 × 1020 1.00 × 1021 

The thermal velocity of 

electrons (cm/Vs) 

1.00 × 107 1.00 × 107 1.00 × 107 1.00 × 107 

The thermal velocity of 

holes (cm/Vs) 

1.00 × 107  1.00 × 107 1.00 × 107 1.00 × 107 

Electron mobility (cm2/s) 20 0.2 5.00 100.00 

Hole mobility (cm2/s) 10 0.2 5.00 25.00 

Density of acceptors (cm-3) 0.00 0.00 1.00 × 1017 1.00 × 1017 

The density of donors (cm-3)  1.00 × 1019 2.93 × 1017 0.00 0.00 

Total density 𝑁𝑡 (1/cm3)       -  2.0 × 1017        -    1.00 × 1022 
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3.3.1 Quantum efficiency of the model solar cell 

Accordingly, internal quantum efficiency (IQE) and external quantum efficiency (EQE) are the 

two parameters to characterize the quantum efficiency of a solar cell. The EQE is the ratio of 

collected charge carriers to the number of incident photons in a photovoltaic system, whereas the 

IQE is the ratio of created electron-hole pairs to the total number of absorbed photons, also referred 

to as quantum yield (Karmalawi et al., 2020). The EQE (%) of the simulated ssDSSCs analyzed in 

this study is presented in Figure 3.3. The external quantum efficiency (EQE) of the cell increases 

from 48.5% at 300 nm to a peak of 97.6% at 370 nm, then drops to 3.80% at approximately 610 

nm. Ruthenium (II) dyes such as N719 are highly desirable for dye-sensitized solar cells (DSSCs) 

due to their robust absorption spectra, ranging from ultraviolet to near-infrared wavelengths. 

Between 300 and 900 nm, the N719 pigment absorbs solar light because of transitions in metal-

to-ligand charge transfer (Aghazada & Nazeeruddin, 2018; Barrera et al., 2016). Low molecular 

coefficients have an impact on this dye and frequently cause intramolecular charge transfer within 

the same wavelength range. Co-sensitizing the N719 dye with organic dyes, such as 

triphenylamines, can enhance the light-harvesting efficiency of N719 dye-based solid-state dye-

sensitized solar cells (Sharma et al., 2013; Wu et al., 2014). 

This spectrum is consistent with the optimal absorption spectra of N719 dye (Han et al., 2010) and 

illustrates the conversion of solar radiation into electricity as a function of measured wavelengths 

(Markvart & Castañer, 2013). In most instances, the IPCE (QE) of a typical PV cell exhibits 

“square-like” graphs, as the IPCE value remains reasonably stable over the measured wavelengths 

(300–900 nm) (Ranjusha et al., 2011). The photoactive substance (N719 dye) chosen for this study 

exhibits a significant electron affinity, turning nearly all absorbed photons into usable energy 

within the 360 nm to 520 nm spectrum. Furthermore, it seems to exhibit relative compatibility with 

various semiconductor materials, comprising both n-type and p-type layers. It is clear from this 

analysis that energy losses due to charge carriers are recombined before being collected by the 

external circuit. Nonetheless, the external quantum efficiency diminishes progressively at longer 

wavelengths, despite its capacity to absorb a larger quantity of photons that are effectively 

transformed into energy. The efficiency of the cell diminishes around 610 nm due to the absorber’s 

inability to capture photons of longer wavelengths, attributed to a high rate of charge 
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recombination within the absorber. The quantum efficiency (QE) can be expressed as a function 

of wavelength. Equation 3.1 gives the relation between QE and Jsc. 

Jsc = q ∫ ∅(λ)QE(λ)d(λ)                                                                               (3.1) 

From Equation 3.1, ∅(λ) is the photon flux per wavelength. 

 

 

 Figure 3.3: External quantum efficiency (EQE) of the cell as a function of the photon wavelength 

3.3.2 Effect of CuSCN/N719 interface defects 

The modelled solar cell structure, employing various semiconductor layers, is presented in Figure 

3.4. Prior research has demonstrated that the overall efficiency of a solar cell configuration is 

significantly influenced by the quality of interface junction (Gan et al., 2020). According to Devi 

et al. (2018), high defect densities not only lower the quality of the PV layers but also increase the 

rate of charge recombination. The defects at the CuSCN and N719 contact were evaluated in this 

study. Figure 3.4 illustrates the measurements that can be specified for numerical simulation, 

located at the very top right. As shown, these measurements comprise the current reference 

settings, the direction of illumination, and the direction of voltage applications. 
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Figure 3.4: The constructed stack of layers for the simulated ssDSSCs in the SCAPS-1D 

The performance of the ssDSSCs decreased as the density of defects at the interface increased, as 

indicated in Table 3.3. This is attributed to the increased availability of surface traps and an 

increase in recombination centres. This aligns with earlier research findings documented in the 

literature (Gan et al., 2020). 

Table 3.3: The J-V characteristics of the simulated solar cell when the CuSCN/719 dye interface 

defect densities are varied 

Defect densities (1/cm2)          𝐕𝑶𝑪 (V) 𝐉𝐒𝐂 

(𝐦𝐀𝐜𝐦−𝟐)       

FF (%)     PCE (%) 

1.00 × 101 0.9704 8.924 67.18 5.82 

1.0 × 103 0.9704 8.924 67.18 5.82 

1.0 × 105 0.9704 8.924 67.18 5.82 

1.0 × 107 0.963 8.909 67.57 50.80 

1.0 × 109 0.900 8.656 70.54 5.50 

1.0 × 1010 0.8875 8.578 70.90 5.40 

1.0 × 1012 0.885 8.563 70.94 5.38 
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3.3.3 Current-voltage (J-V) characteristics 

The simulation findings under AM 1.5 at 1000 W/m2 were as follows: Voc = 0.885 V, JSC = 8.563 

mAcm⁻², FF = 70.94%, and PCE = 5.38%. The external peak open circuit voltage of the circuit, 

Voc (0.885 V), represents the voltage at which current flows when the terminals of the ssDSSCs are 

disconnected. This is the peak voltage that this solar device can produce. The value of Voc is 

determined by the photogenerated current density. The current generated by the solar cell when its 

terminals are short-circuited under light, JSC = 8.563 mAcm−2. The fill factor (FF) of 70.94% is 

defined as the ratio of the maximum achievable power to the product of the Voc and the JSC. This 

parameter helps assess the quality of the solar device (Bartesaghi et al., 2015). The fill factor (FF) 

quantifies the “squareness” of the current-voltage (J-V) curve features, as depicted in Figure 3.5(a). 

The PCE value is calculated by the ratio of the maximum power Pmax to the incidence power Pin. 

The rate at which electron carriers (e-) and hole carriers (h+) recombine when incident photons are 

photo-converted by the solar cell is depicted by the current recombination curves.  

Figure 3.5(b) depicts the absorption coefficients of the layers in the simulated ssDSSCs as a 

function of wavelength. The absorption coefficients of the layers PC61BM, CuSCN, FTO, and 

N719 are unique, as illustrated in Figure 3.5(b), indicating variability in their photon absorption 

capabilities. The conduction band of the semiconductor is stimulated by photons that are 

preferentially absorbed by the layer with the highest absorption coefficient (PC61BM). The 

absorption coefficients indicate the degree to which light of a specific wavelength is absorbed by 

the solar device (Kabir et al., 2019). Wavelength energies below the band gap are insufficient to 

excite an electron from the valence band to the conduction band. The HTL-CuSCN exhibits a 

markedly low absorption constant, leading to poor photon absorption relative to the layer with a 

high absorption coefficient, PC61BM. Equation 3.2 depicts the absorption coefficient s and the 

extinction coefficient of the proposed material layers of the solar cell. 

𝛼 = 4𝜋𝑘
1

𝜆
                                                                                                       (3.2) 

where 𝛼, 𝑘, and 𝜆 is the absorption coefficient, extinction coefficient and wavelength of photons 

in (nm), respectively (Kabir et al., 2019). The value of 𝛼 is multiplied by 107 and the absorption 

coefficient is given in cm-1. 
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Figure 3.5: The J-V characteristics (a) and (b) the optical absorption of the simulated PV device 

3.3.4 Effect of working temperature 

The performance of ssDSSCs is significantly affected by the prevailing temperature conditions in 

a particular environment (Kim et al., 2015). Solar cell devices are generally utilized outdoors; their 

thermal stability degrades due to the effects of peak temperatures, especially in summer (Kersten 

et al., 2015). Typically, solar cells operate at temperatures above 300 K. Nonetheless, 

contemporary third-generation solar cells exhibit efficiency under diffuse conditions and can be 

easily mounted on windows (Reynaud et al., 2019). Therefore, it is essential to investigate the 

effects of temperature variations on solar cell functionality. This study evaluated temperatures 

ranging from 260 to 310 K. Figure 3.6 (a) depicts that the open-circuit voltage (V𝑂𝐶) diminished 

while the short-circuit current (Jsc) rose when the operating temperature increased from 260 to 300 

K. The PCE diminished as the FF increased, as depicted in Figure 3.6(b). The temperature was 

varied within the range of 260 to 300 K. The operational lifespans of semiconductors are reduced 

with increasing temperature. PV devices exhibit instability at high temperatures, resulting in 

degradation and reduced efficiency (Lim et al., 2021).  
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Figure 3.6: Temperature effects on Jsc and Voc (a) and (b) FF and PCE  

As the temperature rises from 260 to 310 K, the short circuit current, Jsc, progressively rises from 

8.549 to 8.57 mAcm-2, as seen in Figure 3.6(b). As the thermal activation energy rises as a result 

of higher temperatures, there is a decrease in charge recombination at the heterojunction barrier, 

which is associated with this increase. Additionally, it is noted that when the temperature rises 

from 260 to 300 K, the Voc drops from 1.046 to 0.868 V. This decline is ascribed to high rates of 

carrier charge recombination caused by an increase in the value of the dark saturation current, J0. 

Equation 3.3 predicts that the Voc is dependent on Jsc 

Voc =
nk𝐵T

q
ln [

Jsc

Jo
+ 1]                                                                                   (3.3)                                      

where Jsc is the photogenerated current in the presence of light illumination, J0 is the dark 

saturation current, T is the absolute temperature in Kelvins (K), 𝑘𝐵 is the Boltzmann constant 

(kB = 1.38 × 10−23JK−1), 𝑞 is the electronic charge (q = 1.603 × 10−19 𝐶) and 𝑛, (1˂ 𝑛 ˃ 2) as 

the ideality factor. The term 
nk𝐵T

q
 gives the thermal voltage or flow of elementary current. 

The efficiency of the solar cell device is significantly influenced by the diffusion length of the 

charge carriers, particularly in the presence of the photosensitizer (Kaiser et al., 2001). The rate at 

which charge carriers recombine increases with an increase in defect densities. The problem can 

be addressed by employing a thicker absorber layer comparable to the thickness of the depletion 

layer (Kaiser et al., 2001). As the dye thickness increases from 1000 nm to 6000 nm, the overall 
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cell efficiency begins to increase, as shown in Figure 3.7(a). The efficiency rises from 4.29% at 

1000 nm to 5.38% at 6000 nm. The PCE rises with increasing layer thickness as more photons are 

absorbed; consequently, the performance of the cell approaches an optimal value. Conversely, the 

FF experiences a gradual increase from 71.14% to 71.16% as the absorber layer thickness increases 

from 1000 nm to 1500 nm, and a subsequent decrease to 70.94% as the absorber layer thickness 

increases from 1500 nm to 6000 nm. 

3.3.5 Absorber thickness 

The efficiency of ssDSSCs depends on the thickness of the photosensitizer, which in this study is 

the N719 dye. The dye is responsible for absorbing photons, which are subsequently converted 

into electricity at the p-i-n junction of the cell (Xiang et al., 2019). The dyes employed in PV 

technology should be capable of absorbing solar radiation in the visible and near-infrared (NIR) 

regions of the spectrum (300–900 nm) (Cai et al., 2019). The thickness of the absorber layer has a 

significant impact on the values of Voc , PCE, FF, and Jsc. The SCAPS-1D computational code was 

used to adjust the absorber thickness from 1000 to 6000 nm in this study. The output in Figure 3.7 

(a) suggests that the Jsc increases progressively as the thickness of the absorber layer increases. 

The power conversion efficiency increases gradually and reaches a maximum of 5.38% at 6000 

nm, while the Jsc reaches a maximum value of 8.885 mAcm-2. The generation of electron-hole pairs 

(e_ h+ pairs) is a consequence of the absorbers’ thicker layers, which absorb a greater number of 

photons. Due to the incomplete absorption of incident photons, Voc and Jsc are relatively lower 

(0.869 V and 7.557 mAcm-2, respectively) when the absorber layer thickness is 1500 nm 

(Mohamed, 2014). The efficiency of power conversion at this thickness (1500nm) is notably low, 

at 4.29%. This is due to the limited diffusion length of the photosensitizer and the recombination 

of charge carriers (photogenerated charge) at the back contact, which is typically located near the 

depletion region in the cell. These observations are in agreement with other investigations in the 

literature (Yang et al., 2018). 
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Figure 3.7: Variation in absorber thickness with (a) Jsc and Voc and (b) FF and PCE 

3.3.6 Effect of CuSCN and FTO thickness 

 The FTO and HTL are crucial components in assessing the overall efficacy of a solar cell, as they 

enhance the optimization of power conversion efficiency and photo-thermal stability. As the 

thickness of CuSCN was augmented from 100 to 1000 nm, the cell parameters FF, PCE,  Voc and 

Jsc remained constant at 70.94%, 5.38%, 0.885 V, and 8.563 mAcm-2, respectively. This indicates 

that the HTL maintains consistent efficiency across all simulated thicknesses and can interact with 

the N719 dye more efficiently. The PCE decreased progressively from 5.44% to 5.31% as the FTO 

thickness rose from 100 to 1000 nm.  As shown in Table 3.4, Voc values decrease from 0.886 to 

0.855 V as the thickness of FTO increases from 100 to 1000 nm, as demonstrated in Table 3.4. 

The photo-generated current (Jsc) decreases from 8.655 to 8.463 mAcm-2. An increase in the 

recombination rate of charge carriers and an increase in dark saturation current, J0, resulting in a 

reduction in Voc. Nonetheless, the fill factor (FF) is enhanced by a decrease in photogenerated 

current Jsc and Voc (cf. Table 3.4). The ideal thickness of FTO is 100 nm. The thickness range in 

which the cell demonstrates a high Voc of 0.886 V, a Jsc of 8.655 mA/cm², and a power conversion 

efficiency (PCE) of 5.44%. Within the range of 100 to 700 nm, the fill factor (FF) remained stable; 

however, it increased to 70.95% when the layer thickness increased from 800 to 1000 nm. 

Consequently, thicker FTO layers exhibit superior thermal and chemical stabilities, along with 
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good optical transparency and electrical conductivity, making them suitable for application in 

ssDSSCs (Huang et al., 2009).  

Table 3.4: The output parameters of Voc, Jsc and PCE when the thickness of CuSCN and FTO is 

varied 

Thickness in 

(nm)                                                     

Material 𝐕𝐨𝐜 (V)             𝐉𝐬𝐜 (mAcm-2)       FF (%) PCE (%) 

100 FTO 0.886 8.655 70.94 5.44 

                   CuSCN 0.885 8.563 70.94 5.38 

200                 

                      

FTO 

CuSCN 

0.886 

0.885 

8.619 

8.563 

70.94 

70.94 

5.42 

5.38 

300             

    

FTO 

CuSCN 

0.886 

0.885 

8.589 

8.563 

 

70.94 

70.94 

5.4 

5.38 

400                

                

FTO 

CuSCN 

0.885 

0.885 

8.563 

8.563 

 

70.94 

70.94 

 5.38 

5.38 

 

500                

                

FTO 

CuSCN 

0.885 

0.885 

8.541 

8.563 

 

70.94 

70.94 

5.36 

5.38 

 

600                

                

FTO 

CuSCN 

0.885 

0.885 

8.521 

8.563 

 

70.94 

70.94 

5.32 

5.38 

 

700                

                

FTO 

CuSCN 

0.885 

0.885 

8.504 

8.563 

 

70.94 

70.94 

5.34 

5.38 

 

800             

 

900             

 

1000     

FTO 

CuSCN 

FTO 

CuSCN 

FTO 

CuSCN 

0.885 

0.885 

0.885 

0.885 

0.885 

0.885 

8.489 

8.563 

8.475 

8.563 

8.463 

8.563 

70.95 

70.94 

70.95 

70.94 

70.95 

70.94 

5.33 

5.38 

5.32 

5.38 

5.31 

5.38 

 

3.3.7 Effect of the back contact work function 

The performance of photovoltaic devices is greatly affected by the electrical characteristics of the 

back contact. Molybdenum (Mo) has proven to be an efficient rear contact material in thin-film 
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photovoltaic systems. Nonetheless, its insufficient power conversion efficiency makes it 

unsuitable as a substitute (Altamura et al., 2014). Gold (Au) is recognized as the most efficient 

back contact material; however, its utilization is hindered by its high cost and the diffusion of Au 

atoms into other solar cell layers, which compromises performance (Teixeira et al., 2019). We 

evaluated the performance of ssDSSCs by changing the metal back contact, which possesses 

differing metal work functions, to demonstrate the potential of the most dependable, economical, 

and high-performing back contact. Table 3.5 lists the simulated materials and corresponding 

photovoltaic performance: copper (Cu), gold (Au), nickel (Ni), platinum (Pt), silver (Ag), and 

palladium (Pd). The metal front contact is selected to be flat bands and the SCAPS-1D software is 

able to automatically give the work function of the metal. 

The performance of the solar cell is improved when the back contacts have higher metal work 

functions, as demonstrated in Table 3.5. Correspondingly, the FF values increase with a high metal 

work function of the rear contact, leading to an enhancement in power conversion efficiency, as 

ascribed in Table 3.5. The results of this study demonstrate that the feasible back contact metals 

are Au, Ni, and Pt. These metallic back contacts are ideal for application in solar cells. Gold (Au) 

and platinum (Pt) are costly back contact materials (Hall et al., 2021). In the simulated ssDSSCs, 

nickel is the optimal material for the metal back contact owing to its superior performance, as 

ascribed in Table 5. Unlike palladium, nickel is abundantly available in nature, cost-effective, 

possesses a higher work function, is reliable, and exhibits good power conversion efficiency 

(cf. Table 3.5). 

Table 3.5: The ssDSSCs cell performance characteristics for different metal back contacts  

Back contact metal work 

function       

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

Copper (4.65) 0.881 8.562 70.39 5.31 

Silver (4.7) 0.885 8.563 70.85 5.37 

Nickel (5.0) 0.885 8.563 70.94 5.38 

Gold (5.1) 0.885 8.563 70.94 5.38 

Palladium (5.3) 0.885 8.563 70.94 5.38 

Platinum (5.65) 0.885 8.563 70.94 5.38 
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3.3.8 Effect of absorber defect densities and PC61BM donor densities 

In addition, this study investigated the impact of N719 dye defect densities (𝑁𝑡) on the 

performance of the proposed photovoltaic device. It was evident that the device’s overall 

performance decreased as the concentration of defect densities increased. Additionally, when the 

defect density was increased to 1.33 × 1017cm-3, the defect concentration in the absorber layer – 

N719 dye was increased from 1.00 × 1014cm-3, resulting in a decrease in Jsc from 8.386 mAcm-2 

to 5.174 mAcm-2. In contrast, the  Voc remained relatively consistent at 0.886 V, although Nt 

increased from 1.0 × 1014 to 2.0 × 1015 cm-3, Subsequently, the V𝑂𝐶  decreased to 0.87 V when the 

Nt concentration increased to 1.33 × 1017cm-3. The graph of Jsc and  Voc as a function of Log Nt 

is depicted in Figure 3.8(a). In addition, the PCE decreased from 5.26% to 2.99%, and the FF 

decreased from 70.75% to 66.47% as the concentration of Nt increased from 1.00 × 1014cm-3 to 

1.33 × 1017cm-3, as demonstrated in Figure 3.8(b). The device’s power conversion efficiency 

(PCE) was 5.26% at a concentration of 1.00 × 1014cm-3. However, it experienced a significant 

decline to 2.99% at a concentration of 1.33 × 1017cm-3. The fill factor of the device decreased 

from 70.75% at a concentration of 1.00 × 1014cm-3 as the number of absorber defects increased. 

The fill factor was 66.47% at a defect concentration of 1.33 × 1017cm-3. The relationship between 

FF (%) and PCE (%) as a function of Log Nt is illustrated in Figure 3.8 (b). 

 

Figure 3.8: The effect of absorber defect density on Jsc and V𝑂𝐶  (a) and (b) PCE and FF as a function 

of absorber defect density  
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The photovoltaic performance of the ssDSSCs was further assessed by modulating the 

concentration of the acceptor donors. The cell exhibits an overall effectiveness of 5.17% at a donor 

density concentration (ND) of PC61BM is 2.00 × 1015 cm-3. The cell performance rises to 5.44% 

at a concentration of 1.00 × 1017cm-3 as the ND concentration of PC61BM is gradually raised. 

When the concentration of ND is 7.00 x 1017 cm-3, the efficiency of the cell drops to 5.26%. 

Conversely, the concentration of ND rises from 2.00 × 1015 cm-3 and 1.00 x 1017 cm-3, yielding a 

70.57% increase in FF and a 70.96% enhancement in FF. The FF subsequently drops to 58.22% 

as the concentration of ND rises to 7.00 x 1017 cm-3. As the concentration of ND in the ETL – 

PC61BM drops from 2.00 × 1015 cm-3 - 7.00 x 1017 cm-3, the open-circuit voltage  (Voc) climbs 

progressively from 0.862 V to 1.057 V. The graphs of Jsc and  Voc as a function of Log  ND, 

illustrate that both Jsc and  Voc consistently rise with increasing concentrations of ND. Nonetheless, 

the Jsc, experiences a sudden decline when the ND concentration reaches 7.00 × 1017cm-3, as 

illustrated in Figure 3.9 (a). The FF values remained rather stable when the donor density 

concentration  ND, was set between 2.00 × 1015cm-3 and 3.00 × 1017cm-3, but they exhibited a 

significant decline when  ND climbed to 7.00 × 1017cm-3. The PCE values (Figure 3.9b) rose with 

the increase of secondary dopant concentrations. The PC61BM layer demonstrates an optimal 

donor density ND of 5.0 x 1017 cm-3, a peak Jsc, of 8.565 mAcm-2, a power conversion efficiency 

(PCE) of 5.44%, a fill factor (FF) of 68.87%, and an open-circuit voltage  Voc of 0.922 V. 

       

Figure 3.9: Variation of Log 𝑁𝐷 with Jsc and Voc (a) and (b) FF and PCE 
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3.3.9 Heterojunction and conductance-voltage (G-V) characteristics 

At the p-n junction of a heterojunction cell, charge carriers diffuse into either layer, resulting in a 

depletion region with a corresponding potential Vib defined by the general relation. This is referred 

to as the built-in voltage, as given by Equation 3.4. 

 Vib = Eg2 − (Ef − EC2) + X2 − X1 − (EC1 − Ef)                                         (3.4)                                              

where  𝐸𝑔, 𝑋, 𝐸𝐶and 𝐸𝑓 are bandgap energy, electronic affinities of semiconductor material, 

conduction band level and Fermi level, respectively. Figure 3.10 depicts the band energy diagram 

of the simulated ssDSSCs, where; ∆𝐸𝑣 = ∆𝐸𝐶 +∆𝐸𝑔 whereby the component ∆𝐸𝑔 designate 

bandgap energies of the materials, as depicted at the heterojunction, ∆𝐸𝐶 jump from the conduction 

bands of the n-type and p-type semiconductors due to the difference in their electron affinities. 

The value of ∆EC The value of +1.52 eV demonstrates that there is no energy barrier for collecting 

electrons by the n-type layer generated by the p-type layer under illumination. The  eVbi (0.88 V) 

is the built-in voltage and is obtained by considering Equation 3.5. 

 eVbi = EFn − EFp                                                                                         (3.5) 

 

Figure 3.10: Band energy diagram of ssDSSCs at equilibrium 

The impedance of a solar device can be measured using the SCAPS-1D code at 

various frequencies, typically ranging from 1 MHz to 0.1 Hz. Figure 3.11(a) shows the Nyquist 

plot, arguably the most effective method for characterizing impedance in solar cells. Both the 



80 

 

imaginary (y-axis) and real (x-axis) components of impedance (Z) are described by it. The 

relationship between solar cell performance and operating frequency and voltage is demonstrated 

in the Nyquist plot. The capacity of the PV cell to absorb the most photons determines the 

operating voltage. The inverses of capacitance and conductance are represented by the imaginary 

and real parts of the Nyquist plot, respectively. This finding aligns with theoretical and 

experimental research that has already been published in the literature (Bouzidi et al., 2020).    

The conductance-voltage (G-V) characteristics are displayed in Figure 3.11(b). When describing 

the densities of interface states, the G-V graphs are essential. The frequency at which the current 

simulation investigation was carried out was 105 Hz. Energy losses resulting from the capture and 

emission of charge carriers by interface traps are represented by the conductance. The curve 

displays interface states and traps in these interface states by taking into account a constant time 

of carrier capture with its corresponding energy position. 

 

Figure 3.11: Imaginary impedance as a function of real impedance (a) and (b) conductance as a 

function of voltage  

The density of charge carriers, anomalies in interface states, deep levels, and non-uniformities in 

polycrystalline and amorphous materials have all been explained through the characterization of 

capacitance-voltage measurements (Hailegnaw et al., 2020). The Mott-Schottky plot of the 

simulated ssDSSCs is shown in Figure 3.12. The charge density distribution can be derived from 

these plots using Equation 3.6. 
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𝑁𝐶(𝑊) =
2

𝑞𝐾𝑆∈0 𝐴2[
𝑑(1

𝐶2) ⁄

𝑑𝑣
] 

                                                                              (3.6)             

where, 𝑁𝐶(𝑊), ∈0 , A, 𝑞, 𝐾𝑆 and 
𝑑(1

𝐶2 ⁄ )

𝑑𝑣
 is charge density, permittivity of free space, surface area, 

electron charge, relative permittivity, and the Mott-Schottky slope, respectively. The built-in 

voltage and acceptor defect densities of the photoactive layer are determined by Mott-Schottky 

analysis of C-V measurements and voltage modulation in the depletion region (Almora et al., 

2016). Additionally, the drive-level capacitance profile (DLCP) can be derived with the aid of 

alternating current (AC) variation (Eisenbarth et al., 2010). In accordance with observations from 

the literature, the value of Vbi derived from the Mott Schottky curve (0.9 V) is approximately the 

same as the value derived from the energy band diagram (0.88 V) (Olusola et al., 2018). 

 

Figure 3.12: Mott-Schottky curves of the simulated ssDSSCs derived from C-V characterization 
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research on dye-based sensitized solar cells, which employed inorganic TiO2 as the ETL, this study 

uses an organic material, PC61BM, and still obtains a robust power conversion efficiency (PCE). 

Table 3.6: The photovoltaic (J-V) characteristics of various ssDSSCs cell configurations  

Device architecture Experimental

/Simulation 

𝐕𝑶𝑪 (

V) 

𝐉𝐬𝐜 

(mA 

cm-2) 

FF 

(%) 

PCE 

(%) 

Ref. 

ITO/PEN/TiO2/N719 

dye/PCBM/P3HT 

Experimental 0.87 3.0 0.54 1.43 (Yue et al., 2011) 

FTO/TiO2/BEHP-co-

MEH PPV/PEDOT : 

PSS/Pt 

Simulation  

(SCAPS-1D) 

1.53 6.43 80.58 7.95 (Rondan-Gómez et al., 

2020) 

ITO/CuSCN/P3HT/P

3HT : PCBM/Al 

Experimental 0.56 7.70 0.57 2.6 (Takahashi et al., 

2007) 

FTO/TiO2/BEHP-co-

MEH 

PPV/MoO2MoO3/Pt 

Simulation  

(SCAPS-1D) 

2.14 4.23 92.93 8.42 (Rondan-Gómez et al., 

2020) 

FTO/PC61BM/N719/

CuSCN/Au 

Simulation 

(SCAPS-1D) 

0.89 8.56 70.94 5.38 This work 

4. Conclusions 

The overall efficiency of the cell was optimized by making appropriate adjustments to the layer 

thickness, operating temperature, N719 dye thickness, carrier densities, and defect densities of the 

different materials. When compared to other solar cell architecture designs documented in earlier 

experimental and theoretical investigations, the optimal PCE of the solar cell proposed in this work 

was 5.38%, which is comparatively robust. The lowest operating temperature of the device is 260 

K, with a PCE of 5.82%, a  VOC of 1.046 V, FF is 66.01%, and Jsc is 8.549 mAcm-2. This illustrates 

that the model solar cell is capable of maintaining various energy requirements in low-temperature 

environments, such as winter. At 300 K, the power conversion efficiency was optimized to 5.38%, 

making it appropriate for humid subtropical climates in Africa and Latin America. This 

investigation has also demonstrated that the Ni back contact can be substituted with Au, Pt, Ag, or 
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Pd as back metals. This is because these metals are readily available and offer comparable power 

conversion efficiency to gold, silver, platinum, and palladium. Additionally, numerical simulations 

indicate that the optimal thickness of the N719 layer is between 5000 and 6000 nm at a working 

temperature of 300 K. Conversely, the PC61BM material should have a thickness of 30 nm. FTO 

and HTL (CuSCN) have optimum layer thickness ranges of 100–300 nm and 200–1000 nm, 

respectively. Therefore, if the fabrication conditions are effectively controlled, solar power can 

improve energy security. Providing critical information to solar cell manufacturers through 

numerical simulation of solar cell designs results in a reduction in both time and cost. Nevertheless, 

it is recommended to employ an experimental approach to validate the simulated performance of 

the ssDSSCs photovoltaic cell model. 



84 

 

CHAPTER FOUR 

COMPUTATIONAL SIMULATION OF A HIGHLY EFFICIENT HOLE TRANSPORT-

FREE DYE-SENSITIZED SOLAR CELL BASED ON TITANIUM OXIDE (TiO2) AND 

ZINC OXYSULPHIDE (ZnOS) ELECTRON TRANSPORT LAYERS 

Abstract 

This study investigated a dye-sensitized solar cell configuration with remarkable photovoltaic 

efficiency that is inexpensive and does not require a hole-transport layer (HTL). The proposed 

solar cell technology utilizes a metallic layer for dye generation, thereby eliminating the need for 

costly hole-transport layers, such as Spiro-OMeTAD, CuSCN, CuI, and PEDOT: PSS. This 

investigation examines how the performance of the solar cell model is influenced by series and 

shunt resistances, conduction band offsets, Schottky barriers, operating temperature, the metal 

work function of the back contact, and the electron affinities of the electron transport layers 

(ETLs). Two ETLs, TiO2 and ZnOS, are assessed in the FTO/ETL/N719 dye/Au simulated solar 

cell configuration. A maximum power conversion efficiency (PCE) of 11.54%, a short circuit 

current (Jsc) of 18.50 mAcm-2, a fill factor (FF) of 62.71%, and an open-circuit voltage (V𝑂𝐶) of 0.99 

V were obtained by the optimized solar cell configuration FTO/ZnOS/N719 dye/Au. The 

FTO/TiO2/N719 dye/Au solar cell design, on the other hand, had a fill factor of 63.58%, a short-

circuit current density of 16.50 mAcm-2, and a peak power conversion efficiency (PCE) of 10.22%. 

The results of this investigation show that ZnOS is a suitable electron transport layer for the solar 

cell model under investigation. ZnOS has a tunable bandgap, is abundant in nature, and is less 

toxic than conventional TiO2. Additionally, its remarkable PCE makes it a competitive alternative 

to silicon-based solar cells and a viable replacement for TiO2 in the design and manufacturing of 

HTL-free DSSCs. 

4.1 Introduction 

The persistent climate challenge and serious global warming trends resulting from the utilization 

of traditional fossil fuels have prompted the research community to investigate sustainable energy 

options (York & Bell, 2019). Various renewable energy options have been studied and advanced, 

including biofuels, nuclear energy, solar energy, wind energy, geothermal energy, and hydropower 
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(Yikun et al., 2021). Among all potential alternatives, solar energy has emerged as a viable, cost-

efficient, and secure source of energy regarded as environmentally sustainable (Meyer et al., 2025). 

Various materials, including perovskites, dye-sensitized solar cells (DSSCs), amorphous silicon 

(a-Si), and cadmium telluride (CdTe), have been investigated for their impressive photovoltaic 

(PV) performance in the advancement of solar cell technology (Lunardi et al., 2021). Nonetheless, 

the advancement of these technologies is constrained by significant scientific challenges, including 

the scarcity and toxicity of tellurium (Te), gallium (Ga), and indium (In) (AlZoubi et al., 2021). 

Recently, numerous studies have demonstrated that perovskite solar cells exhibit thermal and 

photostability properties (Roghabadi et al., 2019; Sutherland, 2017). Silicon solar cells 

require higher temperatures for manufacturing thin silicon wafers (Chen et al., 2017). Conversely, 

the performance of dye-sensitized solar cells (DSSCs) is limited by the volatile nature and 

corrosiveness of previously used redox electrolytes (Rono et al., 2021a). Dye-sensitized solar cells 

(DSSCs) currently predominate the photovoltaic research undertakings and are emerging as cost-

effective alternatives to conventional silicon-based solar cells. 

The new generation of solar cells uses cost-effective, readily available materials and cost-effective 

fabrication techniques (Periyasamy et al., 2023). Furthermore, these materials are ecologically 

friendly and suitable as sustainable energy sources. Perovskite solar cells have achieved 

photovoltaic efficiencies of 25%, surpassing those of dye-sensitized solar cells since their 

introduction to the market (Al-Ashouri et al., 2020). Consequently, there is an urgent need for 

improved adaptive nanotechnology techniques that can make dye-sensitized solar cells 

competitive in the solar energy market. Solar device manufacturing has extensively utilized metal 

oxide semiconductors due to their excellent mechanical and chemical stability, as well as their 

tunable band gap energies. Metal oxide semiconductors can be produced as thin films, nanorods, 

nanowires, and nanoparticles, and find applications in sensors, optoelectronics, storage devices, 

and catalysis. Doping them with foreign elements enhances light harvesting capabilities (Patel et 

al., 2017). Transparent conductive oxide (TCO) thin films, such as fluorine-doped tin oxide (FTO) 

with a metal work function of 4.4 eV and indium-tin-oxide (ITO) with a metal work function of 

4.9 eV, are critical components of photovoltaic devices utilized in dye-sensitized solar cells 

(DSSCs) and perovskite solar cells (Genesio et al., 2018). FTO is preferred over ITO due to its 

cost-effectiveness, enhanced high-temperature resistance, improved transmission of visible light, 
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and higher tolerance to physical abrasion (Abrol et al., 2020; Patni et al., 2018). The application 

of indium is limited by its rarity in the Earth’s crust and its high toxicity. Indium has also been 

reported as a teratogen, which contributes to embryotoxicity and carcinogenicity in both animals 

and humans (Chaitra et al., 2021; Li et al., 2020).  

Titanium dioxide (TiO2) has been extensively utilized in DSSCs due to its favourable 

optoelectronic properties, such as a high refractive index, good optical transmittance in the visible 

portion of the electromagnetic spectrum, high electrical resistivity, and non-toxicity (Yi et al., 

2019). Moreover, it has a high dielectric constant, making it suitable for solar cell applications. 

Perovskite solar cells based on TiO2 ETL with a PCE of 24.66% have been reported in the literature 

(Cheng et al., 2020). However, the application of this material in solar cells has been limited by 

deep traps resulting from prolonged UV illumination, the intrinsic low electron mobility, and high 

thermal input. These factors hinder effective charge transport, resulting in hysteresis energy losses 

and reduced material lifetimes.(Cheng et al., 2020). For these reasons, various ETL materials such 

as tin dioxide (SnO2), zinc oxide (ZnO), tungsten disulphide (WS2), and zinc oxysulphide (ZnOS) 

have been explored as suitable replacements for the conventional TiO2 material (Singh et al., 

2021). Zinc oxysulphide (ZnOS) has a tunable band gap energy, low toxicity, and is cost-effective, 

making it a suitable replacement for TiO2 (Shin et al., 2021). This material can be fabricated using 

chemical bath deposition (CBD) and features a tunable band gap (2.6–3.8 eV), which enhances the 

photocurrent (Rahman et al., 2017). 

Recently, liquid electrolytes in dye-sensitized solar cells (DSSCs) have been replaced with solid-

state hole transport layers (HTLs) to enhance their valuable lifetimes (Lenzmann et al., 2005). The 

proposed solid-state p-type materials include copper thiocyanate (CuSCN), copper (I) iodide (CuI), 

2,2′, 7,7′-Tetrakis(N,N-di-p-methoxyphenyl-amine)-9,9′-spirobifluorene (Spiro-OMeTAD), and 

poly(3,4-ethylene dioxythiophene) polystyrene sulfonate (PEDOT: PSS) (Li et al., 2016). 

Nonetheless, their power conversion efficiencies (PCE) remain lower when compared to devices 

fabricated with liquid electrolytes (Lenzmann et al., 2005). Prior studies have reported factors such 

as rapid interfacial recombination, prolonged instabilities, and decreased hole mobility as causes 

for the low efficiencies observed in dye-sensitized solar cells with solid-state p-type materials 

(Rono et al., 2021a). Research has identified solid-state dye-sensitized solar cells (ssDSSCs) that 

utilize inexpensive materials and production methods, thereby eliminating the need for costly p-
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type materials such as Spiro-OMeTAD and PEDOT: PSS (Lenzmann et al., 2005). In these 

systems, the metallic layers enhance the regeneration of the dye. Gold (Au) and silver (Ag) have 

been reported as metallic layers that regenerate dye with remarkable performance (Cahen et al., 

2000). 

Solar cells have been modelled using computer programs designed to solve fundamental 

semiconductor equations. Consequently, the numerical modelling and analysis of solar cells have 

recently garnered significant scholarly interest from researchers. Prior researchers have 

documented numerical simulation findings obtained from various modelling tools, including 

SCAPS-1D, SILVACO ATLAS, Finite-Difference Time-Domain (FDTD), Automat for 

Simulation of Hetero-junctions (AFORS-HET), and wxAMPS, for the investigation of 

microelectronic and photonic systems (Ouslimane et al., 2021). Computational studies are crucial 

for augmenting experimental studies to enhance and optimize the performance of dye-sensitized 

solar cells (DSSCs). Simulations have proven critical for analyzing the effect of modulating 

material properties on the commercialization of next-generation high-efficiency solar cells. The 

simulation results demonstrate consistency with the experimental findings (Ahmed et al., 2021). 

Accordingly, SCAPS-1D allows the simulation and analysis of multijunction and heterojunction 

photovoltaic devices, making it preferable to numerical simulation programmes (Karthick et al., 

2020). It is a one-dimensional program developed by the Department of Electronics and 

Information Systems at Ghent University, Belgium (Burgelman et al., 2013). Recently, Rondan-

Gómez et al. (2020) and Ojotu and Babaji (2020) reported theoretical results on the modelling and 

simulation of ssDSSCs using SCAPS-1D, achieving optimized PCEs of 5.38%, 8.42%, 4.90%, 

and 17.72%, respectively. Despite the extensive use of TiO2 as an electron transport material in 

highly efficient solar cells, it has been observed that it degrades over time due to prolonged UV 

irradiation. Therefore, this study examined the feasibility of ZnOS ETL in the proposed cell 

architecture using the SCAPS-1D (Burgelman et al., 2013). Zinc oxysulphide (ZnOS) exhibits 

promising performance in thin-film solar cells. Nonetheless, this material has garnered minimal 

attention as a potential electron transport layer (ETL) in both experimental and theoretical 

investigations of solid-state dye-sensitized solar cells (SSDSSCs). The band gap and electron 

affinity of ZnOS are tuned by the ratios of oxygen (O) and sulphur (S). By changing these ratios. 

Additionally, the conductivity and conduction band offset (CBO) of the ETL can be carefully 



88 

 

optimized to improve performance (Slami et al., 2019). Consequently, ZnOS has taken a new place 

in thin-film solar cells due to its capacity to absorb a large percentage of photons, resulting in 

remarkable photocurrent generation. The challenges associated with traditional ETLs have 

prompted the investigation of novel materials that pose no risk to human or environmental health. 

Previous experimental and simulation work using various ETLs is presented in Table 4.1. 

Table 4.1: A summary of PV characteristics of different cell configurations reported in the 

literature 

Cell configuration             𝐕𝑶𝑪  

(V)  

𝐉𝐬𝐜 

(mAcm-

2) 

FF 

(%) 

PCE 

(%)  

Type of 

study    

Ref. 

FTO/TiO2/N719/Spiro-

OmeTAD/Au 

0.9 22.87 53.7 12.2

0 

Simulation 

(SCAPS-1D) 

(Jahantigh & 

Safikhani, 

2019) 

Glass/Mo/SnS/Zn(O,S)/Zn

O/ITO 

0.2 19.40 42.9 2.90 Experimental (Sinsermsuksak

ul et al., 2013) 

FTO/dye & TiO2 (TNA)/Pt 0.7 17.97 66.3 8.34 Experimental (Ge et al., 2021) 

FTO/TiO2&Dye/P3HT/Au 0.7 11.83 0.56 4.90 Simulation 

(SCAPS-1D) 

(Ojotu & 

Babaji, 2020) 

CZTS/Zn(O0.7,S0.3)Al:ZnO 0.9 18.03 30.2 14.9

0 

Simulation 

(SCAPS-1D) 

(Slami et al., 

2019) 

This study presents a highly efficient HTL-free solid-state dye-sensitized solar cell that uses 

metallic layers as the dye regeneration material. SCAPS-1D is employed to analyze the current-

voltage (J-V) characteristics of the FTO/ETL/N719 dye/Au solar cell configuration. The effect of 

varying various working conditions on photovoltaic characteristics, including power conversion 

efficiency, fill factor, and quantum efficiency, has been investigated. Moreover, the presence of 

oxygen vacancies that activate surface traps in TiO2 material reduces its longevity. Consequently, 

it is essential to investigate better electrical transport layers. This study reports zinc oxysulphide 

(ZnOS) as a superior electron transport layer for enhancing the performance of photovoltaic solar 

cell systems. 
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4.2 Computational methodology 

The Solar Cell Capacitance Simulator (SCAPS-1D) version 3.3.08 is used for all numerical 

computations presented in this work. Numerical simulation is crucial for designing, analysing, and 

predicting the performance of actual photovoltaic devices (Burgelman et al., 2013; Slami et al., 

2019; Verschraegen & Burgelman, 2007). It also offers valuable insights on how to vary 

parameters to improve the geometric and technical features for enhanced solar cell performance. 

The program can simulate up to seven layers, with the ability to adjust nearly all input parameters 

(Burgelman et al., 2013; Verschraegen & Burgelman, 2007). Additionally, SCAPS-1D offers 

various direct current (DC) and alternating current (AC) measurements that can be computed under 

both illuminated and dark conditions at different working temperatures (Slami et al., 2019). Upon 

launching the software, an “Action panel” window appears. In this window, selecting “set 

problem” enables the user to construct a stack of layers in the “Solar cell definition panel” window. 

The input parameters for each layer are then defined. Specific measures, including current-voltage 

(I-V), quantum efficiency (QE), capacitance-frequency (C-f), and capacitance-voltage (C-V), are 

defined. Upon selecting “calculate single shot,” the software executes the selected simulated 

measurements. The simulation findings are presented in graphs in the “Energy Bands Panel,” 

“Generation-Recombination Profiles Panel,” “I-V Panel,” and “AC Energy Bands Panel.” The 

numerical data in this investigation were collected at 300 K under air mass 1.5 global (AM 1.5 G). 

The model device is illuminated via the FTO material. The SCAPS-1D code reproduces cell 

characteristics using continuity and Poisson equations. This tool allowed the study of input 

parameters, including absorber layer thickness, doping concentrations, energy levels of the 

electron transport layer, and the operational temperature of the model device. The light source is 

directed through FTO/ETL/N719 dye/Au at a temperature of 300 K under air mass 1.5 global (AM 

1.5 G) at 1000 W/m².  

FTO is fluorine-doped tin oxide, ETL denotes either ZnOS or TiO2, and N719 dye is di-

tetrabutylammonium cis-bis(isothiocyanato) bis (2,2′-bipyridyl-4,4′ dicarboxylato). Ruthenium 

(II) acts as the photoactive material layer. Gold (back contact) serves as the metallic dye 

regeneration material. In the proposed cell architecture, the charge carrier transfer occurs through 

the following mechanism: (i) an electron is injected from the N719 dye into the conduction band 

of the electron transport layer (ETL), and (ii) the dye is regenerated to its ground state by the 
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metallic layer (Lenzmann et al., 2005). This simulation study reported the effect of series and shunt 

resistance on device performance. The influence of electron affinities of the electron transport 

layer, working temperatures, and defect densities of the absorber layer on cell performance has 

been investigated. The proposed solar cell configuration is shown in Figure 4.1. The material 

specifications of the proposed cell architecture were judiciously extracted from the previous 

experimental and theoretical studies (Rahman et al., 2017; Rono et al., 2021b), as presented in 

Table 4.2. The parameters of the back and front contacts are detailed in Table 4.3.  

 

Figure 4.1: The proposed solar cell configuration explored in this study 
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Table 4.2: Input parameters used in the numerical simulations of the model solar cell, extracted from literature 

Parameter FTO  TiO2    ZnOS    N719 dye 

Thickness (nm) 400.0 2000.0 50.0 500.0 

Band gap energy (eV) 3.5 3.2 2.83 1.6 

Electron affinity (eV) 4.0 3.9 3.6 3.9 

Relative permittivity (𝑒𝑟) 9.0 32 9.0 30.0 

Effective density of conduction 

band 𝑁𝐶(cm-3) 

9.2 × 1018  1.0 × 1019  2.2 × 1018  2.4 × 1020  

Effective density of valence band 

𝑁𝑣(cm-3) 

1.8 × 1019  1.0 × 1019  1.8 × 1018  2.5 × 1020  

Thermal velocity of electrons 

(cm/Vs) 

1.0 × 107  1.0 × 107  1.0 × 107  1.0 × 107  

Thermal velocity of holes 

(cm/Vs) 

1.0 × 107  1.0 × 107  1.0 × 107  1.0 × 107  

Electron mobility (cm2/s) 20 20.0 100.0 5.0 

Hole mobility (cm2/ s) 10 10.0 25.0 5.0 

Density of acceptors (1/cm3) 0.0 0.0 0.0 1.0 × 1017  

Density of donors (1/cm3) 1.0 × 1019  1.0 × 1017  2.0 × 1018  0 

Total density 𝑁𝑡(1/cm3) - 1.0 × 1016  1.0 × 1015  5.0 × 1016  

Ref. (Rono et al., 2021b) (Rono et al., 2021b) 

 

(Bhavsar & Lapsiwala, 

2021) 

(Bhavsar & Lapsiwala, 

2021) 
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Table 4.3: Input parameters of the back and front contacts 

Parameters Back contact Front contact 

Metal work function (eV)         5.1 (varied)  Flat bands selected 

Thermionic emission/surface 

recombinationvelocity (cm/s) 

Electrons  1.0 × 105 1.0 × 107 

Holes 1.0 × 107 1.0 × 105 

Majority carrier barrier height 

(eV)  

Relative to EF  0.4 Flat bands 

Relative to EV or 

EC 

0.1974 

where EF, Ev, and Ec are the Fermi, valence band, and conduction band energy levels, respectively. 

The simulation environment was set as standard test conditions (STCs): 1000 W/m², AM 1.5 G 

solar spectrum, and 300 K (Rono et al., 2021a). Figure 4.2 presents the optical absorption graphs 

of the solar cell models simulated in this research. 

 

 

Figure 4.2: The absorption coefficients of the model solar cells based on ZnOS (a) and (b) based 

on TiO2 ETLs 

N719 dye, FTO, ZnOS, and TiO2 exhibit distinct absorption coefficients and varying capacities to 

absorb incident photons. The N719 dye exhibits the highest absorption coefficient, thereby 

facilitating greater photon absorption. Nonetheless, the absorption coefficients of each layer 

decrease as the photon wavelength increases. This might be ascribed to the fact that photons with 

longer wavelengths possess lower energy and are insufficiently energetic to excite an electron from 

its valence shell into the conduction band. The FTO layer exhibits a low absorption coefficient in 

both device configurations.  

120x10
3

100

80

60

40

20

0

A
lp

h
a

 (
c
m

-1
)

900800700600500400

Wavelength (nm)

 N719 dye
 ZnOS
 FTO

120x10
3

100

80

60

40

20

0

A
lp

h
a

 (
c
m

-1
)

900800700600500400

Wavelength (nm)

 FTO
 N719 dye
 TiO2

(a) (b) 



93 

 

4.3 Results and discussions 

Numerical simulations with SCAPS-1D demonstrate consistency between simulation findings and 

experimental data, confirming its superiority as a solar cell simulator (Minbashi et al., 2017). The 

AC and DC photovoltaic parameters, including fill factor (FF), open-circuit voltage (V𝑂𝐶), power 

conversion efficiency (PCE), and short-circuit current density (Jsc) were simulated under 

illuminated conditions and varying temperatures. The characteristic parameters of the simulated 

device are derived from the J-V curves, as seen in Figure 4.3(b). The photovoltaic device 

configuration FTO/TiO2/N719 dye/Au achieved a maximized PCE of 10.22%, an FF of 63.58%, 

a V𝑂𝐶  of 0.97 V, and a Jsc of 16.51 mAcm−2, whereas the FTO/ZnOS/N719 dye/Au architecture 

gave an optimized PCE of 11.55%, an FF of 62.71%, a Jsc of 18.50 mAcm−2, and a V𝑂𝐶  of 0.99 V.  

4.3.1 Quantum efficiency and current‑voltage characteristics  

The solar cell model with ZnOS ETL exhibits a superior quantum efficiency compared to TiO2, as 

illustrated in Figure 4.3. The observation can be attributed to the lower band gap energy of ZnOS 

(2.83 eV) compared to TiO2 (3.2 eV), indicating that more incident photons possess energies 

exceeding their band gap energy. Consequently, more photons are converted into current within 

the visible spectrum. At 300 nm, the quantum efficiency (QE) of the TiO2 solar cell design depicted 

in Figure 4.1 is 2.86%, rising gradually to 88.1% at a photon wavelength of 390 nm. The quantum 

efficiency subsequently decreases gradually as the wavelength extends from 390 nm to 770 nm. 

Beyond 770 nm, excitons are not generated, resulting in a decrease in solar cell efficiency. The 

ZnOS-based solar cell exhibits a quantum efficiency of 23.6% at 300 nm, which rises to 92.5% at 

360 nm. The quantum efficiency decreases to 24.0% at a wavelength of 770 nm. No electron-hole 

carriers are created beyond this wavelength range. The results indicate that ZnOS absorbs a greater 

proportion of high-energy irradiating photons and turns them into current more effectively than 

TiO2 ETL. Consequently, ZnOS is an excellent alternative to conventional TiO2 due to its superior 

transparency to irradiating photons, resulting in an excellent light-harvesting efficiency (LHE). 

Zinc oxysulphide (ZnOS) exhibits superior electrical performance compared to TiO2, primarily 

due to its tunable band gap and enhanced electron affinity. 
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Figure 4.3: Quantum efficiency curves (a) and (b) current-voltage curves of the simulated devices 

The current-voltage (I-V) characteristics, depicted in Figure 4.3(b), evaluate the performance of 

photovoltaic devices and the efficiency of a solar cell (Li et al., 2013). A photovoltaic device 

generates direct current (DC) electricity, and the power generated by the solar cell is calculated by 

multiplying the current by the voltage. Consequently, a J-V curve shows the correlation between 

voltage (V) and current (J) under varying conditions of photon irradiance at a specified operating 

temperature. After describing the relationship between J and V, the output power of the model 

solar cell can be predicted utilizing Equation 4.1. Figure 4.3(b) illustrates the J-V curve of the 

simulated device utilizing various ETL materials. 

Power (P) = J × V                                                                                          (4.1)               

The J-V curve is crucial for understanding the internal physical mechanics of complex solar cells. 

The solar device models employing either ZnOS or TiO2 electron transport layers have similar J-

V curves. Short-circuit current density (Jsc), fill factor (FF), open-circuit voltage (V𝑂𝐶) and power 

conversion efficiency (PCE) can be used to predict the performance of an actual device. Zinc 

oxysulphide (ZnOS) exhibits superior, short-circuit current density (Jsc) relative to titanium 

dioxide (TiO2) within the identical voltage scan range (0.8–0.8 V) due to its enhanced photon 

transparency and a lower band gap energy of 2.83 eV.  

4.3.2 Heterojunction characteristics  

Band alignment is a critical physical characteristic that affects charge carrier recombination at the 

interface, Fermi level splitting, the transport of photogenerated carriers, and performance. The 
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values of CBO may be either positive or negative and are determined by adjusting the electron 

affinity of the ETL. Figure 4.4 illustrates the energy band diagram and Nyquist plots of the model 

photovoltaic cells at equilibrium, obtained from SCAPS-1D software. The various optoelectrical 

properties, including the Fermi levels of holes (𝐹𝑃), Fermi levels of electrons (𝐸𝑛), and the energies 

of the conduction and valence bands (𝐸𝑐and 𝐸𝑣), are depicted as a function of the distance travelled 

by charge carriers from the back contact to mitigate rapid recombination. 

 

 

 

 

Figure 4.4: Energy band diagram for TiO2-based solar cell device at equilibrium (a), (b) the energy 

band diagram of the model cell with ZnOS as ETL at equilibrium, (c) imaginary versus real 

impedance of TiO2-based device, and (d) imaginary versus real impedance of ZnOS-based device 
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4.3.3 Effect of metal work function  

Prior research has shown that dye-sensitized solar cells rely on metallic contacts for dye 

regeneration, resulting in promising device performance (Lenzmann et al., 2005). To address the 

scientific challenges associated with liquid electrolytes without resorting to costly hole transport 

layers (HTLs), silver (Ag) and gold (Au), with their respective work functions of 4.7 eV and 5.1 

eV, have been suggested as viable materials for dye regeneration. Nonetheless, their high cost 

impedes their application in producing affordable solar cell devices. In this study, the suitability 

of metallic materials for low-cost solar cell devices was investigated. Copper (Cu), silver (Ag), 

nickel (Ni), palladium (Pd), and platinum (Pt) have been tested as potential dye-regenerating 

metallic contacts. Figure 4.5 presents the photovoltaic performance of the simulated solar cell 

device comprising TiO2 and ZnOS electron transport layers. Figure 4.5(a) illustrates that the power 

conversion efficiency (PCE) of the model cell rises with an increase in the metal work function of 

the back contact. In the case of the ZnOS-based device, a metal work function of 5.6 eV yields a 

power conversion efficiency (PCE) of 12.14%, whereas the TiO2-based device exhibits a PCE of 

10.57%.  

Conversely, the devices exhibit decreased photovoltaic performance when the metal work function 

is low. In the TiO2-based model, the power conversion efficiency (PCE) is 5.63% at a metal work 

function of 4.65 eV, whereas the ZnOS-based architecture exhibits a PCE of 6.44%. Figure 4.5 (a) 

suggests that increasing the metal work function of the back contact leads to an increase in 

efficiency. Figure 4.5(b) shows that varying the metal work function of the back contact influences 

the fill factor (FF). In the ZnOS-based device, increasing the metal work function from 4.65 eV to 

5.0 eV enhances the fill factor from 62.08% to 64.2%. In contrast, for the TiO2 cell, the fill factor 

rises from 62.24% to 63.86%. Furthermore, increasing the metal. The work function range of 5.1 

eV to 5.6 eV results in a reduction of the fill factor (FF) in both model solar cells, decreasing from 

62.57% to 61.85% for the TiO2-based device and from 62.78% to 61.95% for the ZnOS electron 

transport layer (ETL) material. It occurs because hole carriers are not energetically viable to move 

toward the electrode, as the electric field near the metallic layer becomes negative (Lenzmann et 

al., 2005). Figure 4.5 (c) presents the outcomes for Jsc, whereas Figure 4.5 (d) displays the results 

for V𝑂𝐶, based upon various metal back contacts. The Jsc of both model cells (utilizing TiO2 and 

ZnOS as ETLs) gradually rises with an increase in the metal work function of the metallic back 
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contact. The optimum Jsc of the ZnOS-based solar cell is 19.49 mAcm−2, and the V𝑂𝐶  is 1.0 V when 

the metal work function of the back contact is 5.6 eV. Conversely, the Jsc of the TiO2-based device 

is 17.18 mAcm−2, with a V𝑂𝐶  of 1.0 V, as depicted in Figure 4.5(c) and (d), respectively. The 

Schottky contact at the N719 dye/Au interface gives the built-in potential, which is derived using 

Mott-Schottky capacitance curves.  

 

 

 

 

Figure 4.5: (a) Effect of metal work function of the back contact on PCE, (b) FF, (c) Jsc, and (d) 

V𝑂𝐶  of the model solar cell based on TiO2 and ZnOS materials 

Metallic back contacts form Schottky contacts with the n-type layer, resulting in high Schottky 

barriers when paired with metals of low work functions. Consequently, back contacts with high 

metal work functions represent feasible materials for solar cell designs (Hall et al., 2021). 

Consequently, lower efficiencies are observed when the metal work functions of the back contact 

are low due to the presence of high-energy Schottky barriers. Contacts with metal work functions 
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over 5.1 eV are considered robust for enhanced cell performance. Nonetheless, Pt (5.65 eV) and 

Au (5.1 eV) are costly materials for photovoltaic devices, suitable solely for laboratory research. 

Carbon/nickel (5.0 eV) and palladium (5.3 eV) are viable choices for back contacts due to their 

high metal work functions, which effectively reduce Schottky barriers and enhance photovoltaic 

performance. This study advocates for the utilization of carbon/nickel (5.0 eV) and palladium (5.3 

eV) as candidates for dye regeneration in ssDSSCs, owing to their favourable work functions and 

economic feasibility.  

4.3.4 Generation‑recombination profiles 

Shockley-Read-Hall (SR-H) recombination is predominant in DSCCs and arises from defect states 

within the bandgap between the valence and conduction bands. Interface states also contribute to 

recombination losses in dye-sensitized solar cells (DSSCs) (Filipič et al., 2012). The charge 

generation rate is related to recombination rates; thus, greater generation rates indicate increased 

recombination rates in the photoactive material, specifically the N719 dye, in this investigation 

(Bhattarai et al., 2020). Previous research has expressed scientific challenges in understanding the 

kinetics of charge transfer and recombination due to the complexities in interface systems (Meng 

& Kaxiras, 2010). Frequently cited factors that induce the kinetics of charge separation and 

recombination include molecular geometry, binding groups, dissociations, additive ionic potential, 

and surface orientation (Meng & Kaxiras, 2010). Charge separation is crucial for converting 

sunlight into electricity in solar cells. The mechanisms of charge generation and recombination in 

DSSCs remain poorly understood, which complicates targeted improvements in solar cell designs 

(Bartesaghi et al., 2015).  

The Shockley-Read-Hall recombination was analysed by plotting charge recombination as a 

function of distance (µm). Figure 4.6(a) illustrates that the electron charge carrier generation rate 

in ZnOS rises when TiO2 is employed as the electron transport layer (ETL). Consequently, ZnOS 

serves as an appropriate electron transport layer (ETL). The net generation-recombination rate for 

charge carriers is approximately the same, as illustrated in Figure 3.6(b). The total recombination 

rates for several ETLs are illustrated in Figure 4.6(c). As depicted, the TiO2-based model cell 

recombines more rapidly than the ZnOS-based solar cell device. Figure 4.6(d) illustrates the 

recombination rates of charge carriers in a ZnOS-based solar cell device. The accelerated kinetics 
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of charge carrier recombination reactions, relative to the rate of charge carriers in the external 

circuit, result in decreased overall performance of the simulated devices.  

   

 

 

Figure 4.6: Net electron generation in TiO2 and ZnOS ETLs (a), (b) Net generation and total 

recombination of charge carriers, (c) Total charge recombination in TiO2 and ZnOS ETLs, and (d) 

shows the generation-recombination rates of the charge carriers of ZnOS as a function of distance  

4.3.5 Effect of temperature  

Studying the behaviour of solar cells in relation to temperature is important for determining their 

optimal operating conditions and maximizing efficiency. The current solar cell design specifies a 
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working temperature range of 13 °C (260 K) to 52 °C (325 K), with higher temperatures applicable 

for concentrator systems and space heating (Moses et al., 2020). Solar cell performance decreases 

with higher temperatures due to significant charge recombination and a shortened device lifespan 

(Rono et al., 2021a). The photovoltaic performance of the proposed solar cell models is assessed 

by analyzing the parameters such as fill factor (FF), open-circuit voltage (V𝑂𝐶), short-circuit current 

density (Jsc), and power conversion efficiency (PCE). Altering the operational temperature 

influences these factors and the overall performance of the cell. Figure 4.7 illustrates the impact 

of photovoltaic properties at different operational temperatures. The influence of temperature on 

fill factor (FF), power conversion efficiency (PCE), and open-circuit voltage (V𝑂𝐶) is influenced by 

the diode properties of photovoltaic cells, including the ideality factor (n), shunt resistance (Rsh), 

series resistance (Rs), and reverse saturation current density (𝑗0) (Singh & Ravindra, 2012). 

Previous research indicates that Jsc increases while V𝑂𝐶  diminishes with rising operating 

temperature (Rono et al., 2021a). This study simulated the performance of the solar cell by varying 

the operating temperature from 260 K to 400 K.  

Increasing the operational temperature of the device from 260 K to 400 K leads to a reduction in 

power conversion efficiency, as illustrated in Figure 4.7(a). The operating temperature 

significantly influences PCE; thus, a noted reduction in PCE can be ascribed to the degradation of 

the photosensitive material (Mehdizadeh-Rad & Singh, 2019). Furthermore, higher working 

temperatures (330–400 K) can impair the power conversion efficiency by inducing localized 

defects that may substantially alter the chemical and physical properties of the semiconductor 

(Mehdizadeh-Rad & Singh, 2019). Even at increased temperatures, the solar cell model with ZnOS 

exhibits superior power conversion efficiency compared to its TiO2 counterpart, owing to its 

higher electron affinity and enhanced transparency to incident photons. As illustrated in Figure 

4.7(b), the fill factor of the simulated solar cell models exhibits an exponential increase with rising 

temperature. As the temperature rises, V𝑂𝐶 , diminishes due to a reduction in band gap energy.  

Figure 4.7(c) shows the impact of increasing temperature of the device on Jsc. An increase in 

temperature increases the thermal energy of excitons, thus enhancing the Jsc. The rise in Jsc is small 

compared to the increase in V𝑂𝐶  , as shown in Figure 4.7(d), resulting in decreased overall cell 

efficiency.  
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Figure 4.7: The effect of working temperature on PCE (a), (b) FF, (c) Jsc, and (d) V𝑂𝐶  of the 

simulated solar cell configuration 

Figure 4.7(d) shows that increasing the operating temperature enhances the dark or recombination 

current, reducing the V𝑂𝐶  of solar cell models (Sinha et al., 2021). Moreover, increasing the 

temperature increases the thermal energy of excitons, hence increasing the energy gap of the 

material. Additionally, an increase in thermal energy leads to a significant reduction in V𝑂𝐶. 

Increased temperatures degrade the quality of the interfaces, resulting in a voltage drop. 

Consequently, increasing the operating temperature reduces the band gap, enhancing the transfer 

of charge carriers from the valence band to the conduction band. This results in increased 

photocurrent generation. Moreover, as the band gap narrows, the rate of charge carrier 

recombination increases, resulting in a reduced V𝑂𝐶  value (Qu & Li, 2019). The poor charge 
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separation at the ETL/N719 dye interface results in a decrease in V𝑂𝐶 and is attributed to increased 

series resistance. 

4.3.6 Effect of series resistance  

Resistive losses, including charge carrier recombination and current leakage, limit the efficiency 

of DSSCs. The losses result from shunt and series resistances. Accordingly, series and shunt 

resistances (Rs and Rsh, respectively) influence the performance of heterojunction solar cells 

(Rangel-Kuoppa et al., 2018). These characteristic losses influence the behaviour of the J-V curve. 

Notably, series resistance (RS) lowers Jsc and significantly affects FF and PCE. However, it does 

not influence V𝑂𝐶 . Consequently, it is essential to examine the influence of series and shunt 

resistances on cell performance to inform structural optimization during the actual manufacture of 

the cell. Prior research indicates that higher Rs values reduce Jsc but have little influence on the 

V𝑂𝐶  of the solar cell device (Singh et al., 2019). In this study, we fixed the shunt resistance (Rsh) 

at 1.0 × 103 Ω cm2 a typical value in the production of commercial solar cells while varying the 

series resistance (RS) from 0 to 6.5 Ω cm². Figure 4.8 illustrates that the efficiency of the simulated 

device is influenced by variations in Rs. 

Interface barriers, the resistance of the photoactive layer, metal-based electrodes, and charge-

collecting layers are the leading causes of series resistance (Singh et al., 2019). The PCE of model 

cells based on TiO2 and ZnOS decreases as RS rises. As shown in Figure 4.8(a), raising the RS in 

the TiO2-based model cell from 0.0 Ω cm2 to 6.5 Ω cm2 gradually causes the PCE to drop from 

9.53 to 0.27%. According to Figure 4.8(b), the FF also drastically decreased for the ZnOS-based 

solar cell device, from 60.8 to 2.28% when the RS is raised from 0.0 Ω cm2 to 6.5 Ω cm2. Similarly, 

the FF for the TiO2-based solar cell device dropped from 60.28% to 54.26%, resulting in a 

reduction in overall cell performance.  

Consequently, FF drops if Rs rises and vice versa. Increasing the thickness of the ETL increases 

absorption losses in the solar cells while simultaneously decreasing RS (Jeyakumar et al., 2020). 

The model solar cell with thicker TiO2 has a lower RS and a higher FF, as shown in Figure 4.8(b), 

since ZnOS and TiO2 with thicknesses of 50 nm and 2000 nm, respectively (cf. Table 4.2), were 

simulated in this study. Figure 4.8(c) illustrates how Jsc changes as Rs rises. When the series 

resistance in the TiO2-based device is varied from 0.0 to 6.5 Ω cm2, the Jsc gradually drops from 



103 

 

16.35 to 16.05 mAcm-2. However, for the solar cell device with ZnOS as the ETL, the Jsc dropped 

from 18.52 to 12.25 mAcm-2. As ascribed in Figure 4.8(d), variation in Rs does not affect V𝑂𝐶. 

Since all current flows through the device and the total series resistance (RS) is zero, the V𝑂𝐶  is 

unaffected by RS, as shown in Figure 4.8(d). Generally, a decrease in RS results in an increase in 

FF and the overall photovoltaic performance of the solar cell models. 

 

 

   

Figure 4.8: The effect of series resistance on PCE (a), (b) FF, (c) Jsc, and (d) V𝑂𝐶  of the simulated 

models 

4.3.7 Effect of shunt resistance  

Another parasitic factor influencing the J-V properties of solar cells is shunt resistance (Rsh). The 

practical fill factor (FF) of solar devices is significantly decreased by Rsh (Wu et al., 2017). 
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Notably, the effects on V𝑂𝐶  are due to Rsh. Although these resistive losses exist in real devices, Rsh 

is absent from ideal solar cell devices. Two types of losses are caused by shunt resistance: ohmic 

and nonohmic (complex processes). Increasing the Rsh causes PCE to increase, as shown in Figure 

4.9(a)—low PCE results from increased charge carrier losses with low Rsh.  

Increasing the Rsh causes charge carrier losses to decrease, which raises the overall efficiency of 

model cells (cf. Figure 4.9(a) and (b). Thus, by creating an alternating current (AC) channel for 

the photogenerated current, low shunt resistance impairs solar cell performance (Malik et al., 

2021). Shunt resistance (Rsh) usually denotes shunts or parallel conductivity pathways across the 

p-n junctions on the margins of solar cells (Dhass et al., 2012). Consequently, the shunt component 

restricts the current flow in the intended load by directing the current through unintended 

pathways. The formation of the shunt path, which results in the shunt current, is caused by 

impurities and crystal scratches.  

As Figure 4.9(c) illustrates, Rsh has little effect on Jsc since Jsc mostly relies on band gap energy 

(Dhass et al., 2012). Jsc varies significantly in both devices as Rsh rises, but stays almost constant 

when Rsh rises from 250 Ω cm2 to 950 Ω cm2. Rsh and open-circuit voltage (V𝑂𝐶) are related, as 

shown in Figure 4.9(d). An increase in Rsh results in fewer exciton losses, which raises V𝑂𝐶. 

Consequently, it is found that for the suggested devices to have the best photoelectric conversion, 

the Rsh should be raised while the Rs should be carefully reduced during solar cell design and 

workflow large-scale production for commercial applications. When the Rsh is raised from 10 Ω 

cm2 to 950 Ω cm2, the PCE for the ZnOS-based device is seen to increase from 0.76% to 10.76%, 

while the V𝑂𝐶  increases from 0.18 to 0.98 V. However, for the Rsh is raised from 10 Ω cm2 to 950 

Ω cm2, the PCE of the TiO2-based PV device rises from 0.6% to 9.33%, and the V𝑂𝐶  increase from 

0.16 V to 0.97 V. As shown in Figure 4.9, as Rsh rises, so does overall cell performance. 

Consequently, a highly efficient HTL-free solar cell device would have a high Rsh.  
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Figure 4.9: The effect of shunt resistance on (a) PCE, (b) FF, (c) Jsc, and (d) V𝑂𝐶  of the model solar 

cells 

4.3.8 Effect of electron affinity  

A thorough theoretical examination of ETLs with low electron affinity (EA) and high bandgap 

energies for their use in light-emitting diodes has already been carried out and well-documented 

in the literature (Smith et al., 2020). Moreover, the analysis in this study has been crucial in helping 

to design and fabricate the best ETLs and HTLs for achieving high overall efficiency and device 

stability in thin-film solar cells (Bansal & Aryal, 2016). Conduction band offset (CBO), which 

measures the V𝑂𝐶  and charge carrier recombination at the interfaces, is known to significantly 

impact PV devices (Bansal & Aryal, 2016). In solar cell devices, EA determines how charge 
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carriers are distributed at the interface between two layers. According to earlier research, adjusting 

the EA (conduction band offset) of the ETLs is a practical way to maximize PV performance 

(Raoui et al., 2021). To get the required CBO, the electron affinity of the ETLs under consideration 

was adjusted between 3.6 and 4.2 eV; this is the difference between the absorber layer’s and ETL’s 

electron affinities ETL (χN719 dye −  χETL). While keeping constant Eg, the CBO of ETL/N719 

dye was adjusted between 0.3 eV and 0.3 eV. The cell device with ZnOS ETL produced the highest 

PCE (11.54%), as shown in Table 4.4. PCE drops to 10.63% when the CBO is 0.3 eV and decreases 

gradually when the CBO drops to 0.3 eV. Conversely, the PCE is 10.06% when the CBO of 

TiO2/N719 dye is 0 eV and rises to 10.22% when the CBO is 0.1 eV. When the CBO is raised to 

0.3 eV, the device’s performance drops to 9.16%.  

Due to a more selective charge collection and low exciton recombination rates, the simulated 

device designs notably show high PCE when the CBO is positive (0–0.3 eV).  

These findings align with earlier research documented in the literature (Bansal & Aryal, 2016). 

When the CBO is negative in both device configurations, the forward current increases, and the 

FF drops dramatically. Jsc for ZnOS ETL is higher than TiO2, as indicated in Table 4.4, because a 

larger proportion of short-wavelength photons are absorbed, as shown by the quantum efficiency 

curve (cf. Figure 4.3). The creation of a “spike,” which prevents the photogenerated current when 

CBO is positive, causes the constant changes in Jsc. The photogenerated current has no barrier 

when the CBO is negative. Usually, band gap energies—rather than CBO, which primarily 

controls how Jsc varies with electron affinity—determine Jsc. When the CBO is positive (between 

0 and 0.3 eV), Jsc is at its best in both devices. Because of the quick recombination of charge, the 

PCE decreases from 10.06 to 9.16% when the CBO of the TiO2/N719 dye interface is increased 

from 0 to 0.3 eV. Conversely, a negative CBO (-0.1 to -0.2 eV) raises the PCE from 10.06 to 

10.32%, which is attributed to a decrease in surface recombination (Chen et al., 2018) but degrades 

to 9.98% when the CBO is lowered to -0.3 eV because of an increase in charge carrier surface 

recombination (Chen et al., 2018).  

Electron affinity significantly affects the PV properties of the model cells, as indicated in Table 

4.4. When both electron affinities of both ETLs are adjusted to 3.6 eV, the ZnOS-based cell 

configuration yields a PCE of 11.54% compared to TiO2 (9.16%), or a 20.6% percentage 

difference. Similarly, the ZnOS-based cell design shows a higher FF of 62.78%, almost 5.4% 
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higher than the FF noted for the TiO2-based model. Furthermore, the ZnOS-based solar cell 

architecture reported Jsc is 18.52 mAcm−2, while that of TiO2 ETL is 16.72 mAcm−2. Between the 

two ETL materials, ZnOS and TiO2, there is a variation of about 9.7% in Jsc. The reported PCE for 

TiO2-based solar cell design is optimal (10.22%) if the electron affinity is raised to 3.8 eV for both 

ETLs, whereas the ETL reaches 11.54% for ZnOS. These efficiencies indicate that ZnOS performs 

better. The model cell using TiO2 as ETL has a comparatively lower PCE of 9.98% and 10.63% 

for ZnOS-based devices when the EA of both ETLs is fixed at 4.2 eV. The TiO2-based solar cell 

configuration exhibits poor cell quality at an electron affinity of 4.2 eV, as the fill factor (FF) for 

TiO2-based devices is extremely low (32.32%) compared to ZnOS (59.43%). 

Table 4.4: Effect of changing electron affinity of ETL on PV characteristics of the simulated 

model cell  

EA (eV)       ETL PCE (%) FF (%) Jsc (mAcm-2)       𝐕𝑶𝑪 (V) 

3.6  

 

TiO2 9.16 59.38 16.72 0.92 

ZnOS 11.54 62.78 18.52 0.99 

3.7  

 

TiO2 10.2 63.1 16.64 0.97 

ZnOS 11.54 62.71 18.50 0.99 

3.8 

 

TiO2 10.22 63.58 16.51 0.97 

ZnOS 11.52 62.76 18.t46 0.99 

3.9 TiO2 10.06 62.57 16.35 0.98 

ZnOS 11.46 62.89 18.35 0.99 

4.0 

 

TiO2 10.07 54.86 16.17 1.13 

ZnOS 11.29 62.72 18.19 1.00 

4.1 

 

TiO2 10.32 36.31 15.97 1.78 

ZnOS 10.99 62.16 18.00 0.98 

4.2 

 

TiO2 9.98 32.32 15.76 2.02 

ZnOS 10.63    59.43 17.81 1.00 

The significant reduction in surface recombination at the ZnOS/N719 dye interface results in 

improved cell quality, as indicated by a high FF value. It is clear from the results shown in Table 

4.4 that the EA of ZnOS should be between 3.6 eV and 3.8 eV (positive CBO). Generally speaking, 
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ZnOS outperforms TiO2 in the simulated EA range (3.6–4.2 eV). Because ZnOS material has 

greater overall cell efficiencies due to reduced surface recombination of charge carriers, an optimal 

electron affinity of 3.7 eV is proposed. As a result, in real-world solar cell applications, ZnOS 

devices attain high PV performance. 

5. Conclusions 

The characteristics of HTL-free DSSCs can be changed during the solar cell fabrication process 

for commercial manufacturing, according to the findings of this study. Model solar cell efficiency 

was optimized by varying the temperature, absorber layer thickness, and electron affinity of the 

ZnOS and TiO2 transport layers. SCAPS-1D has been utilized to investigate the impact of various 

ETLs, including TiO2 and ZnOS. Compared to the TiO2-based device, which produced an 

optimum photocurrent of 16.51 mAcm−2, the ZnOS-based model solar cell exhibited a higher 

photocurrent of 18.50 mA cm−2. Furthermore, using ZnOS as the ETL material instead of the TiO2-

based material, which had a V𝑂𝐶  of 0.97 V, resulted in a higher V𝑂𝐶  of 0.99 V. It is evident that a p-

type or particular hole conductive layer can be successfully created as the dye-regeneration 

material. Because of its lower band gap energy (2.83 eV), zinc oxysulphide (ZnOS) demonstrated 

greater external quantum efficiencies than TiO2. Given the same voltage scan range (0.8 V–0.8 V), 

it was clear from J-V curves that ZnOS had a higher current density than TiO2 due to its superior 

optoelectrical characteristics and good photon transparency. Therefore, compared to using TiO2 as 

the electron transport layer, a greater number of photons are converted into usable current. 

Additionally, due to its earth-abundant nature, low toxicity, and tunable band gap energy, ZnOS 

is a superior ETL layer compared to the widely studied TiO2.  

Back contact material should have a metal function greater than 5.0 eV to lower the Schottky 

energy barrier. Therefore, Ni, Pd, and C are appropriate, affordable, and easily accessible 

materials. Research on the impact of parasitic resistances (Rsh and Rs) revealed that for strong PV 

performance, Rs should be at least 2.0 Ωcm2, and Rsh should be around 1.0 ×103 Ωcm2.  

A highly effective ZnOS-based solar device requires a positive CBO while tuning the ETLs, which 

revealed that the CBO of TiO2 should be negative for best performance. The ZnOS-based cell 

architecture had the best power conversion efficiency of 11.54%, whereas the TiO2-based solar 

cell design achieved 10.06%. Due to its superior optical performance, ZnOS is undoubtedly a 
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better electron-conducting material than TiO2. It is also easily accessible and inexpensive. The 

findings of this work promote the production of inexpensive DSSCs for practical applications 

without the need for expensive HTL materials or liquid electrolytes. However, from an 

experimental standpoint, this solar cell architecture must be manufactured and its commercial 

feasibility tested. 
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CHAPTER FIVE 

THEORETICAL ANALYSIS IN DFT AND SCAPS-1D ON THE INFLUENCE OF 

DIFFERENT PHOTOELECTRODES OF N719 DYE-BASED SOLAR CELL 

Abstract 

Through the combination of density functional theory (DFT) formalism and numerical simulation 

approaches, the photovoltaic and optoelectronic properties of isolated layers of dye-sensitized 

solar cells (DSSCs) have been meticulously explored. Considering the inherent limitations of 

titanium dioxide in harnessing visible light, the potential of other metal-conducting oxides to act 

as photoelectrodes is assessed. This study aimed to optimize the combination of copper thiocyanate 

(CuSCN) hole transport layer (HTL), titania (TiO2), tin oxide (SnO2), and zinc oxysulphide 

(ZnOS) photoelectrodes with N719 absorber using the one-dimensional solar cell capacitance 

simulator (SCAPS-1D) software. Additionally, structural properties of isolated layers have been 

evaluated using first principles computations in the DFT framework to investigate the suitability 

of SnO2, TiO2, and ZnOS as potential photoelectrodes. SCAPS-1D program was used to study the 

solar cell configuration FTO (Fluorine doped tin oxide)/ ETL (electron transport layer)/N719 (Di-

tetrabutylammonium cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’dicarboxylato) ruthenium (II) 

dye)/HTL (hole transport layer)/Au. Advanced device characterization methods, such as Mott-

Schottky (M-S) and capacitance-frequency, were also performed to elucidate the effects of 

interfaces on device performance. Accordingly, the solar device with configuration 

FTO/ZnOS/N719/CuSCN/Au achieves an outstanding performance of power conversion 

efficiency (PCE) of 10.87%, short circuit current (Jsc) of 20.32897mA/cm2, fill factor (FF) of 

68.56% and open circuit voltage (V𝑂𝐶) of 0.7800 V. Also, the ab initio calculations of the device 

layers show that the highest occupied molecular orbital-lowest unoccupied molecular orbital 

(HOMO-LUMO) gap is very similar to the findings of previous studies. The computational studies 

of reduced density gradient (RDG) and molecular electrostatic potential (MEP) agree with earlier 

studies on statistical physics that N719 dye chemically bonds with photoelectrodes via two 

carboxylic groups of a bidentate bridging configuration. Accordingly, this synergic approach in 

DFT and SCAPS-1D allows a deeper understanding of how microscopic insights (atomic-scale) 

phenomena influence electronic structure and translate into device-scale performance in DSSCs. 
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5.1 Introduction  

One of the challenges of future living is associated with the environmental impacts and scarcity of 

energy resources occasioned by the unabated combustion of conventional fossil fuels (Singh, 2021; 

Ukoba et al., 2024). It has triggered considerable development of clean and secure energy 

resources (Izam et al., 2022). In particular, solar energy is the most promising alternative, 

maintaining a clear lead over other energy resources due to its vast capacity, inexhaustible source, 

and high efficiency with minimum environmental impacts (Izam et al., 2022; Veeramachaneni, 

2025). Regarding this technology, silicon-based photovoltaics are probably the most deployed 

technology for commercial and industrial applications. However, it is associated with downsides, 

including high thermal input, and has reached its practical efficiency limits (Zhou et al., 2022). 

Nevertheless, the motivation surrounding the advancements and prospects of dye-sensitized solar 

cells (DSSCs) to compete with the dominant silicon-based solar cells is remarkable. The output 

power of the emerging DSSCs to compete with the dominant silicon-based solar cells has not been 

achieved, and thus, has piqued intense scholarly attention. 

The embodiment of DSSCs includes a monolayer of photosensitive material, wide-gap 

semiconductors, and the redox shuttle. Various factors influence the photovoltaic performance of 

dye-sensitized solar cells, but the structure and shape of the photoanode material are crucial in 

enhancing photoelectric conversion (Kumar et al., 2023). Considerable research efforts have 

focused on the optoelectrical properties of working electrode materials and their influence on 

photovoltaic performance (Han et al., 2022; Ravidas et al., 2023). The working electrode plays a 

pivotal role in injecting the light-generated electrons into the conduction band of the 

semiconductor and transporting them to the conductive glass. When a photon hits the 

photosensitizer, an electron is excited to the lowest unoccupied molecular orbital (LUMO) and is 

readily injected into the conduction band (CB) of titanium dioxide (TiO2) (Mustafa et al., 2023). 

The subsequent process is the electron transport to the external circuit as the redox couple 

regenerates the photosensitizer (mainly iodide/triiodide, 𝐼−1/𝐼3
−1 electrolyte). The critical step in 

DSSCs is the electron injection from the dye to the CB of TiO2, an ultrafast interfacial electron 

transfer process (Mustafa et al., 2023). 

Titanium oxide (TiO2), also known as titania, is a transition metal oxide that has demonstrated its 

applications in renewable energy, environmental protection, and medical fields (Javed et al., 2022). 
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It has been widely employed as a semiconductor in dye-sensitized solar cells (DSSCs) and electron 

transport layer (ETL) in perovskite solar cells based on nanostructured TiO2 (Ghosh et al., 2022). 

The interest in TiO2 is due to its attractive optical, electrical, and chemical properties. It is one of 

the most studied semiconductor metal oxides because it depicts good stability upon illumination, 

is nontoxic, and has lower costs (Bencherif et al., 2022). Similarly, tin oxide (SnO2) has promising 

optoelectronic properties, becoming an ideal alternative to TiO2, which is limited by high-

temperature processing and high UV photocatalytic activity under prolonged UV irradiation 

(Hoang Huy & Bark, 2023). The tetragonal rutile structure of SnO2 has emerged as a promising 

ETL due to increased bulk electron mobility (200 – 300 cm2V-1s-1), relatively low-temperature 

processing requirements, favourable CB energy level, and lower UV photocatalytic activity due to 

solar irradiance.  

Zinc sulphide (ZnS) and zinc oxide (ZnO) are important II-VI semiconductors due to their 

abundance on the earth, low cost, efficient photovoltaic performance, and low toxicity (Ayodhya, 

2023). However, they have a poor response to irradiating photons due to their wide band gaps (3.7 

eV and 3.4 eV for ZnS and ZnO, respectively), which only absorb ultraviolet (UV) light. This 

photo-response behaviour limits the applications of their materials in photovoltaic devices (Badola 

et al., 2023). Consequently, engineering has been conducted to couple ZnO and ZnS 

nanoarchitectures to enhance their responsiveness to visible light. This advancement has led to the 

band gap narrowing to 2.8 eV in the resulting ternary zinc nanostructure, zinc oxysulphide (ZnOS) 

(Wu et al., 2016). The difference in electron-negativities and atomic radii between sulphur (S) and 

oxygen (O) atoms brings about a dramatic change in their optical and electrical properties, 

consequently depicting the desired response in visible light for the photovoltaic response (Uppal 

et al., 2019). Prior authors have synthesized various ZnOS with varying O/S mole ratios and 

reported that ZnO0.6S0.4 has a band gap of 2.7 eV, the narrowest of all the synthesized ZnOS series 

(Wu et al., 2016). Studies on energy-dispersive X-ray (EDX) suggest that both O and S compounds 

should have chemical bonding to Zn in the compositional architecture of the ZnOS lattice. 

Conveniently, Zn preferably exists in a positive state, whereas S and O prefer to exist in an anionic 

form, as observed in the ZnOxS1-x mass spectra (Uppal et al., 2019). A plethora of experimental 

and theoretical investigations have probed the optoelectronic properties and tested the feasibility 

of ZnOS in solar cell applications (Abdullah et al., 2024; Hossen et al., 2025; Shin et al., 2021). 
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Zinc oxysulphide (ZnOS) has attracted considerable interest as a top ETL contender in DSSCs due 

to its electronic and structural richness (Abdullah et al., 2024; Rahman et al., 2017). It is a non-

hazardous material that can be fabricated through chemical bath deposition (CBD) methods, is 

readily available, and has a tunable band gap (Gour et al., 2020). Further, optimizing the 

“tunability” of the band gap energy increases the photocurrent. 

Typical DSSCs contain inorganic or organic dyes, mainly composed of ruthenium (Ru) (II)-

coordination complexes and nanocrystalline TiO2 anatases (101) anchored on the dye molecule 

(Yahya et al., 2021). Ru (II) based complex dyes, particularly [cis-(dithiocyanato)-Ru-bis(2,2’-

bipyredine-4,4’-dicarboxylate)] complex (N3 dye), alongside its doubly protonated 

tetrabutylammonium salt (N719 dye), have been popular solar absorbers due to the low metal-to-

ligand charge transfer (MLCT) energy gap (Nam et al., 2019). In these complex dyes, the 

bipyridine ligands serve as stable anchoring groups on the semiconductor surface through their 

carboxylic groups. Conversely, thiocyanate ligands in these dyes facilitate the rapid regeneration 

of the oxidized dye. Other experimental and theoretical studies have also reported DSSCs based 

on trithiocyanato (4,4’4”-tricarboxy-2,2’:6’, 2’-terpyridiene) Ru (II) complex (black or the N749 

dye) (Tahir et al., 2022). They have proven to compete with N3 and N719-based DSSCs in 

photovoltaic performance. Black dye, commonly known as N749 dye, shows spectral response in 

the red to infrared (IR) electromagnetic regions of the electromagnetic spectrum, a property 

lacking in most organic and inorganic dyes (Grifoni et al., 2021). Moreover, its superior spectral 

response is attributed to effective incident-photon-to-conversion efficiency (IPCE) within the 

visible region up to 920 nm (Tayeb et al., 2022).  

Whereas considerable research efforts have been conducted to systematically develop molecular 

guidelines to elucidate the structure of the new dyes and their behaviour when anchored to various 

photoanodes (De Angelis et al., 2007; Yildiz et al., 2021), other reports have described the use of 

a hole transport layer (HTL) instead of the conventional redox potential, 𝐼−1/𝐼3
−1, as a significant 

breakthrough in extending valuable lifetimes, overcoming volatilities and corrosion due to 𝐼−1/𝐼3
−1 

electrolyte, and guaranteeing the photo-thermal stabilities of solid-state dye-sensitized solar cells 

(ssDSSCs) (Mehrabian & Dalir, 2018). Various HTLs in the inorganic-organic electronic field 

have been explored to promote hole transport and prevent direct contact between the lower 

electrode and the photosensitive material. Until recently, the HTLs that have been predominantly 
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used in n-i-p solar cell structures include copper thiocyanate (CuSCN) and 2,2’7,7’-tetrakis-[N,N’-

di(4-methoxyphenyl)amine ]-9,9’-spirobifluorene (Spiro-MeOTAD) as inorganic and organic 

semiconductors, respectively (Baumeler et al., 2023). Additionally, the optoelectronic properties 

of the photoanodes to which these dyes “anchor” dictate the corresponding device photovoltaic 

response. One of the conditions is that the LUMO of the active layer should lie well above the CB 

of the photoanode for ultrafast electron injection. Moreover, to avoid recombination of charge and 

achieve fast dye regeneration, the HOMO energy of the active layer should be lower than the redox 

potential of the electrolyte (Nalçakan et al., 2023). 

Computation and theoretical calculations based on density functional theory (DFT) have been 

effectively utilized to elucidate the electronic structures of various isolated molecules in DSSCs 

(Periyasamy et al., 2023). In addition to the Gaussian 09w, other well-defined computation 

methods in computational chemistry, such as Chemissian, Gauss Sum, and one-dimensional solar 

cell capacitance simulator (SCAPS-1D), have been used to predict the optical response and 

photovoltaic performance of various materials that have been tested in solar cells (Elroby & Jedidi, 

2020; Wazzan et al., 2023). Prior studies have used the Chemissian program to simulate multiple 

optoelectronic properties, including emission and absorption profiles (Chartrand & Hanan, 2014), 

while computational chemists have successfully used DFT to perform geometry optimization 

(Seeger & Izgorodina, 2020). Furthermore, time-dependent density functional theory (TD-DFT) 

has been employed to investigate the optical properties and characterize the excited states of the 

optimized molecules (El Mouhi et al., 2022).  

In this context, isolated molecules used in dye-sensitive solar cells, such as the N719 dye, TiO2, 

SnO2, CuSCN, and ZnOS, have been simulated using various computational programs, including 

Gaussian 09w, GaussSum, Chemissian, and SCAPS-1D, to probe their optoelectronic and 

structural properties. Chemissian and Gaussian 09w can be conveniently used to analyze the 

optoelectronic behavior, optimized geometries, ground-state properties, band gaps, LUMO, and 

HOMO energies of various materials used in DSSCs. These approaches are cost-effective, have 

relatively low material and labor costs, and allow for rapid screening of a vast range of potential 

materials, thereby accelerating the selection process of candidates that warrant further 

experimental investigation. 
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5.2 Theory and computational details 

The objectives of the study were achieved via computational calculations using the Gaussian 09w, 

solar cell capacitance simulator in one dimension (SCAPS-1D), and the Chemissian program. 

Theoretical studies rooted in DFT using Gaussian 09w have been used to obtain the optimized 

geometries of materials under investigation. The geometries of the molecular structures were 

optimized using the B3LYP/LanL2DZ functional and basis sets for transition metals- Ru, Cu, Sn, 

and Zn. Molecular electrostatic potentials (MEP) and reduced density gradient (RDG) 

computational tools were used to visualize electrostatic potentials and non-covalent interactions 

(steric effects, hydrogen bonding, and van der Waals), respectively (Jumabaev et al., 2025; Rezaei-

Sameti et al., 2025). Prior research groups have underscored that RDG plots reveal regions of low 

electron density gradient (Morales‐Pumarino & Barquera‐Lozada, 2023), while MEP maps 

analysis helps predict how various DSSCs layers interact with other components (Abusaif et al., 

2021). For the case of N719 dye, simplifications were made, which were considered in this study 

because the counterions (tetrabutylammonium, TBA) were predicted to have a marginal effect on 

the ground- and excited-state energy levels of the structure. Figure 5.1(a) presents the N719 dye 

chemical structure and (b) the DFT-optimized structure of N719 dye taken from GaussView.  

       

 

 

Figure 5.1: N719 dye chemical structure (a) and (b) simplified structure of N719 in DFT 

optimization 

(a) (b) 
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Numerous studies have been conducted on the electronic structures of TiO2 anatase structures for 

various applications in both DSSCs and gas sensors, due to their chemical inertness, long-term 

photo-corrosion resistance, and chemical stability (Berger, 2022; Luo et al., 2021; Merlinsky et 

al., 2024; Prayogi & Marzuki, 2022). Typically, in the TiO2 nanocluster (anatase 101), each oxygen 

(O) atom nearly binds with two Ti atoms (Yang et al., 2020). Accordingly, (TiO2)n clusters (for n 

= 1 to 16) have been used as a representative of 10¹ anatase surfaces (Eithiraj & Geethalakshmi, 

2013). Various anatase surfaces (TiO2)16, (TiO2)28, (TiO2)38, and (TiO2)46 have been studied due 

to their ability to reproduce the physical parameters of TiO2 semiconductors (Lamiel-Garcia et al., 

2017). However, bulk titania has a large band gap that has been considered to limit electron 

transport.  

Theoretical and experimental investigations have endeavoured to design new TiO2 clusters via a 

defect engineering approach (Nowotny et al., 2015; Stashans et al., 1996). Oxygen-deficient 

clusters have been documented to have an increasing density of states (DoS) and a narrow band 

gap that enables them to be sensitive to more of the sun’s visible spectrum (Nisar et al., 2013). 

Conveniently, suboxides of TiO2 with the general formula TinO2n-x (x > 0), which can easily be 

sensitized from bulk TiO2 materials, have enhanced catalytic activity compared to their 

stoichiometric counterpart, unique optical properties, and are non-toxic (Garcia et al., 2021). 

Oxygen (O) deficient TiO2 – also called the Magneli phase- contains large fractions of O deficient, 

which act as active sites for catalytic activity, thereby increasing its electrical conductivity, as 

reported by Garcia et al. (2021). Accordingly, the effect of O vacancies on the optoelectrical 

properties such as the HOMO, LUMO, and band gap energies is examined in this theoretical 

investigation. Therefore, the magneli phase with the formula TinO2n-2 (n=5) will be investigated – 

Ti5O8 using Gaussian 09w, GaussView, and Chemissian software. As Figure 5.2 shows, the 

terminal O is absent, and the remaining O atoms are bridged between two Ti atoms. Previous 

authors have reported that the presence of O vacancies in the sub-nanometer of TiO2 improves 

visible-light absorption (Hou et al., 2018).  



117 

 

 

Figure 5.2: The optimized geometry of Ti5O8 in B3LYP/LanL2DZ method 

Conventionally, the tetragonal rutile structure of SnO2 is a top ETL contender owing to its 

attractive optoelectronic properties (Mali et al., 2018). Tin oxide (SnO2) forms oxides with 

different valences, allowing it to participate in photocatalysis (Pinto et al., 2022). Furthermore, it 

has better chemical stability and exhibits high UV resistance, making it an ideal ETL candidate in 

DSSCs (Dalapati et al., 2021; Gebreslassie & Gebretnsae, 2021). Considerable research also 

suggests that SnO2 exhibits tunable electronic properties, which can enhance the optoelectronic 

performance of DSSCs. Its performance can also be improved by doping it with foreign materials 

such as gallium (Ga), phosphorous (P), tantalum (Ta), fluorine (F), molybdenum (Mo), tungsten 

(W), and antimony (Sb) (Dalapati et al., 2021). Although SnO2 has gained considerable scientific 

acceptance as a potential standard ETL, the analysis of its structural and optoelectronic properties 

is less explored in the literature. Due to its enormous potential for clean and sustainable energy 

applications, this study aims to explore the different optoelectrical properties of SnO2 from a novel 

perspective, diverging from the existing literature.  

In this context, Gaussian 09w, GaussView 5.0, GaussSum, SCAPS-1D, and Chemissian will be 

used to explore various optoelectronic properties of SnO2, including HOMO, LUMO, energy gap, 

the molecular electrostatic potential, and photovoltaic performance in DSSCs. The SCAPS-1D 

program was developed at the Department of Electronic and Information Systems (ELIS) of the 

University of Gent, Belgium. This program can numerically solve the continuity and carrier 

transport equations for holes and electrons and the Poisson equation. Conveniently, this simulation 

tool is capable of calculating various PV parameters such as the energy conversion efficiency, 
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open circuit voltage (V𝑂𝐶), fill factor (FF), short-circuit current density (Jsc), the recombination 

profile, energy conversion efficiency, current-voltage (J-V) characteristics, and the energy band 

diagram. In this present investigation, theoretical optimization of optoelectronic properties of 

various ETLs for DSSCs is performed. Accordingly, the current optimization sought to probe the 

optimized optoelectronic properties of planar heterojunction solar devices with the architecture 

glass/FTO/ETL/N719/CuSCN/Au, as illustrated in Figure 5.3.  

 

Figure 5.3: Schematic representation of the simulated n-i-p architecture (a), and (b) the energy 

band diagram of the device  

In this study, back contact material, series and shunt resistance, absorber thickness, defect 

densities, and working temperature. Furthermore, the study sought to identify device structures 

with optimal J-V characteristics and characteristic quantum efficiency curves. The SCAPS-1D 

input parameters used in this theoretical investigation have been judiciously selected from previous 

experimental works and published literature. Moreover, the absorption coefficient (𝛼) of the 

material layers is dependent on the photon energy (ℎ𝑣) and band gap energy (𝐸𝑔) is given by the 

expression; 𝛼 = 𝐴𝑎(ℎ𝑣 − 𝐸𝑔)
1

2 where 𝐴𝑎 is the pre-factor, will be set as 1 × 105 in numerical 

simulation. The input parameters of various layers of the proposed device structure are listed in 

Tables 5.1 and 5.2. Table 5.1 presents input parameters for the FTO, absorber (N719 dye), and 

HTLs. In the SCAPS-1D program, the “Single Shot” calculation is based on solving the Gummel 

(a) 
(b) 
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iteration scheme with Newton-Raphson sub-steps. Most of the simulation environment is set at 

300 K under AM 1.5 G solar illumination, equivalent to one sun (1000 W/m²). 

Table 5.1: Parameters extracted from literature 

Parameters                   FTO  N719 dye  CuSCN    

Thickness (nm) varied     varied varied 

Bang gap,(𝐸𝑔), (eV) 3.50 1.6  3.40 

E. affinity (ꭓ) (eV) 4.00 3.90 1.90 

D.perm. (𝜖 𝜖𝑟⁄ ), (eV) 9.00 30.00 10.00 

 𝑐 (1/cm3) 2.20 × 1018 2.40 × 1020 1.70 × 1019 

𝑁𝑉 (1/cm3) 1.80 × 1019 2.50 × 1020 2.50 × 1021 

 𝜇𝑒 (cm2/Vs) 20.00 5.00 1.0 × 10−3 

 𝜇𝑝 (cm2/Vs) 10.00 5.00 1.0 × 10−1 

 𝑉𝑒 (cm/s) 1.00 × 107 1.00 × 107 1.00 × 107 

𝑉ℎ (cm/s) 1.00 × 107 1.00 × 107 1.00 × 107 

𝑁𝐷 (1/cm3) 2.00 × 1019 0.00 0.00 

𝑁𝐴 (1/cm3) 0.0 1.00 × 1016 1.00 × 1018 

Nt (1/cm3) - 1.0 × 1017 1.00 × 1014 

Ref. (Bhavsar & 

Lapsiwala, 2021) 

(Bhavsar & Lapsiwala, 

2021) 

(Bhavsar & 

Lapsiwala, 2021) 

In this investigation, various input parameters of the material layers were optimized using SCAPS-

1D. Furthermore, Gaussian 09w and Chemissian computational codes were used to gain 

meaningful insights into various solar cell parameters, PCE, optoelectronic, and structural 

properties to investigate specific applications of the device. The findings of this study were then 

validated by comparing them with earlier studies of theoretical and experimental investigations. 

Table 5.2 provides the input materials for various ETLs modulated in the study.  
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Table 5.2: Input parameters of various ETL materials 

Parameters SnO2 ZnOS TiO2 

Band gap 3.6 2.83 3.20 

Electron affinity (eV) 3.90 3.60 3.90 

Dielectric perm. 8.00 9.00 32.00 

𝑁𝐶 (1/cm3) 3.16 × 1018 2.20 × 1018 1.00 × 1019 

𝑁𝑉 (1/cm3) 2.50 × 1019 1.8 × 1018 1.00 × 1019 

 𝜇𝑒 (cm2/Vs) 15 100.00 20.00 

𝜇ℎ(cm2/Vs) 0.1 25.00 10.00 

 𝑉𝑒 (cm/s) 1.00 × 107 1.00 × 107 1.00 × 107 

𝑉ℎ (cm/s) 1.00 × 107 1.00 × 107 1.00 × 107 

𝑁𝐷 (1/cm3) 1.00 × 1018 2.00 × 1019 1.00 × 1017 

𝑁𝐴(1/cm3) 0.00 0.00 0.00 

𝑁𝑡 (1/cm3) 1.00 × 1018 1.00 × 1017 1.00 × 1015 

Ref. (Bhavsar & Lapsiwala, 

2021) 

(Mohammadian-

Sarcheshmeh & Mazloum-

Ardakani, 2018) 

(Bhavsar & 

Lapsiwala, 2021) 

5.3 Results and discussions 

5.3.1 Density functional theory calculations 

5.3.1.1 Frontier molecular orbitals  

Understanding frontier molecular orbitals (FMOs), particularly HOMO and LUMO, helps in 

optimizing the light-harvesting efficiency of DSSCs. The HOMO-LUMO gap directly influences 

the electronic and optical properties of solar cell layers (Krishnan & Senthilkumar, 2021). As 

reported in previous scholarly findings, sub-nanoclusters of TiO2 with a large number of defect 

sites have structural distortions, particularly in the local symmetry of metal centres, that 

significantly impact recombination and charge transport during photocatalytic activity. In this 

study, the magneli phase of Ti5O8 was studied, and HOMO and LUMO energies were calculated 

using Gaussian 09w and visualized in GaussView. The molecular electrostatic potential (MEP) 

exhibits the unique catalytic and electrical conductivity of the reduced Ti ions and oxygen 



121 

 

vacancies. The blue plates in the MEP show the high concentration of Ti3+. In contrast, the red 

plate corresponds to surfaces of low electron density (electron-deficient sites), and the green plates 

show that the oxygen defects are ordered (the intermediate state between the red and blue regions). 

As observed in this investigation, the HOMO-LUMO gap has decreased by multiple eV due to the 

absence of an O atom compared to the conventional TiO2 structure. These findings strongly 

correlate with other publications that reported that HOMO and LUMO primarily localize on the 

Ti atoms in TinO2n-2 (Garcia et al., 2021). The HOMO shifts from an O 2p-orbital to a Ti 3d-orbital; 

when there are increased O vacancies, the unoccupied and occupied orbitals shift towards the 

Fermi level such that all these orbitals become closer in energy in the CB (Garcia et al., 2021).  

 

Figure 5.4: The optimized structure, highest occupied molecular orbital, the molecular 

electrostatic potential, and lowest unoccupied molecular orbitals of the Magneli phase of Ti5O8 at 

the B3LYP/LanL2DZ level of theory  

   Hydrogen 
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The observations in this study indicate that defect engineering, where the HOMO-LUMO gap can 

be tuned by changing structures and size, provides a better way of tuning optical and electronic 

characteristics for photovoltaic applications. Besides HOMO and LUMO levels analysis, the 

molecular electrostatic potential (MEP) surface was visualized. MEP depicts the electrostatic 

potential distribution (nuclei and electrons), shape, size, and dipole moments of the isolated DSSCs 

molecules, where relative polarity can be visualized (Barman et al., 2025). It is a key way to 

determine how acceptors and donors work and hydrogen-bonding interactions. As shown in Figure 

5.4, the three colours— blue, red, and green — indicate the electrostatic potential. The blue colour 

indicates a strong attraction, the green colour reveals zero potential, and the red colour shows 

strong repulsion. The existence of nucleophilic and electrophylic sites (the adsorbent and 

adsorbate) predicts the stability of the proposed systems.  

Alongside copper-based materials such as copper iodide (CuI) and copper bromide (CuBr), 

CuSCN is a highly transparent, robust, and solution-processable HTL for DSSCs reported in many 

studies (Liang et al., 2022; Nizamuddin et al., 2021). Studies on the energy-level alignment of 

these new series of materials have proved pivotal in exciton dissociation, Jsc, V𝑂𝐶, photovoltaic 

performance, charge collection, and transport (Nizamuddin et al., 2021). In particular, the work 

function of CuSCN impacts charge transport and collection. In this study, the B3LYP level was 

employed, which is a commonly accepted ab initio method for predicting energy levels of CuSCN 

(cf. Figure 5.5).  

In the MEP, the negative potential (blue region) around the nitrogen atom indicates an electron-

rich site that blocks electrons and allows for the selective transport of holes. The green region 

(between the thiocyanate groups and copper) is an area of neutral potential, reducing undesirable 

recombination events, while the red region (around the copper atom) is an area of positive potential 

that attracts electron-rich species, enhancing charge separation and transport. As depicted in Figure 

5.5, the calculated band gap of CuSCN at B3LYP/LanL2DZ is 2.03 eV. It was observed that the 

HOMO and LUMO energies are -5.85 eV and -3.82 eV, respectively. However, the experimental 

work function of CuSCN is 5.35 eV (Bhargav et al., 2019). Therefore, the computational 

calculation overestimates the HOMO of CuSCN by ~ 0.5 eV because the B3LYP method does 

not adequately consider electron correlation in predicting FMO energies (Bhargav et al., 2019).    
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Figure 5.5: The optimized structure, highest occupied molecular orbital, the molecular 

electrostatic potential, and lowest unoccupied molecular orbitals of CuSCN at the 

B3LYP/LanL2DZ level of theory 

Zinc oxysulphide (ZnOS) belongs to the abundant group II-IV compound semiconductors that 

have attracted numerous applications in solid-state laser devices, transparent conductors, solar 

cells, and photodetectors (Ameri et al., 2013; Es-Smairi et al., 2024). Few theoretical and 

experimental studies have been conducted on the alloy due to difficulties associated with 

synthesizing the material. (Ameri et al., 2013). In this study, we adopted the ZnO0.6S0.4 structure 

proposed by Wu et al. (2016). The HOMO-LUMO energy gap is 0.43 eV (cf. Figure 5.6), which 

significantly deviates from the experimental value of 2.7–3.2 eV. This observation can be 
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attributed to the exchange-correlation function, which underestimated the band gap values. Also, 

Ameri et al. (2013) observed that the band gap of ZnOS alloys varies non-linearly with sulphur 

and oxygen composition, which was not accounted for in our current DFT calculations.  

 

Figure 5.6: The optimized structure, highest occupied molecular orbital, the molecular 

electrostatic potential, and lowest unoccupied molecular orbitals of ZnOS at the B3LYP/LanL2DZ 

level of theory 

The theoretical analyses of HOMO, LUMO, and the energy gap of SnO2 were then performed and 

compared with the literature. The HOMO energy (𝐸𝐻𝑂𝑀𝑂) is -8.31 eV, while the LUMO energy 

is 𝐸𝐿𝑈𝑀𝑂) is -3.89 eV, giving a HOMO-LUMO gap of 4.42 eV, as shown in Figure 5.7. This value 

is consistent with what is reported in the literature, ranging from 3.6 to 4.0 eV, allowing it to exhibit 

high transmittance in the visible region (Dalapati et al., 2021). Moreover, its tunable band gap is 

crucial in engineering energy levels for multi-junction solar cells (Pandit & Ahmad, 2022). Earlier 

studies have also discussed the optoelectronic properties of SnO2 in detail, particularly its impacts 

on device performance (dos Santos et al., 2022). In view of this, the computational screening of 

SnO2 indicates that it has a reliable and efficient band for application in DSSCs.  
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Figure 5.7: The optimized structure, highest occupied molecular orbital, the molecular 

electrostatic potential, and lowest unoccupied molecular orbitals of SnO2 at the B3LYP/LanL2DZ 

level of theory 

Furthermore, DFT calculations provided insight into the electronic structure of the N719 dye. The 

molecular geometry of the N719 dye was calculated using the B3LYP method and the LanL2DZ 

basis set with Gaussian 09w, and then visualized using GaussView 5.0. The B3LYP method has 

been widely used to probe organic compounds, while the LanL2DZ basis set is an appropriate 

choice for transition metals (Ru), which justifies its use in this investigation. Figure 5.8 shows the 

optimized geometry and molecular orbital diagram of the dye. As depicted in Figure 5.8, the 

HOMO and LUMO are localized over the central Ru atom because it is coordinated to phenyl 

pyridine and bipyridine ligands (Portillo-Cortez et al., 2019). The electron density is concentrated 

around the Ru atom, playing a key role in the N719 structure. The dye is fully protonated (neutral 

system) – bond lengths and angles near the Ru atom are similar in all molecules, independent of 

molecular charges and the substituents. The calculated energy value is 1.13 eV, which reflects a 
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recent study that for highly efficient DSSCs, the HOMO-LUMO gap should be between 1.1 -1.7 

eV (Portillo-Cortez et al., 2019). As shown in Figure 5.8, the red colour in the molecular 

electrostatic potential (MEP) depicts the strongest repulsion (Bradha et al., 2021), which is 

associated with the four carboxylic groups of the N719 absorber, which interacts with the 

positively charged species such as SnO2, TiO2, and ZnO, ZnOS surfaces in DSSCs. The blue region 

in the MEP reveals the electron-deficient region associated with the positively charged regions in 

the dye, while the green region represents a region of nucleophilic and electrophilic balance, 

contributing to the structural stability (Manaa et al., 2020). 

 

Figure 5.8: The optimized structure, highest occupied molecular orbital, the molecular 

electrostatic potential, and lowest unoccupied molecular orbitals of N719 dye at the 

B3LYP/LanL2DZ level of theory 
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5.3.1.2 Reduced density gradient analysis 

To validate the anchorage of photoanodes on the N719 dye, reduced density gradient (RDG) plot 

analysis and isosurface interactions were studied using Multiwfn program. As shown in Figure 

5.9, the red plate is attributed to a strong steric effect (repulsive interactions), the green plates are 

related to the Van der Waals interactions, while the blue plates depict strong interactions (Manaa 

et al., 2020). The isosurface shows that electrons are more concentrated near the carboxylate 

groups and around the Ru centre. The electron-dense region is a chemically reactive site that 

anchors on the photoanode surface. The blue spots, in particular, show the bidentate chelate 

linkages of the carboxylate ion group in the ruthenium complex (Alnakeeb et al., 2022). This shows 

the strong intermolecular interactions between the dye and photoanodes via the carboxylic group 

(Alnakeeb et al., 2022). These results coincide with previous studies determined by infrared 

absorption and Raman scattering spectroscopy that suggested that the carboxylate ion group of 

N719 dye binds to ZnO or TiO2 either through bidentate bridging and bidentate bridging linkages 

at all stages of adsorptions (Manaa et al., 2020).  

          

 

Figure 5.9: The iso surfaces (a) and (b), the reduced density gradient (RDG) maps showing the 

interaction modes of N719 dye  

5.3.1.3 Density of states and ultraviolet spectra 

The DoS plots have been studied to understand the density distribution around HOMO and LUMO 

with the aid of the GaussSum 3.0 program. Accordingly, DoS provides information about the 

(a) 
(b) 
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magnetic, optical, and electronic properties of device layers by showing their electron energy 

levels and distribution. The DoS around HOMO and LUMO for the proposed cell layers are 

calculated using DFT/B3LYP/Lanl2DZ method. In Figure 5.10 (a-e), the DoS reveals the energy 

levels of both unoccupied and occupied molecular orbitals, as well as the trajectories of charge 

transfers (Hossain et al., 2023; Hossain et al., 2022). 

  

  

 

Figure 5.10: N719 dye (a), (b) SnO2, (c) TiO2, (d) CuSCN, and (e) ZnOS density of states 

(a) (b) 

(c) (d) 

(e) 
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As depicted in Figure 5.10 (a), the DoS plot exhibits a narrow HOMO-LUMO, having its HOMO 

localized at the Ru centre while the LUMO is localized around the bipyridyl ligands. SnO2 has a 

wide band gap, with its MOs localized primarily in the 5s orbitals. In Ti5O8, the oxygen vacancies 

exhibit localized states within the band gap, which narrows the band gap. In contrast, the CuSCN 

DoS is dominated by the S 3p and Cu 3d orbitals, thereby enhancing hole transport. The DoS of 

ZnOS reveals a mix of Zn 4s orbitals and S 3p orbitals. The absorption spectra in the UV-Vis 

region were simulated using the TD-DFT method with the B3LYP exchange-correlation potential 

and the LanL2DZ basis set. The UV-Vis spectroscopy of SnO2 exhibits a strong absorption peak 

at approximately 300 nm, consistent with the findings of other studies (cf. Figure 5.11). This 

confirms the potential application of this material as a photoanode in DSSC. We did not report the 

UV-Vis spectra for N719 dye, ZnOS, CuSCN, and TiO2 because they did not reach an acceptable 

level of accuracy (absorption peaks in the range of 300-500 nm for all molecules) due to the 

computational limitations of the B3LYP/LanL2DZ method for larger molecules. 

 

Figure 5.11: The UV-Vis spectrum of ZnOS visualized in GaussSum software 

5.3.2 Analysis of SCAPS-1D results 

5.3.2.1 Effect of series and shunt resistance 

Shunt (Rsh) and series (Rs) resistances are considered crucial factors that strongly influence the 

performance of DSSCs (Mazumder et al., 2022). The presence of contact resistance at interfaces, 

resistances at circuit terminals, and the metallic contact between the back and front electrodes, as 
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well as the bulk, creates Rs in most solar cells. Accordingly, Rs is a detrimental factor significantly 

reducing the fill factor; thus, manufacturing solar cells with a 100% fill factor is difficult. A 

decrease in fill factor occasioned by Rs impacts the power conversion efficiency of the device. 

Conversely, Rsh is mainly due to the reverse saturation current of the active junction (Bansal et 

al., 2023). For a high conversion efficiency and high FF, make Rsh large and Rs small. In this 

research, Rs is varied from 0.5 – 10 Ω cm2 after setting Rsh at 1.0 × 103 Ω cm2 to describe its 

effect on cell performance. The PCE values for all the simulated models drop significantly with 

an increase in Rs (Figure 5.12a). Series resistance (Rs) limits the flow of electric current in the 

circuit, reducing the overall cell performance. At higher Rs, the incident photons cannot be 

efficiently converted into usable energy, affecting the overall cell performance. Figure 5.12 shows 

that as Rs is increased, the values of FF and PCE drop significantly due to reduced current flow.  

  

Figure 5.12: The effect of series resistance on PCE(a) and (b) on FF  

For all the model cells with ZnOS, TiO2, and SnO2 ETLs, the FF dramatically dropped from 

66.17% to 27.3%, 65.96% to 26.93%, and 64.58% to 27.28%, respectively, when the Rs increased 

from 0 to 40 Ω-cm2. Similarly, the efficiency of ZnOS, TiO2, and SnO2-based cells dropped from 

10.46% to 3.43%, 10.98% to 3.47%, and 10.2% to 3.35%, respectively, when the resistance (Rs) 

is increased from 0 to 40 Ω.cm². The negative impact of Rs on PCE and FF is attributed to poor 

current flow in the circuit and contact losses (soldering breakdown), respectively (cf. Figure 5.12b) 

(Bansal et al., 2023). This simulation study also revealed that Rs does not affect the voltage at the 

open circuit but causes a deviation in Jsc when Rs is increased from 0 to 10 Ω cm² (Figure 5.13). 

The V𝑂𝐶  for cell devices with ZnOS, TiO2, and SnO2 ETLs gave a constant efficiency of 0.778 V, 
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0.780 V, and 0.769 V when Rs s increased from 0 to 40 Ω cm2. In addition, the Jsc for ZnOS, TiO2, 

and SnO2 cell structures dropped to 16.16449, 16.51137, and 15.95204 mAcm-2 from 20.32897, 

21.34735, and 20.53950 mAcm-2, respectively, as shown in Figure 5.13 (a-b). The drop in Jsc is 

due to optical transmission losses, which further exacerbate a drop in FF, which is proportional to 

the maximum power output to the V𝑂𝐶  multiplied by the Jsc. The mathematical relationship 

(Equation 5.1) shows that it will result in a decrease in the Jsc (Bansal et al., 2023). 

 𝐼 = 𝐼𝑝ℎ [𝑒𝑥𝑝
𝑞(𝑉+𝐼𝑅𝑠 )

𝑛𝑘𝑇
− 1] −

𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
        (5.1) 

where I, q, 𝐼𝑝ℎ, n, k, T, 𝑅𝑠ℎ, and 𝑅𝑠 is load current, the electron charge, light-generated current, 

ideality factor, Boltzmann’s constant, shunt resistance, and series resistance, respectively. 

 
 

Figure 5.13: The effect of series resistance on V𝑂𝐶  (a) and (b) on Jsc 

Next, the electronic and optical behaviour of the cell structures was also studied by varying the 

Rsh from 10 Ω cm² to 500 Ω cm², while the Rs was fixed at 0.5 Ω cm². Figure 5.14 (a-d) shows 

that all the performance parameters are low when Rsh is low. Higher Rsh implies that the charge 

recombination inside the cells has been suppressed and thus increased V𝑂𝐶  (Bansal et al., 2023). 

The V𝑂𝐶  and Jsc increase with an increase in Rsh up to 100 Ω cm2. But with a further increase in 

Rsh, the cell parameters become saturated. On the other hand, FF and PCE increased from 0 Ω 

cm² to 500 Ω cm2, a reduction in leakage current which relates to higher Rsh. With a further 

decrease in Rsh to 500 Ω cm2, the FF reaches the saturation point with no significant changes with 

further increase in Rsh.  
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As shown in Figure 5.14 (d), a lower Rsh creates alternative pathways that allow the passage of 

current, thereby reducing the overall Jsc of the device (Mendes et al., 2022). The Jsc of the cell 

increases at high Rsh due to a reduced shunting effect before it reaches saturation, Figure 5.14(d). 

The performance of the solar cell models increases with increased Rsh due to fewer unwanted 

current leakages. However, it reaches a point where an increase in Rsh does not show any 

discernible gain due to optimized current collection; thus, overall performance remains constant. 

Thus, superior solar cell designs exhibit lower Rs and higher Rsh. In this analytical investigation, 

optimal Rsh was found to be 1.0 × 103 Ω cm², while the optimal Rs was determined to be 0.5 Ω 

cm². Therefore, achieving the right Rsh balance, typically in the modelling and design of solar 

cells, is essential to optimize PV performance. 

  

  

Figure 5.14: The effect of shunt resistance on (a) PCE, (b) FF, (c) V𝑂𝐶  and (d) Jsc 
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5.3.2.2 Effects of operating temperature 

Prior studies have shown that temperature has many effects on conversion efficiency, fill factor, 

and open-circuit voltage of a solar cell. Photovoltaic devices are sensitive to temperature since an 

increase in temperature decreases the bandgap of the semiconductor (Sahoo & Manik, 2023). This 

decrease in bandgap affects semiconductor parameters and is attributed to the decrease in bonding 

energy and an increase in the energy of the electrons. Typically, solar cells operate at room 

temperature; however, it is known that their efficiency deteriorates when the temperature rises 

during the summer season. It is also well-established in the literature that defects and trap states 

arise with the increment in temperature, and thus, Shockley-Read Hall (S-RH) recombination 

becomes dominant, which has a detrimental effect on V𝑂𝐶  (Bansal et al., 2023). In this research, the 

effect of operating temperature on cell performance was examined by varying it from 260 to 360 

K. The simulated results showed that temperature significantly affects the V𝑂𝐶, which also reduces 

the cell efficiency, as illustrated in Figure 5.15 (a-b). 

 
 

Figure 5.15: The effect of operating temperature on PCE (a) and (b) on V𝑂𝐶 

As shown in Figure 5.15(a), the PCE decreases with an increase in the working temperature of the 

solar cell, since higher temperatures result in increased thermal energy, which promotes the 

recombination of photogenerated holes and electrons. This performance also demonstrates that 

temperature-dependent characteristics, such as charge carrier mobility and energy levels, can 

significantly impact solar cell performance. Therefore, as temperature increases, the materials 

deteriorate, affecting the overall performance and stability. The optimal temperature for the N719 
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TiO2 solar models, respectively. The decrease in open-circuit voltage with an increase in operating 

temperature is attributed to a rise in the reverse saturation current (J0). Furthermore, the increase 

in thermal energy leads to high-energy electrons, which are more likely to recombine with holes 

at a higher rate. The optimum V𝑂𝐶  values of the models were 1.2334 V, 0.7777V, and 1.2796 V 

12.68%, 13.01%, and 13.61% for SnO2, ZnOS, and TiO2 solar models, respectively.  

As illustrated in Figure 5.16(a), Jsc did not change significantly with the increase in operating 

temperature (260 to 300 K) because the electrons had sufficient thermal energy, which overcame 

the barriers. Additionally, high temperature generates more electron-hole carriers, which increases 

the Jsc. Furthermore, FF improved as the operating temperature increased from 260 to 300 K, due 

to reduced charge recombination and enhanced mobility of electron-hole carriers (Abd Wahab et 

al., 2023), as shown in Figure 5.16(b). However, a further increase in temperature beyond 300 K 

will reduce the Rsh, enhance Rs, and put the cell device under strain while resulting in a drop in 

the FF (Bansal et al., 2023). Additionally, high temperature may also increase recombination rates, 

lowering the FF. 

 
 

Figure 5.16: The effect of operating temperature on Jsc (a) and (b) on FF 
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V𝑂𝐶  . Moreover, higher EQE values also correspond to higher Jsc, due to improved photocurrent 

generation. The higher EQE values also correspond to decreased recombination losses, thus 

enhancing the FF. Among the ETLs tested, SnO2 and TiO2 recorded quantum efficiencies 

exceeding 95% in the visible range, indicating minimum recombination and superior charge 

extraction. Accordingly, SnO2, and TiO2 ETLs recorded a high Jsc of 20.53 mA/cm2.and 20.34 

mA/cm2, respectively. TiO2-based solar cell configuration demonstrates a higher PCE of 11.39%, 

driven by a higher V𝑂𝐶  0.781878 V, indicating good charge separation. However, its FF is slightly 

lower (68.24%) than that of ZnOS (68.56%), suggesting that charge collection and recombination 

are areas of concern in TiO2-based ssDSSCs. The SnO2-based solar cell configuration has the 

lowest FF of 66.73%, indicating that the device also faces charge extraction and recombination 

inefficiencies. Also, ZnOS has better performance with a quantum efficiency reaching 94% with 

Jsc approximately 20.33 mA/cm2, making it a viable ETL alternative in DSSCs.  

  

Figure 5.17: External quantum efficiency (a) and (b) current-voltage characteristics of the 

simulated solar cell configurations 

5.3.2.4 Effect of absorber layer thickness  
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due to longer carrier diffusion paths, thus having a detrimental effect on V𝑂𝐶  The thickness of the 

layer may also impact light absorption and electron injection because of possible internal 

reflections and light scattering, which decreases the Jsc.  

On the other hand, the PCE depends on Jsc, FF, and V𝑂𝐶  and their specific effect may widely vary 

due to the materials used and the device architectures. The N719 layer thickness varied from 500 

to 6000 nm to optimize the overall efficiency of the proposed devices. As shown in Figure 4.18, 

increasing the thickness to N719 leads to a sharp increase in Jsc, FF, PCE, and V𝑂𝐶  since a thicker 

N719 layer absorbs more incident photons, enhances charge generation, and improves carrier 

density. Accordingly, all the solar cell models attained their optimized performance when the N719 

layer thickness was 1000 nm, and it did not show any significant effects on Jsc, FF, PCE, and 

V𝑂𝐶  when the N719 layer thickness was increased to 6000 nm, as illustrated in Figure 5.18 (a-d). 

  

  

Figure 5.18: The effect of N719 layer thickness on (a) PCE, (b) FF, (c) V𝑂𝐶, and (d) Jsc 
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5.3.2.5 Effect of defect density of the absorber layer  

In a semiconductor, two parameters are directly linked to defect density. The first parameter is 

mobility, which is limited by the scattering of the mobile carriers at the defects. Secondly, non-

radiative recombination is very sensitive to defects in the semiconductor. Defects (or impurities) 

in N719 dyes affect V𝑂𝐶, Jsc, FF, and PCE by influencing charge transfer capabilities of the device. 

For instance, impurities can introduce charge recombination sites or energy levels that trap and 

recombine holes and electrons (charge carriers). This study theoretically investigated the effect of 

changing the defect density (Nt) of N719 dye from  

1.0 × 1017 cm−3 to 9.0 × 1017 cm−3 on efficiency. The device performance would be enhanced 

due to lower defect densities and better charge extraction. Conversely, higher defect densities 

decrease solar cell performance due to more recombination losses. Similarly, in this study, the 

increase in defect densities increases the recombination rates, thus leading to a decrease in V𝑂𝐶  of 

the simulated solar cell models. For instance, as ascribed in Table 5.3, the V𝑂𝐶  of SnO2-based solar 

cells dropped from 0.7712 V to 0.6473 V when defect densities were increased from 1.0 × 1017 

cm−3 to 9.0 × 1017 cm−3. Further to this, the increase in defect densities also resulted in a drop 

in Jsc (20.539496 to 13.566080 mA/cm2, FF (66.87 to 48.11%), and PCE (10.59 to 4.22%).  

These findings indicate that the sharp decline in PV characteristics of the devices is primarily 

attributed to enhanced non-radiative recombination within the N719 layer. Generally, the 

performance of solar models decreased when there were more recombination routes, traps, and 

defect sites as the defect density increased. Similarly, when the defect densities were varied in the 

same range, the PCE declined (11.39 to 5.09%), Jsc dropped (21.347345 to 14.311718 mA/cm2), 

FF decreased from 68.24 to 53.58% and V𝑂𝐶  reduced from 0.7819 to 0.6606 V for the TiO2 solar 

device. This photovoltaic behaviour was also similar to that of the ZnOS-based solar cell model. 

Accordingly, impurities or defects also alter the photo response and electron injection process. As 

such, the increase in defects hinders light absorption and affects electron injection into the 

semiconductor material (such as TiO2, SnO2, ZnOS), decreasing the Jsc. The presence of impurities 

also leads to a decrease in FF and efficiency. Thus, the defect concentration must be controlled to 

fabricate a highly efficient material.  
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Table 5.3: The effects of N719 material defect densities on ssDSSCs performance 

N719 defect 

density (cm-3) 

𝐕𝑶𝑪 (V) Jsc (mA/cm2) FF (%) PCE (%) 

 
SnO2 TiO2 ZnOS SnO2 TiO2 ZnOS SnO2 TiO2 ZnOS SnO2 TiO2 ZnOS 

1.0 × 1017 
0.7712 0.7819 0.7800 20.539496 21.347345 20.331279 66.87 68.24 66.56 10.59 11.39 10.87 

2.0 × 1017 
0.7365 0.7465 0.7444 19.264801 19.884687 18.921872 62.33 64.89 65.07 8.84 9.63 9.17 

3.0 × 1017 
0.7145 0.7248 0.7225 18.157702 18.727326 17.765744 59.03 62.49 62.50 7.66 8.48 8.02 

4.0 × 1017 
0.6981 0.7088 0.7061 17.181791 17.753878 16.773881 54.42 60.54 60.39 6.77 7.62 7.15 

5.0 × 1017 
0.6848 0.6961 0.6929 16.311205 16.908289 15.902037 54.27 58.89 58.60 6.06 6.93 6.46 

6.0 × 1017 
0.6736 0.6854 0.6819 15.527015 16.158705 15.123310 52.42 57.41 57.05 5.48 6.36 5.88 

7.0 × 1017 
0.6638 0.6761 0.6722 14.814996 15.484783 14.419722 50.78 56.09 55.66 4.99 5.87 5.40 

8.0 × 1017 
0.6551 0.6678 0.6637 14.164211 14.872510 13.778497 49.38 54.93 54.44 4.58 5.46 4.98 

9.0 × 1017 
0.6473 0.6606 0.6560 13.566080 14.311718 13.190143 48.11 53.85 53.31 4.22 5.09 4.61 
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5.3.2.6 Effect of metal contacts  

Metal contact layers (MCLs) are essential in collecting electrons from the photosensitive layer. 

Materials such as copper (Cu), nickel (Ni), silver (Ag), iron (Fe), gold (Au), and platinum (Pt) with 

work functions of 4.53, 4.61, 4.74, 4.81, 5.1, and 5.65 were varied to explore the effect of MCLs 

on cell structure. The comparative data for these materials are illustrated in Table 5.4.  

Table 5.4: The effect of back contact material on photovoltaic performance 

Metal work 

function (Ev)  

ETL material 𝐕𝑶𝑪 Jsc (mA/cm2)    FF (%)       PCE (%) 

Pt (5.65)  

 

TiO2 0.78 21.34737 68.24 11.39 

ZnOS 0.78 20.32897 68.56 10.87 

SnO2 0.77 20.5395 66.88 10.59 

Au (5.1) TiO2 0.78 21.34735 68.24 11.39 

ZnOS 0.78 20.32897 68.56 10.87 

SnO2 0.77 20.5395 66.87 10.59 

Fe (4.81) TiO2 0.78 21.33257 67.68 11.29 

ZnOS 0.78 20.31554 68.01 10.78 

SnO2 0.77 20.52826 66.31 10.51 

Ag (4.74) TiO2 0.78 21.25334 64.4 10.70 

ZnOS 0.78 20.24227 64.78 10.23 

SnO2 0.77 20.46587 63.09 9.96 

Ni (4.61) TiO2 0.78 20.94092 52.35 8.57 

ZnOS 0.78 19.95248 52.68 8.19 

SnO2 0.77 20.19913 50.96 7.94 

Cu (4.53) TiO2 0.78 20.69883 44.55 7.21 

ZnOS 0.77 19.72935 45.31 6.89 

SnO2 0.78 19.97237 42.61 6.65 

As observed in Table 5.4, MCLs can affect the overall cell performance in various ways. The PCE 

of the solar cell models with different ETLs showed reasonably good simulated performance when 

the work function is 5.1 eV (Au) and 5.65 eV. However, Pt is not viable for commercial use due 
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to its rarity and high costs. Simulated solar models with Ni (4.61 eV) exhibit moderate 

performance; however, the application of this material as a back contact material is hindered by 

surface oxidation. As ascribed in Table 5.4, FF is influenced by contact resistance and the function 

of the back contact. The metal work function impacts the energy-level alignment at the interface 

between the N719 layer and the ETL. The MCL with a well-matched function enhances the FF by 

increasing charge transport and reducing charge recombination. Secondly, the voltage decreases 

when there is higher contact resistance, increasing the FF. The simulated findings of the solar cell 

models utilizing various back contact materials show that the overall performance steadily 

increases with high work function metals (≥ 5.0 eV) due to a superior energy level at the back 

contact. Furthermore, higher metal work functions also enhance charge extraction and reduce the 

kinetics of charge recombination. The choice of back contact material also affects the variation of 

the optical and reflectivity properties. It affects the light absorption in the N719 layer, whereby 

high reflectivity increases the amount of incident light and thus increases Jsc. Additionally, V𝑂𝐶  is 

primarily affected by the energy-level alignment between the electrolyte and the photosensitive 

layer. In some cases, MCLs with high metal work function create a barrier for electron injection, 

decreasing the V𝑂𝐶 . Contrastingly, an appropriate MCL may reduce charge recombination, thereby 

improving the V𝑂𝐶  For practical feasibility, high stability, and enhanced efficiency, Au was selected 

as the most appropriate MCL for the N719-based solar cell configuration.    

5.3.2.7 Capacitance frequency measurement 

The capacitance frequency (C-f) analysis provides a qualitative understanding of the behaviour of 

DSSCs with different layers. Nyquist plot analysis is a basic representation of electrochemical 

impedance spectroscopy (EIS) that helps understand the capacitive and resistive behaviour of solar 

cells. The impedance plot better explains recombination rates, capacitance, and resistive losses 

(Bhattarai et al., 2023). Here, the Y-axis (imaginary part) represents the geometric capacitance of 

the solar device, showing that carriers accumulate at the interface layers, while the X-axis (real 

part) represents the resistance due to recombination (Bhattarai et al., 2023). In Figure 5.19(b), it is 

evident that the highest value of the impedance (real part) is 497 ohm.cm2 for the solar cell with 

ZnOS ETL, 472 ohm.cm2 for the TiO2-based cell, and 590 ohm.cm2 for the SnO2-based model. 

Specifically, TiO2 has the smallest semi-circle, signifying lower impedance, improved charge 

mobility, smoother charge transfer, and improved interface properties than SnO2 and ZnOS. 
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Notably, ZnOS and SnO2 ETL-based structures exhibit larger semi-circles than TiO2, indicating 

high resistance or impedance within the system due to increased charge transfer resistance and 

hindered charge transport kinetics (Ishraq et al., 2024). Each figure shows one semi-circle, and a 

reduction in radii exhibits a change in charge transport properties (Mortadi et al., 2024). The 

Nyquist plot (impedance versus real part) for the simulated solar models is quadratic, confirming 

the symmetric nature of current densities. Additionally, the radii of the Nyquist plots decrease with 

an increase in junction resistance or enhanced carrier mobility, as observed with thicker N719 dye.  

 
 

Figure 5.19: Nyquist plot for SnO2 (a), (b) ZnOS and TiO2 ETL-based structures 

Mott-Schottky (M-S) theory has been used to assess the doping level and the difference between 

the functions of the electrode operation, specifically the built-in potential (Vbi) (Samiul Islam et 

al., 2021). While M-S theory was conventionally used in studying p-n junction properties, it has 

also been used in DSSCs. Equation 5.2 presents the M-S expression. 

1

𝐶𝑠
2 =

2

𝑞𝜀𝜀0𝑁
(𝑉 − 𝑉𝑏𝑖 −

𝑘𝑇

𝑒
 )                                                                              (5.2) 

where q is the elementary charge, Cs is the space charge capacitance per unit area, 𝜀 is the electric 

constant, 𝜀0 is the permittivity of free space, V is the applied potential, 𝑉𝑏𝑖 is the built-in potential, 

T is the operating temperature, N is carrier density, and k is the Boltzmann constant.  

Figure 5.20 (a) and (b) depict the variation in capacitance and M-S curve, respectively, when the 

voltage was varied from -0.8 to 0.8 V for the three devices, and the frequency was fixed at 

1.0 × 106 Hertz (HZ). As demonstrated in Figure 5.20 (a), the capacitance increases with the 

applied voltage before reaching its maximum. In all simulated models, increasing the forward bias 

voltage improves capacitance in accordance with the M-S relationship. These findings also reflect 

-300

-250

-200

-150

-100

-50

Z
.i

m
 (

O
h

m
s.

cm
2
)

5004003002001000

Z.re (Ohms.cm
2
)

 SnO2

(a)

-200

-150

-100

-50

Z
. 

im
 (

O
h

m
s.

cm
2
)

4003002001000
Z. re (Ohms.cm

2
)

 ZnOS
 TiO2

(b)

 

  

(a) (b)



142 

 

prior studies that have demonstrated that at low voltages, the current is lower than the saturation 

current, but it reaches the contact’s saturation current when there is a spike in voltage. Figure 5.20 

(b) shows M-S analysis that has been prominently used to determine the Vbi. It is evident that the 

M-S values are progressively lower when there is an increase in applied voltage (Figure 5.20b), 

which is reflected in prior studies. Typically, the 𝑥 −axis in the M-S theory represents the Vbi, 

while the slope of 1/𝑐2 (V) gives the concentration of trapping centres. From this study, the Vbi = 

0.98 V for TiO2, 0.97 V for SnO2, and 0.98 V for ZnOS and 1/𝑐2 = 0. This shows that a small 

voltage is required to transfer electron-hole carriers across the interface in the simulated devices. 

That means the largest V𝑂𝐶  is produced when the device has a higher Vbi, which is why TiO2 gave 

the highest V𝑂𝐶  of 0.7818 V, while SnO2 produced the lowest V𝑂𝐶  of 0.7712 V because of a 

comparatively lower Vbi of 0.97 V.  

 

 

Figure 5.20: Capacitance-voltage relationship (a) and (b) Mott-Schottky curves of the simulated 

cell configurations 

5.3.2.8 Band diagrams 

An energy band diagram is crucial for understanding the overall performance of a solar cell. It 

describes the energy levels that electrons can occupy within the device, emphasizing the distinction 

between the CB and VB. The photosensitive layer absorbs the irradiating photons, stimulating the 

electrons from the VB to CB and generating an electric current. There are two types of band 

alignment: Type I (Cliff) and Type II (staggered), and each impacts charge flow across the 

interface. For instance, in Type I band alignment, the VB maximum of one layer is lower or aligned 

with the CB minimum of the other layer, thereby enhancing electron flow from higher to lower 
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energy levels. Figure 5.21 displays the DSSC energy band diagram of different device models at 

room temperature. As depicted in the Figure 5.21, the “cliffs” may be due to the non-uniformity 

of the band diagram or the suppression of charge recombination, thus enhancing photovoltaic 

performance (Meyer et al., 2025). The band gap value of more than or equal to 1.03 eV is sufficient 

for converting photons of irradiating light into energy. Therefore, the CB of the ETL needs to be 

positioned lower than or aligned with the CB of the active layer for efficient electron extraction. 

Figure 5.21 presents the energy level alignment of the studied N719 dye, FTO, CuSCN, and ETLs. 

 

 

 

                   

 
 

Figure 5.21: Energy diagram of N719 dye-based DSSCs with CuSCN as the HTL (a) 

representation of the simulated architecture, and (b) SnO2, (c) TiO2, and (d) ZnOS as ETLs  

As illustrated in Figure 5.21 (b-d), the quasi-Fermi levels Fn and Fp of each device cohabit with 

the Ev and Ec, respectively. In all the optimized ETLs, the Ec and Fn exhibited harmonically 
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comparable behaviour, while Fp overlapped with Ev, an anticipated behaviour for typical n-type 

and p-type materials, respectively. The electron-hole carriers are being generated and separated 

effectively in the model solar cells. Electron extraction efficiency from the photoactive layer into 

the ETL is enhanced when the conduction band offset is negative, suggesting that the CB of the 

photoactive layer should have a higher energy than CB of the ETLs. Due to the similar nature of 

energy band diagrams, the performance of ZnOS, SnO2, and TiO2 photoanodes was similar. To 

achieve the optimal PV performance for the proposed structure, various ETL materials were 

employed, and their performance was compared. Table 5.5 compares the FF, efficiency, Jsc, and 

V𝑂𝐶 .  

Table 5.5: The photovoltaic characteristics of solar cell models based on different ETLs 

ETL material      𝐕𝑶𝑪 (V)                      Jsc (mA/cm2)       FF (%)                    PCE (%) 

TiO2 0.7819 21.34735 68.24 11.39 

SnO2 0.7712 20.5395 66.87 10.59 

ZnOS 0.7800 20.32897 68.56 10.87 

As depicted in Table 5.5, TiO2 has the highest V𝑂𝐶  (0.7819 V), followed by ZnOS (0.7800 V), and 

SnO2 achieves the lowest V𝑂𝐶  of 5.0.7712 V. ZnOS exhibits competitive light-harvesting 

capabilities with a Jsc of 20.32897 mA/cm2, slightly lower than that of TiO2 with 21.34735 mA/cm2 

and SnO2 with 20.5395 mA/cm2. However, ZnOS records the highest FF of 68.5% and a PCE of 

10.87%. Notably, SnO2 has the lowest FF and PCE of 66.87% and 10.89%, respectively, while 

TiO2 has the highest PCE of 11.39%. This study highlights how the PV performance of a solar cell 

can be enhanced through the strategic combination of semiconducting layers. A deeper 

understanding of interfacial behaviour and charge transport mechanisms, ssDSSCs are poised to 

be competitive in terms of efficiencies and stabilities, capable of meeting energy demands more 

sustainably in the near future. Nonetheless, ZnOS stands out as a top ETL contender owing to its 

high V𝑂𝐶  and higher FF better electron mobility that enhances its light-harvesting capabilities. 

Additionally, ZnOS has material advantages – it is a zinc-based oxysulphide with a tunable 
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bandgap and inherits the properties of ZnO nanostructures, in addition to being attractive in terms 

of synthesis and scalability. 

6. Conclusions 

In this investigation, two computational techniques that combine DFT theory and numerical 

simulation were employed to optimize the solar cell parameters and study the optoelectronic and 

electronic properties of isolated layers. This article unveiled the optical, structural, and electronic 

properties of N719 dye-based solar cells using the SCAPS-1D and first principles DFT 

simulations. From the optimization, ZnOS ETL exhibited superior performance with TiO2 

compared to SnO2 ETL. In this study, three models were selected to explore the effects of Rs, Rsh, 

absorber thickness, temperature, defect densities, and back contacts on their performance, as well 

as their corresponding QE, J-V, M-S, and capacitance characteristics. This theoretical investigation 

demonstrates that SnO2 and ZnOS are alternative photoelectrodes to conventional TiO2 in 

harnessing visible light. The configuration FTO/ZnOS/N719/CuSCN/Au achieves an outstanding 

PCE of 10.87%, complemented by remarkable values of FF and Jsc. The RDG and MEP 

computational tools validated the suitability of the proposed materials, particularly the bidentate 

bridging through the carboxylate groups. Furthermore, the MEP mapping of green (neutral), 

nucleophilic (blue), and electrophilic (red) regions reflected prior theoretical and experimental 

investigations, providing valuable insights into recombination and charge transfer behaviours. The 

device robustness is augmented by CuSCN, which is chemically stable, solution-processable, and 

highly transparent. The energy-level alignment highlights the crucial role of CuSCN in enhancing 

charge collection and transport efficiency. Accordingly, this study bridges the experimental and 

computational domains by providing a pathway for commercializing DSSC technologies. The 

ongoing research undertakings in the organic-inorganic photovoltaics field will transition to the 

seamless integration of optoelectronic simulations, DFT calculations, and advanced device 

characterization techniques, which will significantly impact the design of high-performance 

optoelectronics and device structures.  
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CHAPTER SIX 

GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 

6.1 General discussion 

6.1.1 Rationale of the study 

In the near future, the commercialization of DSSCs still calls for thorough investigations of 

structure-property interplay and novel techniques for device configuration. Despite DSSCs 

becoming a popular research topic in the new generation solar cell technology, their transition 

from laboratory to commercial scale has been slowed by scientific challenges associated with 

intrinsic and extrinsic stabilities, interfacial recombination loss kinetics, and energy losses in dye 

regeneration kinetics. It has inspired the scientific community to leverage emerging theoretical 

approaches, such as theoretical and computational modelling, to complement experimental studies. 

The motivation behind this research was to utilize DFT and TD-DFT to investigate the HOMO-

LUMO energy levels and electronic absorption properties. Accordingly, the DFT formalism 

methods were used to describe the electronic and optoelectronic properties of systems containing 

a few tens of atoms. The photovoltaic characteristics of solar cell models based on three ETLs- 

ZnOS, TiO2, and SnO2 were simulated using SCAPS-1D under STCs to obtain valuable data on 

how their parameters can be varied during the production workflow. The present study provided a 

springboard for state-of-the-art advances in developing robust N719 dye-based photoelectrodes. 

This study expanded the scope of DSSC research to achieve sustainable and secure energy for the 

future.  

6.1.2 Findings of the study 

Using the metallic layer for dye regeneration instead of the hole transport material is poised to 

simplify the fabrication process and reduce manufacturing costs. In this simulation study, SCAPS-

1D was employed to investigate the impact of various parameters, including shunt and series 

resistance, electron affinity, working temperature, Schottky barriers, and conduction band offset, 

on the photovoltaic characteristics of the model solar cells. This study compared two ETLs, TiO2 

and ZnOS, and the solar cell model with ZnOS achieved a higher efficiency of 11.54%, while TiO2 
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achieved an optimal efficiency of 10.22%. The ZnOS-based solar cell also achieved a fill factor 

(FF) of 62.71%, while that of the TiO2-based solar cell was 63.58%. It was also noted that the 

ZnOS-based model has a higher V𝑂𝐶  and Jsc than the TiO2-based model, which can deliver 

consistent photovoltaic performance across varying conditions. This study demonstrated that 

ZnOS is a suitable alternative to TiO2, which is abundant in nature, cheap, and non-toxic. The 

study also reported that the electronic properties of ZnOS can be optimized by tuning its bandgap. 

Furthermore, the findings of this study serve as a pathfinder in the development and advancement 

of solar cell technologies, aiming to reduce dependence on non-renewable energy sources and 

address global energy challenges.  

The solar cell configuration FTO/ZnOS/N719 dye/CuSCN/Au achieves an optimal PCE of 10.87% 

short circuit current (Jsc) of 20.32897 mA/cm2, fill factor (FF) of 68.56% and open circuit voltage. 

(V𝑂𝐶) of 0.7800 V. The computational studies of reduced density gradient (RDG) and molecular 

electrostatic potential (MEP) agree with earlier studies on statistical physics that N719 dye 

chemically bonds with photoelectrodes via two carboxylic groups of a bidentate bridging 

configuration. The HOMO-LUMO gap of the magneli phase of Ti5O8 was reported to decrease by 

multiple eV due to the absence of an O atom compared to the conventional TiO2 structure. These 

findings strongly correlate with other publications that report HOMO and LUMO primarily 

localize on the Ti atoms in TiO2n-2. The HOMO shifts from an O 2p-orbital to a Ti 3d-orbital; when 

there are increased O vacancies, the unoccupied and occupied orbitals shift towards the Fermi level 

such that all these orbitals become closer in energy in the CB. The study reported the calculated 

HOMO and LUMO energies as -5.85 eV and -3.82 eV, respectively. The computational calculation 

overestimates the HOMO of CuSCN by ~ 0.5 eV because the B3LYP method does not consider 

sufficient electron correlation in predicting FMOs energies. The HOMO-LUMO energy gap of 

ZnOS showed a greater discrepancy from the experimental values due to the underestimation of 

the exchange-correlation function. The energy gap computed using the B3LYP/LanL2DZ of SnO2 

was 4.42 eV, consistent with prior studies that have reported up to 4.5 eV, allowing it to have high 

transmittance in the visible region. The DFT analysis of N719 dye shows that the HOMO and 

LUMO are localized over the central Ru atom because it is coordinated to phenyl pyridine and 

bipyridine ligands. The RDG and MEP analysis of N719 dye suggests that the carboxylate ion 

group of N719 dye bind to ZnOS or TiO2 through bidentate bridging and bidentate bridging 
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linkages at all stages of adsorption. The DoS analysis of the optimized structures confirmed the 

density distribution around the HOMO-LUMO and trajectories of charge transfer. The UV-Vis 

spectroscopy of SnO2 exhibits a strong absorption peak at approximately 300 nm. However, the 

UV-Vis spectra of N719 dye, ZnOS, CuSCN, and TiO2 were not reported because they did not 

reach acceptable limits due to the computational limitations of B3LYP/LanL2DZ methods.  

The study also found that Rsh in solar cells is due to reverse saturation and the active junction, 

which are detrimental to solar cell performance. Similarly, solar cell performance increases when 

the right Rsh balance and working temperature are achieved. In the three optimized solar cell 

models, TiO2 achieves an efficiency of 11.39%, while the SnO2-based solar cell models achieve 

efficiencies of 10.59% and 10.87%, respectively. From this theoretical optimization study, ZnOS 

stands out as a top ETL contender due to its relatively higher FF, Jsc, and PCE, which enhance its 

light-harvesting capabilities. Also, ZnOS has a competitive V𝑂𝐶  enhancing its optoelectronic 

properties for solar energy applications. 

6.2 Conclusions 

This study optimized the optoelectronic properties of ETLs for DSSCs using the SCAPS-1D 

program. Besides the conventional TiO2 ETL, other photoanodes – ZnOS and SnO2 were assessed 

as potential materials to replace TiO2 in solar cell fabrication. The results of this study showed 

that:  

i. The optimized optoelectronic properties of various ETL shows that ZnOS is a strong 

candidate for advancing DSSC technology owing to its tunable bandgap properties, cost 

advantages, and environmental sustainability. 

ii. N719 dye pairs with ZnOS with remarkable photovoltaic characteristics, including a PCE of 

14.83%, high V𝑂𝐶  and Jsc, supporting its suitability for high-efficiency DSSCs configuration. 

iii. Theoretical studies using SCAPS-1D and DFT offer helpful insights into studying the 

charge-transfer dynamics and the interactions between the photoanodes and the N719 dye.  

iv. The design rationale of the proposed solar cell configuration is supported by the molecular-

level bonding analysis that shows how N719 dye bonds strongly with the photoanodes 

through the carboxylic groups. 
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6.3 Recommendations 

This study thoroughly investigates the potential of DSSCs in advancing the sustainability agenda, 

paving the way for a net-zero carbon emissions roadmap. It is well-established that solar energy 

can be the cheapest energy source in the sunniest locations on earth. This work reaffirms the role 

of solar energy technologies in solving challenges associated with using finite energy sources and 

the worrying trends of climate change. However, this research has the following recommendations; 

i. Experimental investigations are needed to validate the theoretical predictions from SCAPS-

1D and DFT calculations, focusing on optimizing the bandgap of ZnOS material. 

ii. Further research needs to be conducted on alternative ETLs and dyes to enhance the cost-

effectiveness and efficiency of DSSCs. 

iii. Optimizing the device parameters and quantum efficiency of DSSCs can potentially deliver 

PCE beyond those of state-of-the-art single junctions and perovskite solar cells. Today, their 

performance is limited by large deficits in PCE, FF, V𝑂𝐶, and Jsc. As DSSCs stride towards 

commercialization, there is a need to assess the degradation mechanisms, long-term stability, 

and practical scalability of ZnOS-based devices under varied environmental conditions.  

iv. Integration of advanced characterization techniques such as electrochemical impedance 

spectroscopy and time-resolved photoluminescence are necessary to deepen understanding on 

optoelectronic behaviour of potential ETLs, thus, guiding the design of high-efficiency solar 

cell configurations.  

6.4 Suggestions for further research 

This study has provided valuable insights into the optimization of various ETLs for DSSCs using 

computational tools. Zinc oxysulphide (ZnOS) has been identified as a promising ETL, but several 

gaps remain that warrant further theoretical and experimental studies: 

i. In the present study, the UV-Vis spectra for N719 dye, ZnOS, CuSCN, and TiO2 were 

not reported due to computational limitations. Thus, there is a need for experimental 

spectroscopy to refine theoretical models and validate absorption profiles of these 

molecules. 
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ii. Future theoretical research requires experimental corroboration, particularly in 

synthesizing ZnOS-based DSSCs and characterizing their real-world performance in 

outdoor conditions. 

iii. Future studies should expand beyond the conventional ETLs and N719 dye to explore 

novel materials with superior charge-transfer efficiencies and high light absorption 

capabilities, to improve device stability and performance.  

iv. Studies on the environmental resilience of the champion ETL presented in this study 

will be critical in transitioning ZnOS-based DSSCs from laboratory scale to industrial 

scale. 
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Appendix F: N719 dye Iso surface and Non-Covalent Interactions 

 

The iso-surace and reduced density gradient (RDG) of N719 help to visualize electronic density 

distribution, charge transfer paths as well as interactions such as steric effects, van der Waals, and 

hydrogen bonding behaviour in the dye. 
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Appendix G: The HOMO-LUMO Energy Gap of the Simulated Materials using TD-DFT  
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Appendix H: Reactivity and Charge Transfer Efficiency of Simulated Materials 

 

 

 

 

 

 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 



211 

 

Appendix I: NACOSTI Permit 

 

 


