
 

ADDITIVES EFFECTS ON THE CHARGE CARRIER DYNAMICS AND 

PERFORMANCE METRICS OF FORMAMIDINIUM-RICH MIXED LEAD 

HALIDE PEROVSKITE SOLAR CELL 

 

 

BY 

 

RICHARD KIPYEGON KOECH  

STUDENT ID: 70187 

 

 

 

 

A dissertation submitted to the faculty at the African University of Science and 

Technology in partial fulfillment of the requirements for the degree of Doctor of 

Philosophy in material science and engineering department. 

February 23, 2022 



ii 
 

 

CERTIFICATION 

This is to certify that the dissertation titled ―Additives effects on the charge carrier 

dynamics and performance metrics of Formamidinium-rich mixed lead halide perovskite 

solar cell‖ submitted to the school of postgraduate studies, African University of Science 

and Technology (AUST), Abuja, Nigeria for the award of the Doctor of Philosophy degree 

is a record of original research carried out by Richard Kipyegon Koech in the Department 

of Material Science and Engineering. 

     



iii 
 

ADDITIVES EFFECTS ON THE CHARGE CARRIER DYNAMICS AND 

PERFORMANCE METRICS OF FORMAMIDINIUM-RICH MIXED LEAD HALIDE 

PEROVSKITE SOLAR CELL 

 

By 

Richard Kipyegon Koech 

 

 

A DISSERTATION APPROVED BY THE MATERIAL SCIENCE AND 

ENGINEERING DEPARTMENT 

RECOMMENDED:      ---------------------------------------------- 

Prof. Esidor Ntsoenzok (Advisor) 

                                     

                                   ---------------------------------------------- 

Prof. Wole Soboyejo (Co-Advisor) 

 

          ---------------------------------------------- 

Dr. Oluwaseun Kehinde Oyewole (Committee) 

 

   ---------------------------------------------- 

Dr. Abdulhakeem Bello (Committee) 

 

 



iv 
 

 

---------------------------------------------- 

Dr. Kenfack Anatole (Committee) 

 

   ---------------------------------------------- 

Head, Department of Material Science and Engineering 

 

APPROVED BY:    

                                 ------------------------------------------------ 

     Vice President, Academics  

 

Date----------------------------------------- 



v 
 

COPYRIGHT 

This dissertation is my original work and has not been presented for a degree course in this 

University or elsewhere. No part of this dissertation may be reproduced without the prior 

written permission of the author and/or African University of Science and Technology. 

 

© 2022 

RICHARD KIPYEGON KOECH 

 

ALL RIGHTS RESERVED 



vi 
 

 

ABSTRACT 

Perovskite solar cell (PSC) has emerged as a promising photovoltaic technology due to 

their prospects for high efficiency and low cost. Despite the impressive improvement in 

their power conversion efficiency (PCE) over the years, it is still limited by non-radiative 

recombination losses arising from the non-ideal material properties. Further, the rapid 

degradation in their PCEs when exposed to the ambient conditions is a great impediment to 

their commercialization. To address these challenges, there is a need to engineer the 

properties of the charge transport layers (CTLs), the active layer (AL) and the interfaces 

between them with a view to suppressing the non-radiative recombination and performance 

degradation pathways. In this work, an in-depth study of the effects of additives 

incorporated into the electron transport layer (ETL) and the AL on the optoelectronic 

properties and performance characteristics of Formamidinium (FA)-rich mixed lead halide 

PSC was carried out. The results of the study revealed that an appropriate proportion of 

additives in the ETL and/or the AL improve the PCE and stability of FA-rich PSC. In 

particular, the incorporation of 0.2 volume proportion of tin oxide (SnO2) into the titanium 

dioxide (TiO2)-based ETL improved the PCE by about 7.17%. Furthermore, the addition of 

Cesium bromide (CsBr) and Polyethylene Oxide (PEO) into the AL improved the 

morphology of the AL leading to simultaneous improvement in the PCE and stability of 

FA-rich PSC. 

Key words: Electron transport layer, active layer, charge carrier dynamics, interface, tin 

oxide, titanium dioxide, perovskite solar cell, cesium bromide, polyethylene oxide 
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CHAPTER ONE 

INTRODUCTION 

1.1 Introduction 

In this chapter, brief background information on the global energy scenario, the need 

to transit to renewable energy resources, and the evolution of photovoltaic technology is 

explored. The problem statement, the research objectives, the justification, and the scope of 

the study are also highlighted.  

1.2 Background information 

Energy is the fundamental underpinning for socio-economic and technological 

advancement in any nation (Stern, 2011). It is a primary factor of production in every sector 

of the economy and is required to power various machines and electronic devices at homes 

and other institutions. The rapid expansion in the major economic sectors; in conjunction with 

the increasing human population and rising standards of living; has led to a corresponding 

increase in the global energy demand (Administration, 2018; Energy Information 

Administration, 2019; McKinsey Global Institute, 2019). The demand is projected to increase 

further as the world economies continue to grow with higher growth rates coming from 

developing nations; most of which being in Asia and Africa (Administration, 2019). As a 

continent with the highest population growth rate, Africa’s energy demand is projected to 

increase significantly in the coming years (AEO, 2019). This increase will put pressure on the 

existing energy infrastructure and may pose significant challenges particularly to the energy 

poverty-stricken and the mostly fossil fuel-reliant nations in sub-Saharan Africa. Figure 1.1 

shows the growth in energy demand globally and in Africa from the year 2000 to date with 
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projections to 2040. 

 

Figure 1.1: Global and Africa energy demand growth and projections (Data source: BP 

Energy Economics, 2018) 

With the increased awareness of the strong correlation between energy use, economic 

growth, and climate change; the policymakers in the energy sector have now considered 

access to affordable, reliable, and sustainable forms of energy as an integral part of sustainable 

development (UNDP, 2015). Furthermore, as the world wades through the wave of 

technological transformations brought about by the fourth (4
th

) industrial revolution, the 

provision of steady, cost-effective, and sustainable forms of energy is very crucial. The 

conventional energy resources based on fossil fuels such as petroleum, coal, and natural gas; 

which are currently dominant in the global energy sectors; are not sustainable. The continued 

dependence on these energy resources will cause an increase in greenhouse gas emissions 

which will accelerate the climate change situation globally thus bringing adverse impacts on 

the environment and human health (IPCC, 2014; Perera, 2018). In addition, the increased 

pressure on conventional energy resources implies that their finite reserves will gradually be 
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depleted; leading to an escalation in their prices and increased competition for the few 

available reserves; which can impact negatively on global security and sustainable 

development. The global energy sector is thus faced with a serious trilemma of ensuring 

energy access, energy supply security, and environmental sustainability (WEC, 2016).  

For the energy sectors to respond well to these challenges, concerted efforts are being 

made by all the stakeholders to make a transition from conventional fossil fuel-based energy 

resources to renewable energy resources. This move is the best option since the renewable 

energy resources are inexhaustible, can be installed anywhere, and are sustainable. They, 

therefore, offer several additional benefits such as increased reliability and resilience, 

improved health, energy equity, and job creation (REN21, 2018). Among the renewable 

energy resources, solar energy has been considered the best alternative due to its potential to 

supply the world with sufficient, inexhaustible, and sustainable forms of energy (Kabir et al., 

2018; Onyeji-Nwogu, 2017). 

Though small-scale utilization of solar energy has been in existence since time 

immemorial, the advent of new solar harnessing technologies has diversified the scope of its 

application and the contribution of solar energy to the global energy mix has been increasing 

(REN21, 2017). Large-scale utilization of solar energy has also been accelerated by the 

various research efforts and government policies which have been instituted to overcome 

barriers to its widespread adoption such as intermittency and high costs of solar energy 

harnessing technologies (Aquila et al., 2017; Barton & Infield, 2004). The energy from the 

sun can be captured and converted to usable forms of energy using several technologies which 

are summarized in Figure 1.2 (Liu et al., 2013).  
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Figure 1.2: Solar energy harnessing technologies 

Photovoltaic (PV) technology is a solar energy harnessing technology that uses a solar 

cell to absorb and convert solar radiation into direct electricity through the photovoltaic effect 

(Parida et al., 2011). In a typical PV system, many solar cells are usually connected either in 

series or in parallel or both to form a PV module with the desired power output. The solar cell 

is therefore a basic functional unit in a PV system that determines its overall power 

conversion efficiency (PCE), cost, and its lifetime. The quest for an efficient and low-cost PV 

system with a longer operational lifetime has provided the impetus for continuous research in 

this field which has seen various solar cell generations being developed (Green & Bremner, 

2017). The first (1
st
) generation solar cells are those that are based on crystalline silicon 

technology. This solar cell technology has achieved a record power conversion efficiency 

(PCE) of 26.7% and is presently the most dominant in the PV market (Green et al., 2018; 
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Polman et al., 2016). The second (2
nd

) generation solar cells; which are based on thin-film 

technology; are cheaper than their crystalline silicon-based counterpart but they exhibit 

relatively low efficiencies and poor outdoor reliability (Sharma et al., 2015). The third (3
rd

) 

generation solar cells are the emerging solar cell technologies that aim to achieve the highest 

PCEs at the least possible unit cost (Green, 2002; Li et al., 2012). They have high light 

absorption coefficients and are therefore able to use thin layers of semiconducting materials to 

absorb sunlight. They include nanocrystal-based solar cells, organic solar cells, dye-sensitized 

solar cells (DSSCs), and Perovskite solar cells (PSCs) (Sharma et al., 2015). A summary of 

the existing solar cell technologies is given in Figure 1.3. 

 

Figure 1.3: Solar cell technologies (Adapted from Green & Bremner, 2017) 

Among the 3
rd

 generation solar cell concepts, PSCs have received intense research 

attention due to their excellent optoelectronic properties, their versatility, and low costs 

(Green et al., 2014; Kim et al., 2015). They derive their names from their active layers (ALs) 
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which assume the perovskite structure, ABX3, resulting from a unique structural combination 

of different cations and halides. The part A represents a monovalent cation such as methyl-

ammonium (CH3NH3
+
), ethyl-ammonium (CH3CH2NH3

+
), formamidinium (NH2CH=NH2

+
) 

or Cesium (Cs
+
) while part B and X represent a divalent cation (typically Pb

2+
 or Sn

2+
) and an 

halide (such as iodide (I
-
), bromide (Br

-
) or chloride (Cl

-
)) respectively (Da et al., 2018; Shen 

et al., 2018). Cation A occupies a cubo-octahedral site shared with twelve X anions, while 

cation B occupies an octahedral site shared with six X anions. The general structure of a 

perovskite material is depicted in Figure 1.4 (Supreeth & Shreya, 2016). The size of the A-site 

cation and the BX6 octahedra controls the dimensionality of the perovskite structure. This 

structure makes PSCs have more advantages compared to other PV technologies as far as their 

electronic and optical properties are concerned (Green et al., 2014; Shen et al., 2018). It 

allows tuning of their optoelectronic properties through cation/anion substitution or mixing 

thus providing scientists with a wide parameter space for different material choices and 

combinations.  

 

Figure 1.4: Structure of perovskite 

The discovery of PSC stemmed from an attempt to address the problem of poor light 

absorption in dye-sensitized solar cells (DSSCs) in 2009 by replacing the liquid electrolyte 
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with a solid-state material (Kojima, Teshima, Shirai, 2009). Upon their inception, several 

theoretical and experimental research works that focused on understanding the device physics, 

structure, and their mode of operations were carried out (Krishna et al., 2021; Roy et al., 

2020a; Xiao & Yan, 2017). Through these studies, a better understanding of the structure and 

the working principles of PSC was achieved. This motivated scientists; drawn from different 

disciplines; to work together on developing structural designs and techniques geared towards 

improving their PV performance and lifetime. These efforts have led to a cheerful increase in 

the PCE of PSCs from a value less than 4% to 25.8% and lifetime from a few hours to several 

months within a short period from their discovery (Filip et al., 2018; Min et al., 2021; NREL, 

2019; Shi & Jayatissa, 2018; Wali et al., 2020). Figure 1.5 shows the progress in PCE of PSCs 

from 2009 to 2021 (Dai et al., 2021; Min et al., 2021).  

 

Figure 1.5: Recorded improvement in the PCE of PSCs (adapted from Dai et al., 2021) 

 PSCs based on organo-lead halide perovskite ALs have achieved the best PCEs due to 

their excellent optoelectronic properties (Jeon et al., 2015; Shi & Jayatissa, 2018). The 

perovskite structure of the AL allows engineering of their morphology and optoelectronic 
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properties through cation/anion mixing and incorporation of some additives (Kim et al., 2019; 

Zhang & Zhu, 2019; Zhou et al., 2018). These systems have demonstrated high optical 

absorption in the visible region of the solar spectrum, low exciton binding energies, long 

charge carrier diffusion lengths, and defect tolerance that enable them to have better 

utilization of the incident sunlight and good charge carrier collection efficiencies (Bush et al., 

2018;  Zhang et al., 2017; Zuo et al., 2016). They can also be fabricated from solutions via 

various low-temperature and low-cost processing techniques such as roll to roll, spin-coating, 

dip coating, magnetron sputtering, and atomic layer deposition (Ávila et al., 2017;  Li et al., 

2018). This makes them attractive for applications in flexible, portable, and wearable 

electronics, electric vehicles, and in building-integrated photovoltaics (BIPV) (Cannavale et 

al., 2017; Gaspera et al., 2015; Hanusch et al., 2014). Their recent application in photo-

detectors and light-emitting devices have also opened new frontiers for perovskite-based light-

emitting diodes and field-effect transistors (Tian et al., 2018).  

The PCE of PSCs depends upon the effectiveness of charge carrier generation and 

separation in the AL; charge carrier extraction and transportation through the charge transport 

layers (CTLs) and their eventual collection at electrodes. These processes are governed by 

light absorption in the AL and the accompanying charge carrier dynamics within the solar cell 

structure which are controlled by the properties of the individual components of the PSC 

device and the nature of the interfaces formed between them (Shen et al., 2015; Bing Wang et 

al., 2019). In addition to other factors such as deposition method and out-door exposure 

conditions, the low stability and current density-voltage (J-V) hysteresis problems in PSCs 

have also been attributed to many factors which include perovskite phase instability, bulk and 

surface defects in the AL, device architecture and ferroelectric effects due to electrode 
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polarization (Asghar et al., 2017; Chen et al., 2016; Lan, 2019; Rolston et al., 2016; Wang et 

al., 2016; Yuan & Huang, 2016). These factors are also dependent on the properties of the 

CTLs and the interfaces between them.  

Research efforts involving elemental adjusting, morphological control, engineering of 

CTLs, interface engineering, device encapsulation, and introduction of buffer layers have been 

tried in order to address these issues; but a breakthrough has not been attained (Boyd et al., 

2019; Kang & Park, 2019; Ze Wang et al., 2017). Tuning the morphological properties of the 

AL through compositional engineering, use of additives and other post-treatment approaches 

such as annealing have been shown to be critical in enhancing its crystal quality and 

optoelectronic properties which consequently improves the PCE and stability of PSCs (Li et 

al., 2018; Matsui et al., 2019; Salim et al., 2021). This results mainly from an increase in the 

formation energies of defects and tuning of the Goldschmidt tolerance factor which leads to a 

reduction in defect densities, enhancement in charge carrier lifetimes, and reduction of phase 

segregation in the AL (Li et al., 2016a; Muscarella et al., 2019; Park, 2016; Pham et al., 2019; 

Saidaminov et al., 2018; Wang et al., 2018;  Zhao et al., 2018).  

Among the single cation lead halide perovskite ALs, those based on Formamidinium 

lead iodide (FAPbI3) are known to exhibit the best properties such as good light absorption 

abilities, better film morphology, and good thermal stability (Koh et al., 2014; Liu et al., 

2018). However, phase stability is a great challenge in FAPbI3-based perovskite films as they 

readily transform from the desired black trigonal perovskite (α-) phase to the yellow 

hexagonal non-perovskite (δ-) phase. In order to stabilize the α-phase of FAPbI3 without 

inducing much change in its spectral absorption, small proportions of A-site and X-site 

dopants such as methyl-ammonium chloride (MACl) and bromide-based salts such as methyl-
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ammonium bromide (MABr), methyl-ammonium lead bromide (MAPbBr), and Cesium lead 

bromide (CsPbBr) are usually added (Joo & Choi, 2021; Shen et al., 2021). The resulting 

perovskite films based on the mixed cations and halides exhibit improved structural and 

thermal stabilities (Ono et al., 2017). They also have better optoelectronic properties relative 

to their single cation/anion counterparts which enable them to have good PV performance. 

They are termed FA-rich mixed lead halide PSCs since FA forms the largest proportion in the 

precursor solution.  

The performance of FA-rich mixed lead halide PSCs may further be improved through 

morphological optimization of the AL, modification of the properties of CTLs, and the 

interface between them (Azam et al., 2020; Courtier et al., 2019; Yin et al., 2016). For 

example, proper morphological control in the AL has been cited as one of the best techniques 

to enhance the perovskite film quality through a reduction in the bulk and surface defects; an 

important route towards the fabrication of highly efficient, stable, and reproducible PSCs (Bi 

et al., 2017; Yang et al., 2019). The CTLs also play a key role in the charge carrier extraction 

and injection dynamics that control the non-radiative recombination power losses and 

performance degradation in PSCs (Courtier et al., 2019; Le Corre, Stolterfoht, Perdigón Toro, 

et al., 2019; Stolterfoht et al., 2019a; Wolff et al., 2019). The non-radiative recombination 

losses that occur due to the non-optimized properties of the CTLs can be reduced if their bulk 

and surface properties are further improved. This will cause an improvement in their electrical 

conductivities, charge carrier mobilities and reduction in interfacial potential barriers at 

CTL/AL interface through the formation of favorable band edges with the AL. As a result, the 

fill factor (FF) and the open circuit (Voc) will be enhanced leading to improvement in the PCE 

in PSCs (Ono & Qi, 2016; Wolff et al., 2019).  
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Despite the various optimization studies that have been done on FA-rich mixed PSCs, 

a breakthrough in performance has not yet been achieved due to the challenges associated 

with proper control of their fabrication conditions. A systematic study on the effects of 

additive incorporation on the optoelectronic properties of the CTLs and the ALs and how they 

influence the PCE and stability of FA-rich PSCs needs to be explored further. This research 

work is aimed at investigating the influence of additives incorporated into the electron 

transport layer (ETL) and the AL on their optoelectronic properties and performance metrics 

of the resulting planar FA-rich mixed lead-halide PSCs. The additive considered for the ETL 

was tin oxide (SnO2) owing to its high optical transparency and high electron mobility which 

was expected to improve the electron transport and the PCE of PSCs. For the AL, Cesium 

Bromide (CsBr) and Polyethylene Oxide (PEO) additives were used because of their good 

defect passivation abilities and low costs. The study involved the processing of the thin films 

of ETL and perovskite AL and studying the evolution of their optoelectronic properties with 

the incorporation of different proportions of additives. The full PSC devices incorporating the 

modified ETLs/ALs were then fabricated and the effects of the different modification 

strategies on their PV performance parameters were studied.  

1.3 Problem statement 

Despite the commendable progress that has been achieved as far as the PCE and stability 

of PSCs is concerned, some issues need to be addressed to allow for their commercialization. 

First, the efficiency of PSC is still limited by non-radiative recombination losses that arise due 

to non-optimized properties of the CTLs, AL, and the interfaces between them. The presence 

of defects in the bulk and surfaces of the AL and CTLs in PSCs hinder proper extraction and 

transportation of charge carriers (electrons and holes) leading to photovoltage and fill factor 
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losses which consequently reduce their PCEs. Secondly, the PCE of PSCs undergoes rapid 

degradation due to intrinsic processes that take place in the device and exposure to the 

conditions in the real outdoor environment which include moisture, oxygen, UV radiation, 

high temperature, and mechanical stresses. The rapid degradation in performance coupled 

with the anomalous current density voltage (J-V) hysteresis makes reproducibility in PCE 

calculations to be a difficult task. These issues have also been attributed to the non-ideal 

properties of the AL and the CTLs. Addressing these challenges requires further optimization 

of the properties of the AL and CTLs with a systematic investigation of how the optimization 

techniques influence the optoelectronic properties and the overall behavior of the ensuing PSC 

device.  

1.4 Objectives of the study 

The primary objective of this work is to study the effects of additives on the charge 

transport kinetics and the performance metrics of planar FA-rich mixed lead halide PSC.  

The specific objectives of this research were to:  

(i) Investigate the evolution of the optoelectronic properties and PV performance 

characteristics of TiO2-based FA-rich mixed lead halide PSC with the incorporation 

of tin oxide in the ETL. 

(ii) Assess the impacts of nanoscale CsBr layer on the PV parameters and long-term 

stability of FA-rich PSC. 

(iii) Analyze the effects of PEO additive on the photophysical properties and performance 

characteristics of FA-rich PSC. 
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1.5 Justification of the study 

Though the performance of PSCs has improved tremendously over the last few years, a 

breakthrough in the quest for cheap and efficient solar cells that can withstand ambient 

conditions for a longer period has not been achieved. It is therefore imperative to carry out 

more studies that are geared towards improving the charge extraction and transportation 

phenomena in PSCs in order to suppress the non-radiative recombination and performance 

degradation pathways. Modification of the bulk and surface properties of CTLs and AL 

through the incorporation of additives is the best method to engineer their charge transport 

properties and to reduce photovoltage and fill losses in PSCs.  

The incorporation of additives is therefore important in the efforts to improve the PCE in 

PSCs. However, the influence of the additives on the charge carrier dynamics and 

performance of FA-rich PSC need to be fully understood. An in-depth investigation of the 

evolution of the properties of TiO2-based ETL and the charge carrier dynamics in perovskite 

films with the proportion of SnO2 additive in the ETL can provide leeway for further 

performance optimization in FA-rich PSCs. Furthermore, the role of CsBr and PEO additives 

in the AL on the optoelectronic properties and performance characteristics of these solar cells 

need further investigation. 

 

1.6 Scope of this work 

The main aim of this research was to investigate the influence of additives; incorporated 

in the ETL and the AL; on the performance characteristics of planar FA-rich PSCs. The study 

involved the fabrication of the thin films of ETL and/or AL on FTO-coated glass substrates 

and examining the variation of their optoelectronic properties with the proportions of the 
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additives. The evolution of the PV performance parameters of FA-rich PSC with the 

proportion of the additives in the ETL/AL was studied with the main aim of establishing the 

proportion of the additives that will give better performance.  

First, the TiO2-based ETL was modified with different proportions of SnO2 so as to 

improve its charge extraction and transport properties for improved performance in FA-rich 

PSC. After obtaining the proportion of SnO2 in the ETL that gave better PV performance 

characteristics, further performance optimization strategies involving the incorporation of 

CsBr and PEO additives in the AL were explored. The evolution of the structural, 

morphological, and optoelectronic properties of the AL thin films and their charge carrier 

dynamics with the proportion of the additives was then investigated. Finally, planar FA-rich 

PSCs; with the right proportion of SnO2 in the ETL; were fabricated with CsBr and PEO 

additives in their ALs so that the overall effect of these additives on the PV performance 

characteristics could be understood. Furthermore, a comparison was made between the PSCs 

with the modified and pristine ALs in terms of their operational stabilities.  

1.7 Dissertation outline 

This dissertation consists of seven sections structured in the form of chapters with each 

chapter discussing different aspects of PSCs. Chapter one is the introductory chapter that 

gives a brief background on the global energy scenario, the need for renewable energy 

resources, the evolution of photovoltaic technology, the problem statement, and the 

justification of this study. Chapter two is mainly about the literature review where the 

structure, the working principles, the research progress, and the unresolved issues on 

perovskite solar cells are discussed. The chapter begins with a review of fundamental 

semiconductor physics so as to help the reader understand the basic operating principles of a 
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solar cell. The chapter then proceeds to highlight the fundamental aspects of PSCs, the various 

research works on PSCs that have been carried out to date, and the issues that remain 

unresolved. In chapter three, a brief discussion of the methodology and materials 

characterization techniques is given with emphasis being laid on the working principles of the 

characterization equipment used. 

Chapter four, chapter five, and chapter six are based on the published research articles 

that are derived from the objectives of this research. In Chapter four, the modification of 

TiO2-based ETL as a strategy to enhance its charge extraction and transport abilities in FA-

rich PSC is discussed. Emphasis was given to the influence of SnO2 incorporation on the 

micro-structural and optoelectronic properties of TiO2-based ETL and PV performance 

characteristics of FA-rich PSC. Chapter five and chapter six respectively present the results on 

the effects of thermally evaporated CsBr layer and PEO additive on the PV performance 

characteristics and stability of FA-rich PSCs while the last chapter (Chapter seven) gives a 

summary of the concluding remarks and recommendations for future work based on the 

results of the studies that were carried out. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction  

In this section, a brief background on semiconductors, general working principles of a 

p-n junction solar cell, the structure and working principles of PSC, the recent progress on 

efficiency and stability improvement strategies in PSCs is surveyed. The latest theoretical and 

experimental research works on PSCs are also reviewed with a view to identifying the 

existing research gaps and areas for further improvement.   

2.2 Semiconductor physics 

A semiconductor is a material whose electrical properties are intermediate between 

those of a conductor and an insulator. A pure (intrinsic) semiconductor has an equal 

concentration of electrons and holes and the charge carriers are only created through optical or 

thermal excitation of electrons from the valence band to the conduction band. The electrical 

properties of a semiconductor can be enhanced by changing the electron and hole 

concentration at thermal equilibrium through the process of doping, giving rise to two classes 

of semiconductors namely the n-type semiconductor (having excess electrons) and p-type 

semiconductor (having excess holes) (Martín-Palma & Martínez-Duart, 2017). Due to the 

difference in the concentration of the charge carriers, the position of the Fermi level (Ef) shifts 

towards the band edges i.e near the conduction band for an n-type semiconductor and close to 

the valence band for a p-type semiconductor.  

A semiconductor can also be classified as a direct or indirect bandgap semiconductor 
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depending on the excitation dynamics of electrons from the valence band to the conduction 

band. Unlike the indirect bandgap semiconductor, a direct bandgap semiconductor has the 

minimum energy level of its conduction band aligning with the maximum energy level of the 

valence band thus the possibility of radiative recombination occurring is higher. However, 

direct bandgap semiconductors possess high light absorption coefficients, which allow very 

thin layers of semiconducting materials to absorb light thereby reducing their production 

costs. 

2.2.1 The p-n junction  

When a p-type semiconductor is joined to an n-type semiconductor, a p-n junction is 

formed. The different concentrations of charge carriers generate a diffusion gradient that will 

see the electrons from the n-type semiconductor region diffuse to the p-type semiconductor 

region. Similarly, the holes will diffuse to the p-type region until a built-in potential is created 

between the two regions that prevent further diffusion of the charge carriers. A depletion 

(space charge) region is therefore created between the two regions as shown in Figure 2.1 (a). 

This makes the p-n junction behave differently under different bias conditions. The width of 

the depletion region is controlled by the doping concentrations in the p and n regions. When 

an intrinsic semiconductor is sandwiched between two oppositely doped semiconductors, a p-

i-n or n-i-p junction is formed as shown in Figure 2.1 (b). This configuration is important in 

solar cells as it enhances light absorption which is important in its performance. When the 

three semiconductors are in contact, the Fermi levels of the n and p regions are aligned, and a 

potential difference is developed across the intrinsic region.  
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Figure 2.1: Sketch of a (a) p-n junction (b) n-i-p junction 

2.2.2 Theory of solar cells 

A solar cell; also known as a photovoltaic (PV) cell; is a device that absorbs the 

incident light and converts it into direct electrical energy through the photovoltaic effect. It is 

basically a p-n junction diode formed by combining oppositely doped thin films of 

semiconductor materials (Nelson, 2003). There are three basic principles of operation of a 

solar cell namely: light absorption, charge carrier generation, charge carrier separation, 

transportation, and collection at electrodes. 

In a solar cell, the charge carriers are generated in the AL upon absorption of light 

photons whose energy is enough to excite electrons from the valence band to the conduction 

band. The generation process is mainly dependent on the intensity of the incident light, the 

optical properties of the AL, and those of the window layers which are all functions of 

wavelength ( ). The generation rate ( G ) is usually calculated by integrating the product of 

the incident photon flux ( ) and the absorption coefficient ( ) of the AL as in equation (2.1): 

  dexG x))(()()(),( 

                                                              (2.1) 

where x
 
is the thickness of the AL. 
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Recombination is the reverse process of charge carrier generation where the charge 

carriers come together and annihilate each other. It is an undesirable process in a solar cell 

that leads to loss of charge carriers thus reducing its PCE. To suppress recombination in solar 

cells, efficient charge carrier separation is required. The mechanisms of charge carrier 

separation may vary for different types of solar cells depending on the nature of its AL 

(Kirchartz et al., 2015). Once the charge carriers are separated, the built-in asymmetry in the 

solar cell ensures that they are selectively transported to their respective electrodes. However, 

due to the non-ideal material properties of the different components of a solar cell, 

recombination usually occurs either through radiative or non-radiative means. The total 

recombination rate ( R ) is the sum of the Shockley Read Hall recombination (
SRHR

), 

radiative recombination ( RadR ),
 
and Auger recombination ( AugR ) (Schroder, 2005).

SRHR
is 

caused by the presence of defects that form trap states with energies near the band edges of a 

semiconductor. It is controlled majorly by the defect density ( tN ) and their position within 

the bandgap ( tE ) and is usually calculated using equation (2.2) (Shockley & Read, 1952). 

 tptn

SRH
nnpp

ninp
R






 )(

2

                                                             (2.2) 

The effective recombination lifetime ( ) can be expressed as a function of tN , the electron 

and hole capture cross-sections (σn,p) and the electron and hole thermal velocities (νn,p) as in 

equation (2.3). 

                                                                                                           (2.3)                                                   

The electron and hole carrier densities can be expressed as a function of the intrinsic carrier 

density (ni) as per equations (2.4) and (2.5). 
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where Ei, Et, kB, and T denote the intrinsic Fermi level, defect Fermi level, the Boltzmann’s 

constant, and temperature respectively.

 

The radiative (band-to-band) recombination ( RadR ) occurs when an electron in the 

conduction band directly recombines with a hole in the valence band with the emission of a 

light photon. It is the dominant recombination mechanism in the direct bandgap 

semiconductors and is calculated using the expression given in equation (2.6). 

)( 2ninpBR RAD                                                                               (2.6) 

where B  is bimolecular recombination constant. 

On the other hand, Auger recombination ( AugR ) is a recombination mechanism where an 

electron recombines with a hole in the valence band and the excess energy is given to a third 

carrier (i.e an electron in the conduction band) which eventually thermalizes to the conduction 

band edge. It mainly occurs at high doping levels and is usually calculated as in equation (2.7) 

(Richter et al., 2012). 

)()(
2222

oonoopAUG pnpnCnpnpCR                                         (2.7) 

Where Cp,n is the Auger capture probabilities for holes and electrons whereas po and no are the
 

hole and electron carrier densities at equilibrium. A simplified diagram showing the charge 

carrier generation and recombination processes in a semiconductor is given in Figure 2.2 

(Staub et al., 2018). 
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Figure 2.2: Generation and recombination processes 

When the AL absorbs the incident sunlight, charge carriers are generated, separated by 

an in-built field, and transported to their respective electrodes via drift and diffusion 

mechanisms. The charge transport process can therefore be expressed mathematically using a 

combination of Poisson’s equation, Fick’s law of diffusion, and continuity equation as in 

equations (2.8) - (2.12). 
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Where , n , p , 


DN  and 


AN are the dielectric constant, electron concentration, hole 

concentration, donor and acceptor concentration respectively. The current densities of 

electrons and holes are expressed as: 
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Where µ and D denote the charge carrier mobilities and diffusion coefficients respectively. 

The continuity equations for electrons and holes are expressed as: 

0
1

 RG
dx

dJ

q

n
                                              (2.11) 
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0
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The charge generation rate (G) and the recombination rate (R) are two competing mechanisms 

in a solar cell that determines its PV performance. It is desired that R should be greatly 

reduced so that more of the photo-generated charge carriers can be harnessed to generate 

electric current in a solar cell.  

A solar cell is usually modeled as a diode using the equivalent circuit shown in Figure 

2.3.  

 

Figure 2.3: Equivalent Circuit of a solar cell 

Under illumination, the J-V characteristics of a solar cell can be described using the Shockley 

diode equation given in equation (2.13).  
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where phJ ,
0J , q , V , n  and T are the photocurrent current, saturation current density, 

elementary charge, applied voltage, ideality factor, and temperature respectively. The current 

flowing through the diode in the dark is obtained by setting 0phJ in equation (2.13). 

Therefore, the current through the diode in the dark is given by: 
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                                                               (2.14) 

Under illumination, the J-V characteristic of a solar cell is represented as shown in Figure 2.4  

 

 Figure 2.4: Typical J-V Curve of an illuminated solar cell 

From the J-V curve, the PV parameters of the solar cell are extracted and the PCE ( ) is 

calculated using equation (2.15) (Angmo et al., 2014).  

                                                                                       (2.15) 

Where 
scJ  is the short-circuit current density, ocV  is the open-circuit voltage, and FF  is the 

fill factor. 
scJ  is the value of current density when V is zero and it is dependent upon the 

amount of light absorbed by the solar cell.  FF  is the ratio of the shaded area A2 to A1 

(Figure 2.4) and denotes the degree of internal losses in a solar cell caused by recombination 

at material interfaces and also due to the series and shunt resistance resulting from processing 

defects in a solar cell (Angmo et al., 2014). inP is the power of the incident solar radiation 

given by the product of the area of the solar cell ( A ) and the incident irradiance ( I ). 
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2.3 Structure and the working principles of PSC 

A typical PSC is a multilayered device consisting of an optically active perovskite 

layer sandwiched between an n-type electron transport layer (ETL) and a p-type hole transport 

layer (HTL) with electrodes on either side (Jung & Park, 2015; Thakur et al., 2017). The AL 

is a very important component of PSC that absorbs the incident solar radiation and generates 

the charge carriers through the photovoltaic effect. The ETL and HTL; collectively termed as 

charge transport layers (CTLs); collect the charge carriers generated in the AL and transport 

them to their respective electrodes. Specifically, the ETL collects the photo-generated 

electrons and transports them to the anode which is a transparent conductive oxide (TCO); 

mostly Fluorine-doped Tin Oxide (FTO) or Indium-doped Tin Oxide (ITO); that is usually 

patterned on a rigid or flexible substrate material (Liu et al., 2017). On the other hand, the 

HTL collects the photo-generated holes and transports them to the cathode (mostly gold or 

silver).  

PSCs are classified into regular (n-i-p) or inverted (p-i-n) device architectures 

depending on the position of the CTLs relative to the incident light. In PSC with n-i-p 

configuration, the ETL is deposited on the substrate first and forms the top layer that faces the 

incident light but in p-i-n device configuration, the HTL faces the incident light (T. Liu et al., 

2016). The two categories can also be classified into mesoscopic or planar configurations 

depending on where the AL is deposited. In the mesoscopic configuration, the AL is deposited 

on top of a mesoporous scaffold usually meant to improve the interfacial contact and hence 

charge injection at the ETL/perovskite interface. The planar PSC configuration, however, uses 

a flat layer-by-layer stacking of components and exhibits higher charge carrier mobilities and 

slower trap-mediated recombination due to its larger perovskite grains (Pascoe et al., 2016). A 
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typical structure of a planar PSC with n-i-p configuration is as shown in Figure 2.5 (Hussain 

et al., 2018). 

 

Figure 2.5: Structure of a PSC 

When light is incident on PSC, charge carriers are generated in the AL, separated by a 

built-in electric potential, and transported in opposite directions to their respective electrodes 

through the ETL and HTL as shown in Figure 2.6 (Hussain et al., 2018; Lattante, 2014). To 

ensure proper charge selectivity at the interface between the CTLs and the AL, the conduction 

band offset (CBO) and the valence band offset (VBO) formed should be favorable for charge 

carrier extraction. This means that the conduction band edge of the ETL should be below that 

of the AL while the valence band edge of the HTL should be above that of the AL. The band 

offset between the band edges of the CTLs and that of the AL is a critical parameter in the 

charge injection in PSC (Ding et al., 2018). 



 

34 
 

 

Figure 2.6: operating principles of PSC 

Organo-metal halide PSCs have attracted research attention in photovoltaics since 

their inception; nearly a decade ago; due to their excellent optoelectronic properties, ease of 

processing, low cost, and their potential for a wide range of applications (Ponseca et al., 2014; 

Tian et al., 2018; Y. Zhao & Zhu, 2013). Research in these systems has mainly been focusing 

on three areas namely PCE improvement, stability improvement, and lead replacement in the 

AL.  

2.4  Power conversion efficiency improvement 

The PCE of a solar cell is defined as the ratio of its electrical power output ( outP ) to 

the incident power from the sun ( inP ). It is determined by biasing an illuminated solar cell and 

plotting its current density-voltage (J-V) characteristic curve from which the values of 
scJ , 

ocV  and FF  are obtained. The PCE is then calculated as per equation (2.15) (Angmo et al., 

2014). The ocV , FF , 
scJ  and   are the major indicators of the photovoltaic (PV) 
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performance of the solar cell and are termed as PV parameters. The values of these parameters 

are mainly controlled by the effectiveness of charge carrier generation and their collection 

probability which depend on the light absorption properties and ensuing charge carrier 

dynamics within the solar cell structure (Mori et al., 2014; Wurfel et al., 2015). Several 

strategies have been used to optimize the PV parameters of PSCs in order to achieve high 

PCE. These include bandgap and morphological engineering of AL through solvent 

engineering, compositional engineering and use of additives; engineering the CTLs and the 

interface they form with the AL as well as engineering the electrode materials (Azam et al., 

2020; Bush et al., 2018; Seo et al., 2016; Xiao et al., 2017; Yin et al., 2016; Zhou et al., 2018).  

2.4.1 Bandgap engineering 

The bandgap of the AL material determines the amount of the incident light that can 

be absorbed by the solar cell and therefore dictates the maximum available output voltage and 

current density (Shockley & Queisser, 1961). A material with a smaller bandgap can absorb a 

larger portion of the solar spectrum and exhibit a larger photocurrent. However, its output 

voltage is lower leading to low energy conversion efficiency. On the other hand, a wide 

bandgap semiconductor material absorbs limited high-energy photons thereby generating a 

lower photocurrent, higher output voltage, and higher energy conversion efficiency. This 

means therefore that there is an optimum bandgap in a single junction solar cell for high 

efficiency which is usually around 1.3 eV (Zdanowicz et al., 2005).   

Perovskite semiconductors can be fabricated with a wide range of bandgaps and can 

therefore be tuned to absorb a wide spectrum of light photons from ultraviolet to near-infrared 

regions. This bandgap tunability is a unique property that gives perovskite semiconductors a 

greater advantage over the other semiconductor materials as they can be fabricated with 
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bandgaps that match a particular spectrum of light (Ju et al., 2018). Their tunable 

optoelectronic properties make them ideal for fabricating multifunctional optoelectronic 

devices. Bandgap engineering has been used to tune the electronic and optical properties of 

the perovskite AL in PSCs mainly through compositional substitution (Bush et al., 2018; 

Eperon et al., 2016).  The substitutions of the A and B site cations as well as the X site anion 

the AL can be used to directly alter their conduction band and valence band energies. For 

example, substituting a methylammonium (MA) cation with formamidinium (FA) cation in 

methylammonium lead tri-iodide (MAPbI3) causes a reduction in bandgap from about 1.59 eV 

to about 1.45-1.52 eV and hence improves light absorption (Amat et al., 2014). It has also 

been shown that substituting bromide (Br) by iodide (I) in formamidinium lead bromide 

(FAPbBr3) leads to a decrease in the optical bandgap from 2.23 eV to 1.48 eV (Walsh, 2015). 

Therefore cation/anion substitution in the AL can alter the bandgap and hence the light 

absorption property in PSCs. This arises due to their ability to modify the electronic band 

structure of the AL by altering the position of the band edges (Kulkarni et al., 2014; Ono et 

al., 2017). Cation substitution/mixing usually affects the position of the conduction band 

minimum (CBM) while anion substitution/mixing alters the position of valence band 

maximum (VBM). Bandgap tuning through cation/anion substitution/mixing requires 

adequate control of the amount of the extrinsic elements during device fabrication to avoid the 

possible degradation in material quality and performance that can be caused by phase 

segregation, phase transition, and local lattice strains caused by ionic size mismatch, chemical 

mismatch, and local crystal misorientation (Bush et al., 2018; Hoke et al., 2015; Wu et al., 

2021).  
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Dimensionality tailoring is another good strategy that can be used to tune the band 

structure and hence the bandgap of perovskite films. Reducing the dimension of perovskite 

semiconductors increases their optical bandgaps. Therefore, low dimensional perovskite 

structures such as quantum dots, nanorods, and nanosheets have higher bandgaps when 

compared to bulk perovskite semiconductors due to quantum confinement effects (Wen & 

Luo, 2021). Dimensionality tailoring is very important in the development of tandem solar 

cells as a way to push the efficiency of solar cells beyond the Shockley-Queisser limit. 

Bandgap engineering in perovskite materials may also be caused by external factors such as 

moisture, light, temperature, and pressure. A review of the bandgap engineering strategies in 

perovskite films has been done by Hu and co-workers (Hu et al., 2019) and also by Ou and his 

research team (Ou et al., 2019).  

2.4.2 Control of morphology and crystallization of the active layer 

The crystallization kinetics of the AL in PSC is important in determining its crystal 

structure and morphology which are critical parameters in its performance (Mastroianni et al., 

2015). Good quality perovskite films with large grains are known to exhibit high absorption 

coefficients and long carrier diffusion lengths due to reduced charge carrier trapping resulting 

from their low defect densities (Eperon et al., 2014; Song et al., 2016). They are also 

homogeneous and have fewer grain boundaries, fewer pinholes, and good surface coverage 

thus exhibiting reduced parasitic resistance and large charge carrier lifetimes that lead to 

improved PCEs in PSCs (Luo et al., 2016; Zhou et al., 2018). The grain boundaries in the AL 

are sources of defects that not only act as centers for recombination but also provide the paths 

for the migration of ionic species under the influence of an applied electric field (Phung et al., 

2020). Therefore, the presence of many grain boundaries in the AL increases the density of 
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defects that are detrimental to the performance of PSCs and are also responsible for 

undesirable effects such as ion migration and J-V hysteresis (Jin et al., 2020). PSCs with good 

quality AL films will therefore have improved PCEs, good stability, and suppressed or no 

hysteresis (Shao et al., 2016). It is therefore important to fabricate perovskite ALs with good 

crystal qualities in order to realize high PCEs and improved stability in PSCs. Several 

approaches which include compositional engineering, solvent engineering, use of additives, 

pre-cursor aging, and other post-treatment techniques such as annealing have been shown to 

be very important in enhancing the crystal quality of the AL and hence the stability and 

performance of PSCs (Bush et al., 2018; Li et al., 2017; Yang Li et al., 2018; Matsui et al., 

2019).  

2.4.2.1  Compositional engineering 

The perovskite structure (ABX3) of the AL in PSC provides scientists with a wide 

parameter space to engineer their composition and structure through the substitution or mixing 

of cations and anions. This enables them to tune the optoelectronic properties of the 

perovskite layer which will consequently alter the photophysical properties of the entire solar 

cell. Compositional engineering is also important in improving the morphology and film 

quality of the AL by suppressing defect formation which in turn leads to improvement in both 

the PCE and stability (Rehman et al., 2017). Some cations and anions can be blended in the 

AL as long as they can form the perovskite structure. The ability of any combination of 

cations and anions to form a perovskite structure can be predicted using the Goldschmidt 

tolerance factor (t) or Octahedral factor (u) defined as in equation (2.15) and (2.16) 

respectively (Hussain et al., 2018; Kieslich et al., 2015).  
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where Ar , Br  and Xr  are the ionic radii of A, B, and X site ions in the perovskite respectively. 

A stable perovskite structure is only formed when t  and u  satisfy the conditions 

107.1813.0  t  and 895.0442.0  u  (Li et al., 2008). In general, tolerance factors 

between 0.89 and 1 give cubic perovskite structure while values outside this range result in 

less symmetric tetragonal or hexagonal perovskite structures.  

Lead halide PSCs based on single A cation ALs such as MAPbI3, formamidinium lead 

tri-iodide (FAPbI3), or cesium lead tri-iodide (CsPbI3) are generally unstable since they easily 

undergo a transformation from the preferred cubic ( ) phase to the tetragonal (  ) phase or 

hexagonal ( ) phase when they are exposed to harsh environmental conditions such as high 

temperatures or moisture (Weber et al., 2018; Whitfield et al., 2016). Compositional 

engineering has been used by several authors to achieve phase stabilization through 

suppression of phase segregation, inhibiting the formation of unstable perovskite phases and 

improving resistance to moisture, high temperature, and light in PSC thus improving their 

operational stability (Boyd et al., 2019; Poorkazem & Kelly, 2018; Xie et al., 2020). For 

example, the incorporation of MA
+
 cations into FAPbI3 perovskite film has been shown 

experimentally to cause phase stabilization as a result of the enhancement of iodide and 

hydrogen (I-H) bonds and increase in Madelung energy of FAPbI3 structure (Binek et al., 

2015). It has also been shown that incorporation of certain proportions of FA
+
, Cs

+
, Br

-
 and 

Cl
-
 into MAPbI3-based perovskites results in phase stabilization in addition to the 
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improvement in light absorption and charge carrier lifetimes (Alcocer et al., 2014; Maqsood et 

al., 2020; Stranks et al., 2013; Zarick et al., 2018; Zhang et al., 2017).  

Recent studies have also revealed that size-mismatch induced localized lattice 

distortions in the perovskite structure; that occur when cations are mixed; creates steric effects 

that increase the formation and activation energies of mobile ions (Tan et al., 2020). This 

leads to perovskites with suppressed ion migration, a property that is important in developing 

hysteresis-free PSCs with improved reproducibility. With all these benefits, PSCs based on 

hybrid mixed cation-mixed halide perovskite layers are causing a paradigm shift in this field 

with most current research attention being directed on them. Optimizing the composition of 

the A- and X- sites, therefore, leads to perovskite films with good crystal quality and PSCs 

with improved PCEs and long-term stabilities. 

2.4.2.2 Additive engineering 

Additives are compounds that are usually incorporated into the perovskite precursor 

solution during the perovskite film fabrication process with the main aim of manipulating its 

crystallization kinetics without necessarily being involved in the formation of perovskite 

structure (Liu et al., 2020). They influence the perovskite film formation process through 

interaction with solutes and solvents in the precursor solution, changing the substrate surface 

wettability, changing the activation energies for defect formation, modulating the perovskite 

crystallization rate, and coordinating with surface terminating atomic species (Liu et al., 2020; 

Wu, Cui, et al., 2021; Yang et al., 2019). Additives may also contain various functional 

groups such as amine, carboxyl, and phenyl; among others; which are known to be useful in 

passivating the charged defect states in perovskite films. In this way, they enhance the 
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perovskite film morphology leading to the formation of uniform and compact perovskite films 

with reduced defect densities (Zheng et al., 2017).  

Additive engineering has become a useful technique to improve both the PCE and 

stability in PSCs (Apurba Mahapatra et al., 2020). The incorporation of additives into the 

perovskite precursor solution has been shown to play an important role in retarding the 

perovskite film crystallization rate which leads to enhancement in the film quality, increase in 

crystal grain size, and suppression of defects and pin-holes during perovskite film formation 

(Azam et al., 2020; Apurba Mahapatra et al., 2019). They thus reduce ion migration caused by 

halide segregation and reduce recombination which leads to an improvement in stability, PCE, 

and reproducibility in PSCs (Li et al., 2017; Zhang & Zhu, 2019). Additives are also capable 

of modulating the interfacial charge transfer in PSCs depending on the way they are 

incorporated into the device (Zou et al., 2021). 

There are two main ways in which additives can be incorporated into the perovskite 

layer in PSCs. First, they can be incorporated directly into the perovskite precursor solutions 

or antisolvent during the single-step deposition of the perovskite layer or into the perovskite 

seed crystal and/or the organic components during the two-step deposition process. Secondly, 

they can be introduced indirectly as ETL/HTL modifiers so as to reach the perovskite layer 

via interdiffusion during thermal annealing (Zhang & Zhu, 2019). Additives in perovskite 

films can be grouped into several categories namely: lewis bases and lewis acids, ionic 

liquids, alkali metal halides, ammonium salts, and low-dimensional perovskites (Boopathi et 

al., 2016). The various classes of additives and how they can be introduced into AL in PSCs 

are summarized in Figure 2.7. Additives incorporated into the perovskite films in the right 

proportions are important in reducing the trap states, passivating grain boundaries, and 
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stabilizing the perovskite phase in perovskite films, modulating the interfacial band alignment 

as well as suppressing the non-radiative recombination and J-V hysteresis in PSCs (Liu et al., 

2020). 

 

Figure 2.7: Common additive engineering strategies in PSCs (Adapted from  Zhang & Zhu, 

2019) 

2.4.2.3 Annealing 

Thermal annealing is a post-treatment technique where the perovskite film is heated to 

high temperatures and then allowed to cool slowly to room temperature. It is an important 

process that allows for solvent extraction, proper perovskite film crystallization, and growth 

of large perovskite grains which leads to suppression of bulk and surface defects in the film 

(Cui et al., 2015; Yang et al., 2017). The annealing parameters such as temperature, time, and 

the prevailing ambient conditions affect the morphological evolution and crystal quality of the 

resulting perovskite film (Chen et al., 2017; Huang et al., 2021; You et al., 2014). The 

annealing conditions for optimum performance in PSCs depend on several factors which 
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include the perovskite precursor solution, annealing procedure, fabrication technique, ambient 

conditions and the components of the PSC (Chen et al., 2017; Kim et al., 2017; Ling et al., 

2021; Raga et al., 2015). For example, Yang et al. (2017); in their study of the effects of 

annealing temperature and time on the performance of PSC based on 

MA0.7FA0.3Pb(I0.9Br0.1)3); found that the best performance was obtained at an annealing 

temperature of 100 
0
C and annealing time of 30 minutes (Yang et al., 2017). In another study, 

Kim et al. (2017) showed that annealing the perovskite film at high temperature of 400 
o
C for 

a short time (4 seconds) leads to the formation of uniform, smooth and large grained films 

which gives better performance in formamidinium acetate-based PSC (Kim et al., 2017). For 

ambient air-processed FA-rich PSCs, our research group recently found that an annealing 

temperature of 130 
o
C for 20 minutes yields optimum PV performance characteristics 

(Oyewole et al., 2021). 

2.4.3 Engineering of charge transport layers  

 The CTLs are very important components of PSCs due to their crucial role in 

ensuring efficient transportation and collection of photo-generated charge carriers (Han et al., 

2018). The presence of CTLs in PSCs helps to reduce recombination by suppressing electrical 

shunting between the AL and the electrodes whilst promoting charge carrier extraction by 

increasing the built-in potential within the space charge region. The development of CTLs 

with compact morphologies and good optoelectronic properties is important in reducing series 

resistance, interfacial energy barriers, and increasing shunt resistance which is one of the best 

ways to achieve high Voc, FF, and PCE (Yan et al., 2018).  

 An ideal CTL for PSC should have a suitable work function and should form a 

favorable interfacial band alignment with the AL so as to ensure proper extraction of the 
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photo-generated charge carriers. They should also have good electrical conductivity, high 

charge carrier mobility, low surface recombination rate, good chemical stability, high 

hydrophobicity, and a simple preparation process (Ameen et al., 2016; Sadia Ameen et al., 

2018). The ETL serves to extract the electrons from the AL and transports them to the anode 

while the HTL extracts the holes and transports them to the cathode. For this process to be 

effective, an adequate match of the Lowest Unoccupied Molecular Orbital (LUMO) level of 

the ETL and the conduction band of the AL, as well as, the Highest Occupied Molecular 

Orbital (HOMO) level of the HTL and the valence band of the AL is important (Dong et al., 

2017). As shown in Figure 2.6, the LUMO of the ETL should be lower than that of the 

absorber (active) layer whereas the HOMO of the HTL should be higher than that of the AL. 

The presence of the ETL in PSCs ensures proper electron collection efficiency which 

is important in the overall performance of the device. In PSC, the electron diffusion length is 

usually smaller than the hole diffusion length, meaning that the electron transfer rate at the 

ETL/AL interface is poor compared to the hole transfer rate at the HTL/AL interface (Elbaz et 

al., 2017). This is responsible for most undesirable properties such as charge accumulation, 

capacitive currents, J-V hysteresis, and performance degradation in PSCs (Manspeaker et al., 

2017; Yu et al., 2020). The electron extraction and transportation ability of ETL is dependent 

upon its material properties (Zhang et al., 2015; Juarez-Perez et al., 2014a). In search of the 

ETL material that can boost the PCE and address the aforementioned challenges in PSCs, 

several organic and inorganic materials which include metal oxides, metal oxide composites, 

and metal oxide hetero-structured nanoparticles have been developed (Mahmood et al., 2017). 

Among them, Titanium dioxide (TiO2) has remained the most preferred ETL material due to 

its low toxicity, good chemical and thermal stability, suitable band alignment with the AL, 
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and its ability to be processed from solution (Bai et al., 2014; Chen & Mao, 2007). However, 

its characteristic high defect density state, poor electrical conductivity, low electron mobility, 

and its photocatalytic nature under UV light exposure hinders its widespread adoption as the 

best ETL material (Chen & Mao, 2007). Research efforts are however ongoing to improve the 

material properties of TiO2 so as to offer better PCE and operational stability in PSCs (Zhen et 

al., 2019). 

The HTL is also a very important component in PSCs as it helps in enhancing the 

extraction efficiency of holes, suppressing recombination by acting as an electron blocking 

layer, and reducing perovskite degradation by avoiding direct contact with the cathode 

(Urieta-Mora et al., 2018). The material properties of HTL such as the position of the valence 

band edge relative to that of the AL, its electrical conductivity, hole mobility as well as its 

thickness and crystal quality have been shown to have an important effect on the current 

density-voltage (J-V) characteristics, PCE and stability of PSC (Galatopoulos et al., 2017). 

The development of HTLs with good optoelectronic properties is therefore an important step 

in the push for higher efficiency and stability in PSCs. On account of this, several organic or 

inorganic materials have been studied as HTLs in PSCs yielding different PCEs and stability 

depending on their individual properties (Pitchaiya et al., 2020; Singh et al., 2019; Zhao & 

Wang, 2018). The inorganic material-based HTLs which have been used in PSCs include 

metal oxides such as copper oxides (CuOx), Nickel oxides (NiOx), Molybdenum trioxide 

(MoO3), copper (I) thiocyanate (CuSCN), copper iodide (CuI) among others (Elseman et al., 

2019; Kung et al., 2018; Singh et al., 2019; Yin et al., 2019; Zhao & Wang, 2018). The 

organic materials that have been employed as HTLs in PSCs are mostly the conducting small 

molecular and polymeric compounds such as thiophene, porphyrin, poly(3-hexylthiopene-2,5-
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diyl) (P3HT), polytriarylamine (PTAA) and 2,2′,7,7′-tetrakis(N,N-di-p-ethoxyphenylamine)-

9,9’-spirobifluorene (Spiro-OMeTAD) (Pitchaiya et al., 2020; Ulfa et al., 2018).  

Among the several organic and inorganic materials, Spiro-OMeTAD is mostly used as 

HTL in the best performing PSC devices due to its favorable energy level alignment, excellent 

solubility and ease of functionalization, good film-forming properties, chemical stability, and 

simple processing conditions that are compatible with most perovskite films (Hawash et al., 

2018; Zhao & Wang, 2018). The major challenge with Spiro-OMeTAD arises due to its low 

electrical conductivity which necessitates the need to incorporate dopants such as lithium 

bis(trifluoromethyl sulfony)imide (Li-TFSI) salt and 4-tert-butylpyridine (tBP) (Urieta-Mora 

et al., 2018). These dopants have been shown to accelerate performance degradation in PSCs 

due to their deliquescent, hygroscopic, and corrosive nature that not only degrades the 

perovskite layer but also weakens its adhesion to the perovskite layer (Lee et al., 2017; Wang 

et al., 2018).  However, these issues can be circumvented in Spiro-OMeTAD-based PSCs 

through the use of appropriate interlayer materials at the Spiro-OMeTAD/AL interface, proper 

device encapsulation, and use of additives in the AL that can increase its degradation 

resistance. 

The CTLs, therefore, play a very important role in the performance of PSCs and it is 

necessary to improve the electrical properties of the commonly used CTLs so that the 

performance can further be improved. Doping is the most widely used method for improving 

the properties of CTL materials, particularly the charge carrier mobilities and electrical 

conductivity. Depending on the type and the amount of dopant used, doping can lead to 

enhancement in material crystallinity, the shift of band edges, and reduction in carrier 

recombination rate which culminate into an improved PCE. It is mainly achieved through the 
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addition of some elements such as lithium salts, functionalized carbon nanotubes, niobium, 

yttrium, lanthanum, europium e.t.c into the host matrix (Kim et al., 2015; Schloemer et al., 

2019; Teresa et al., 2016; Zhou et al., 2014; Zhou et al., 2016). Gao et al. (Gao et al., 2016) 

fabricated and compared the performance of two PSCs, one with Lanthanum doped 

mesoporous TiO2 as ETL and another one with un-doped mesoporous TiO2. Their results 

showed that the PCE of PSC with doped ETL was 27.3% higher than that of PSC with un-

doped ETL.  They attributed their findings to the fact that doping induces oxygen vacancies 

that raises the Fermi level of the ETL leading to higher PCE. Xu and co-workers also 

demonstrated that doping mesoporous TiO2 ETL with Europium leads to an improvement in 

its work function and reduction in series resistance that causes an increase in the PCE of PSC 

(Xu et al., 2017).  

Though doping is an important performance improvement technique in PSCs, over-

doping can have detrimental impacts (Kim et al., 2015). Some dopants are also hygroscopic 

and may contain mobile ions that can affect the stability of the PSC. This implies that doping 

should be done with the right dopants in the right proportions to avoid negative impacts on 

device performance and lifetime.  

2.4.4 Electrodes 

The electrodes provide the point where the charge carriers generated in the solar cell 

are collected to the external circuit. The electrode that forms the front surface in PSC should 

be made of a material that is highly transparent and conductive and the commonly used 

materials have been FTO and ITO. Graphene has also been used as a front electrode due to its 

excellent conductivity (You et al., 2015). The back contact material does not need to be 

transparent but should have a high work function, low cost, and good chemical and 
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photochemical stability. The metallic materials such as Silver (Ag), gold (Au), platinum (Pt), 

chromium (Cr), Nickel (Ni), Copper (Cu), and carbon-based materials such as graphene have 

been used as back contact electrodes in PSCs and have demonstrated different performance 

depending on the CTL in use (Behrouznejad et al., 2016; Fagiolari & Bella, 2019). Au has 

proved to be the best back electrode material in PSCs since it enables them to have good 

performance (Behrouznejad et al., 2016).  

2.4.5 Interface engineering 

An interface is a point of contact between any two adjacent layers in PSC which 

greatly influences its PCE. The interface has been cited as the primary non-radiative 

recombination pathway that can be responsible for low Voc values especially if it is not well 

designed (Stolterfoht et al., 2018). In PSC, the interfaces between the CTLs and electrodes are 

usually considered Ohmic such that their contribution to power losses is negligible. However, 

the interface between the AL and the CTLs determines the barrier potential that influences the 

charge extraction and recombination phenomena (Shao & Loi, 2020). The difference between 

the band edges of the AL and the CTLs dictates the interface band offsets and hence the 

interfacial charge recombination (Ding et al., 2018). For example, the CBO between the ETL 

and the AL can form a cliff or spike structure depending on the difference between the 

conduction band minimum of the ETL and that of the AL (Minemoto & Murata, n.d.). When 

the CBM of the ETL is lower than that of the AL (i.e negative CBO), a cliff structure is 

formed and there is no potential barrier for electrons that increases interfacial recombination. 

On the other hand, a spike structure (i.e positive CBO) is formed when the CBM of the ETL is 

higher than that of the AL and it usually results in less recombination. 
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 The presence of trap states at the interface between the CTLs and the AL not only 

causes charge carrier recombination but is also responsible for charge accumulation that 

causes the J-V hysteresis effect in PSCs (Aygüler et al., 2018). In an attempt to suppress 

recombination losses at the interface between the CTL and the AL, researchers have applied 

various techniques which include proper design of CTLs, surface passivation, appropriate 

doping of the CTLs or the AL, and inserting an ultrathin inter-layer material at the interface 

(Agresti et al., 2017; Stolterfoht et al., 2018; Tavakoli et al., 2016; Zhu et al., 2014). All these 

techniques; if done with the right materials in the right proportions; will modify the interface 

defects state and hence the interfacial energetics for enhanced charge extraction and 

transportion which will lead to improved PV performance, suppressed hysteresis, and 

improved stability in PSCs. 

2.5 Stability improvement  

The performance of PSCs is never stable but undergoes rapid degradation when 

exposed to the real conditions in the environment thus affecting their operational lifetimes. 

This problem has been a great hindrance to the commercialization of this new solar concept. 

The degradation occurs due to structural, morphological, and compositional changes resulting 

from phase segregation, ion migration, and chemical decomposition that are induced by the 

presence of defects in the AL and at AL/CTLs interface in addition to exposure to harsh 

environmental conditions (Boyd et al., 2019; Kundu & Kelly, 2020).  

The factors that are responsible for the degradation problem in PSCs may be 

categorized into intrinsic and extrinsic factors (Christians et al., 2018). The intrinsic factors 

are those that are related to the fabrication of PSC such as perovskite stoichiometry, nature of 

materials used, ion migration, and strength of bonds between cations and anions. The extrinsic 
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factors are related to external conditions such as air, moisture, temperature, and exposure to 

UV radiation. The hygroscopic nature of organic cations and the hydrophilic properties of 

perovskite make the materials to readily absorb water from the surroundings leading to 

degradation through hydrolysis reaction (Berhe et al., 2016). Furthermore, high temperatures 

lead to phase transformation that causes structural, chemical, morphological, and even optical 

degradation. The use of chemically active, hydrophilic, and thermally unstable materials as 

CTLs or metal electrodes may also enhance degradation in PCE of the PSC device upon 

exposure to the conditions in the surrounding (Rong et al., 2018).  

The main approaches that have been explored to develop stable PSCs focus on 

developing remedies to common degradation mechanisms which involve improving the 

resilience and stability of the AL itself as well as shielding the AL from the effects of external 

factors (Assadi et al., 2018; Mazumdar et al., 2021; Qin et al., 2017). This has been achieved 

mainly through altering the elemental composition of the AL, modifying the AL with some 

additives, substituting organic cations with inorganic cations, and use of interfacial structures 

such as chromium (Cr) or reduced graphene (Almosni et al., 2018; Liang et al., 2018; Zhang 

et al., 2018). Liang and co-authors fabricated an all-inorganic PSC with PCE of 6.7% that was 

able to retain 90-95% of its efficiency under humid air for over 3 months and could also 

endure high temperatures (Liang et al., 2016). This approach was however noted to introduce 

a phase transition at ambient temperature which produces poor photoluminescence property 

thus compromising the PCE. Li et al. (Li et al., 2018) fabricated a CsPbI3-based PSC with 

improved stability by applying a poly-vinylpyrrolidone (PVP) passivation layer on the surface 

of the AL so as to improve its moisture resistance. The device exhibited an extra-long carrier 

diffusion length (over 1.5 μm) and PCE of 10.74% with excellent thermal/moisture stability.  
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The latest studies aimed at improving the stability of PSC have focused on inhibiting 

defect formation resulting from the migration of ionic species through the immobilization of 

ions in the perovskite films. For example, a study done by Li et al. (Li et al., 2019); in which 

sodium Fluoride was incorporated into the perovskite film; resulted in a stable PSC which was 

able to retain about 90% of its initial PCE after 1000 hrs while operating at maximum power 

point. The improvement in the stability was caused by the ability of the Fluoride ions to 

increase ionic bonding within the perovskite crystal that immobilized the organic cation and 

halide anions. Furthermore, Li and co-workers (Li et al., 2020) developed a reaction-and-

assembly approach using a neutral monoamine zinc porphyrin (ZnP) polymer to immobilize 

ions in the perovskite structure. The polymer reacted with MA
+
 and I

-
 in the perovskite to 

form a compound that brought about surface and grain boundary binding effects in the 

perovskite film which greatly reduced defect formation and ion migration. The resulting PSC 

with 0.05% ZnP polymer was able to retain 90% of its PCE for up to 6000 hours in a humid 

environment and up to 2000 hrs when thermally stressed at 85 
0
C in a nitrogen environment. 

The engineering of the CTLs layers and the metal electrodes has also been used to 

improve the operational stability of PSCs. Christians et al. (Christians et al., 2018) fabricated 

a PSC device with SnO2, 9-(2-ethylhexyl)-N,N,N,N-tetrakis(4-methoxyphenyl)-9H-carbazole-

2,7-diamine (EH44) and aluminum as ETL, HTL and electrode respectively. The device could 

retain 94% of its PCE for over 1000 hours of continuous exposure to ambient conditions in an 

un-encapsulated state and the PCE only degraded by 2% under continuous operation in an 

inert atmosphere after 1500 hours. Other approaches that have been applied to improve the 

stability of PSCs include the use of additives, development of mixed cation/anion perovskite 

structures, employing 2D/3D perovskite stacking structures, adding perovskite protective 
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layers, and device encapsulation (Ava et al., 2019; Mahapatra et al., 2022; Wang, Lin, et al., 

2017; Zhou et al., 2016).  

With all these approaches, the stability of PSCs under exposure to harsh environmental 

conditions has greatly improved and the technology has edged closer to the commercialization 

stage (Ava et al., 2019; Han et al., 2017; Li et al., 2020; Wang et al., 2021; Wang et al., 2019;  

McMeekin, et al., 2017). It is important to note that some of the strategies for improving the 

stability in PSCs may have a counter effect on its PCE. This, therefore, means that the efforts 

to develop stable PSCs should go hand in hand with strategies that are meant to improve its 

PCE so that this promising solar cell technology can become more competitive relative to the 

other PV technologies.  

2.6 Lead replacement 

The presence of lead (Pb) in the AL of lead halide PSCs has generated a lot of debate 

due to its toxicity. Pb occupies the B- site in the perovskite structure which is associated with 

numerous advantages such as high electrical mobility, a tunable bandgap, mechanical and 

thermal stability, magnetic and dielectric transition, and mechanical plasticity, as well as 

structural and functional diversity (Zhang et al., 2018). Attempts to replace Pb with alternative 

classes of eco-friendly divalent cations such as Germanium (Ge
2+

), Bismuth (Bi
3+

), or Tin 

(Sn
2+

) to obtain lead-free PSCs has been made by some researchers but the resulting devices 

exhibit very low PCEs and are easily oxidized when exposed to air and moisture limiting their 

practical applications (Fu, 2019). Furthermore, finding a suitable Pb substitute has been a bit 

challenging due to the possible impact on the perovskite structure and the other requirements 

of availability, low cost, ability to be processed from solutions, flexibility, and recyclability 
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that the new cations have to meet in addition to the requirement for high efficiency in the 

resulting PSC device (Zhang et al., 2018).  

2.7 Flexible systems 

Flexible PV systems are currently regarded as the 4
th

 generation PV technology that 

aims to have low-cost and lightweight systems that are resistant to mechanical stress (Heo et 

al., 2019).  In addition to their low cost, flexibility is another important feature that will make 

PSC technology so unique relative to the other well-established PV technologies. Flexible PV 

systems are gaining popularity as their demand in building-integrated photovoltaics (BIPV), 

wearable and portable electronic devices, electric vehicles, and aerospace applications 

increases (Kim et al., 2015). Designing flexible and lightweight PSCs that are compatible with 

cheap processing techniques such as the roll-to-roll method will offer a pathway for the mass 

production of these systems. Some researchers have explored flexible PSC (fPSC) systems by 

depositing them on flexible polymeric substrates such as polyethylene terephthalate (PET), 

polyethylene naphthalate (PEN), poly-di-methyl-syloxane (PDMS), and ultra-thin glass and 

have proved that the systems are technically feasible (Das et al., 2015; Yaowen Li et al., 2016; 

Tavakoli et al., 2015; Wang et al., 2016). The major challenge in designing fPSC lies in the 

development of the perovskite layers that can withstand mechanical stresses owing to their 

rigid and fragile nature.  

Research in PSCs has therefore taken a multi-faceted approach as researchers try to 

establish a strategy that will address most of the challenges bedeviling the practical use of this 

solar cell technology. From the literature review, it is notable that the development of good 

quality AL and CTL films with low bulk and surface defect densities is a prerequisite for 

achieving high PCEs and stability in PSCs. The presence of bulk and surface defects in the 
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AL and the CTLs contribute greatly to non-radiative power losses, performance degradation, 

and J-V hysteresis in PSCs. Surface defects in the AL and CTLs also influence the surface 

properties of the films which control the interface energetics and affect charge carrier 

extraction. It is therefore necessary to come up with strategies geared towards suppressing 

defects and optimizing the band offsets at the CTL/AL interface so as to develop efficient and 

stable PSC devices. Compositional and additive engineering has been shown to work well in 

the fabrication of perovskite films with good quality crystals, suppressed bulk and surface trap 

states, and long carrier diffusion lengths. However, more research works are needed to explore 

more additives and innovative techniques of incorporating them into the perovskite precursors 

in order to develop efficient and stable PSC systems. It is also necessary to further explore 

more options to improve the electron transport ability of TiO2 ETL so as to further improve 

the PCE of TiO2-based PSCs. This dissertation reports the results of a study carried out on a 

regular, planar FA-rich PSC that used FTO, Spiro-OMeTAD, and Au as the anode, HTL, and 

cathode respectively. The focus of the research was to explore the effects of additives in the 

ETL and the AL on the optoelectronic properties of these layers and the overall performance 

of the ensuing PSC.  
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CHAPTER THREE 

RESEARCH METHODOLOGY AND EXPERIMENTAL TECHNIQUES 

3.1 Introduction  

In this chapter, a summary of the different materials, research methods, and materials 

characterization techniques used to carry out this research is given. The general working 

principles of some of the characterization equipment used are also highlighted to enable the 

readers to acquire the basic knowledge behind their operation. The specific details of the 

materials, experimental procedures, and characterization techniques used for the different 

experiments carried out to achieve the objectives of this research work are given in the 

materials and methods section in each of the subsequent chapters.   

3.2 Materials  

The materials used in this work were mainly purchased from Sigma Aldrich and they 

were used without any further purification unless otherwise stated. They include lead (II) 

Iodide (PbI2, 99.99%), Formamidinium Iodide (FAI), Methyl ammonium Chloride (MACl), 

Methyl ammonium Bromide (MABr), Cesium Bromide (CsBr), Polyethylene oxide, 2,2’,7,7’-

tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene (Spiro-OMeTAD), lithium bis-

(tri-fluoromethanesulfonyl)imide (Li-TSFI),  Fullerine-C60 and 4-tert-butylpyridine (tBP) 

which all existed as solutes.   

The other chemicals such as Acetone, Acetonitrile (99.8%), Butanol, Chlorobenzene, 

Dimethyl sulfoxide (DMSO; 99.9%), Isopropyl alcohol (IPA), and N,N-dimethylformamide 
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(DMF; 99.8%) existed as solvents. Titanium diisopropoxide bis(acetylacetonate) (75% wt in 

isopranol) and Tin (IV) Oxide nano-particle ink (2.5% wt in butanol) existed as suspensions. 

Pure gold (99.999%) was purchased from Kurt J. Lesker Company and they existed mainly in 

form of pellets. The Fluorine-doped tin oxide (FTO)-coated glasses were also purchased from 

Sigma Aldrich either in the pre-etched form or without any etching.  

 

3.3 Experimental methods 

3.3.1 Substrate preparation 

The FTO-coated glass substrate existed in un-etched and etched forms. For the un-

etched substrate, the preparation process began by cutting the substrate into the required 

dimensions of 12.5 mm by 25 mm followed by etching using zinc powder and 2M 

Hydrochloric acid (HCl) solution. This was then followed by sequential cleaning in a 

detergent, deionized water, acetone, and IPA; each for 15 min. For the pre-etched FTO-coated 

glass substrates, sequential cleaning was carried out after cutting the substrates to the required 

dimensions. After cleaning, the substrates were dried in Nitrogen gas and finally exposed to 

UV Ozone so as to rid off any form of organic matter that may have remained on their 

surfaces during the cleaning process. 

3.3.2 Preparation of the ETL thin films 

The ETL thin films were formed on the cleaned FTO-coated glass substrates by spin-

coating 0.15 M and 0.3 M solutions of Titanium dioxide (TiO2) in Butanol; mixed with an 

appropriate proportion of Tin oxide (SnO2) nano-particle ink; in a two-step process. In the 

first step, the 0.15 M TiO2 solution (mixed with SnO2) was spin-coated on the substrate 

followed by thermal annealing at 150 °C for 5 minutes. In the second step; which was done 
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after the first film had cooled to room temperature; the mixture containing the 0.3 M TiO2 

solution was spin-coated, sintered at 500 °C for 30 minutes then allowed to cool to form the 

ETL thin film.  

3.3.3 Preparation of perovskite thin films 

Except for perovskite films incorporating a thin layer of CsBr, the thin films of the AL 

were prepared via a two-step spin-coating process where a layer of PbI2 was first deposited 

followed by a layer of the mixed organic components (FAI, MACl, and MABr). The details of 

the perovskite film preparation process are explained in each of the subsequent chapters.   

3.3.4 Fabrication of PSC 

A Planar PSCs; with a regular architecture; was fabricated by sequential deposition of 

the thin films of the different components (ETL, AL, HTL & electrode) on FTO-coated glass 

substrate. Apart from the gold electrode which was formed via thermal evaporation, the other 

layers were formed via spin-coating. The different layers were however subjected to different 

thermal annealing temperatures as explained in the experimental section of the subsequent 

chapters.  

3.4 Materials characterization techniques 

3.4.1 Scanning electron microscopy  

This is a non-destructive materials characterization technique that involves creating a 

magnified image of a sample surface that reveals different information about its microscopic 

features (Inkson, 2016). A scanning electron microscope (SEM) works on the principle of 

directing a highly collimated beam of high-energy electrons on the surface of the sample so as 

to acquire information about its physical and chemical properties on a microscopic scale. In a 
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nutshell, the electrons which are generated from a source are accelerated to high energies and 

focused into a beam with the help of apertures and lenses. The electrons then interact with the 

sample and undergo reflection or scattering from different regions of the sample depending on 

their energies. The reflected or scattered electrons are finally collected by different detectors 

to obtain information about the different features of the sample such as the topography, 

morphology, crystallography, and elemental composition. The other features such as grain 

size can be obtained from a SEM image with the help of a computer software such as imageJ. 

3.4.2 X-Ray diffractometry 

This is a non-destructive materials characterization technique that provides 

information about the crystallinity and the phases present in a material. The basic operating 

principles of X-ray diffraction (XRD) involve the production of monochromatic X-rays, 

diffraction of the X-rays from a sample surface, and angle-resolved detection of the diffracted 

signals by a detector (Epp, 2016; Snyder & Jenkins, 2012). Depending on the nature of the 

crystalline sample, the diffracted X-rays undergo either constructive or destructive 

interference which is recorded as diffraction patterns in the detector. A diffraction peak 

intensity is recorded when the X-rays impinging on the sample satisfy the Bragg relation 

given in eqn (3.1).  

                                                          (3.1) 

Where , ,  and  denotes the diffraction order, the wavelength of X-rays, the inter-planar 

spacing, and diffraction angle respectively. A plot of the XRD peak intensity as a function of 

the peak position ( ) generates a spectrum that provides information about the crystalline 

nature of the sample and the crystalline phases present. The XRD patterns of crystalline 
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materials are characterized by well-defined or sharp diffraction peaks while those of non-

crystalline ones are characterized by broad humped peaks. Figure 3.1 indicates the XRD 

patterns of crystalline and amorphous materials. 

 

Figure 3.1: XRD patterns of amorphous and crystalline materials (Source: Nunes et al., 2005) 

 In the XRD spectra, a shift in the position of the peaks is an indication of a change in 

the inter-atomic distance or the lattice parameter which may be caused by either substitutional 

doping, temperature change, or lattice strain. Information about crystallite size ( ) can be 

determined from the full-width at half maximum ( ), the wavelength of the X-rays ( ), and 

the Bragg angle ( ) using the Scherrer formula given by eqn (3.2) (Valério & Morelhão, 

2019).  

                                                                                                              (3.2) 

Where  is the geometrical factor. Some softwares such as High score PANalytical are very 

helpful in phase identification and indexing of the XRD spectra.   
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3.4.3 Ultraviolet-visible (UV-Vis) spectroscopy 

This is a quantitative technique that measures the extent of attenuation of a beam of 

light from a UV or visible source after passing through a given sample. Basically, it involves 

passing a light beam through a sample and measuring the intensity of the transmitted beam 

over an extended spectral range relative to a reference sample (Manivannan, 1997). By 

comparing the intensities of the incident and transmitted light beam, the physical and 

chemical properties of the sample can be obtained. According to Beer Lambert’s law (eqn 

3.3), the intensity of the transmitted beam ( ) is related to the intensity of the incident beam 

( ) through: 

                                                                                              (3.3) 

Where  and  denote the concentration, molar extinction coefficient and the path length 

respectively. The transmittance ( ) and absorbance ( ) of the sample are related to the 

intensities  and  according to eqns (3.4) and (3.5). 

                                                                                                                     (3.4) 

                                                                                              (3.5) 

In a UV-Vis spectrum, a plot of  or  as a function of the wavelength can be used to 

obtain information on the optoelectronic properties of semiconductor material. From 

absorbance data, the optical bandgap of the semiconductor can be estimated from a Tauc plot 

(Makuła et al., 2018). Another parameter called Urbach energy; which quantifies the degree of 

structural disorder in the semiconductor; can also be obtained from absorbance (Ikhmayies & 

Ahmad-Bitar, 2013). 
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3.4.4 Photoluminescence measurement 

Photoluminescence (PL) is the phenomenon of light emission in semiconductors when 

photoelectrons make a transition from excited states to the ground state. As a materials 

characterization technique, PL is a contactless, non-destructive method that provides 

important insights for understanding the optoelectronic properties of semiconducting materials 

(Bishop, 1981). It involves shining light on a material to cause photo-excitation and 

measuring the intensity (energy) of the emitted photons as the photo-excited electrons relax 

back to the ground state. The energy of the emitted photons is a direct measure of the energy 

difference between the conduction band and valence band edges (i.e the optical band gap) in a 

semiconductor. A plot of the intensity of the emitted photon as a function of the wavelength of 

light used can be used to understand the optical properties and defect characteristics of a 

semiconductor material (Higgs et al., 2000). The PL intensity can be considered as an 

indication of the density of defects in semiconductor thin films or the charge extraction (PL 

quenching) ability of CTLs in solar cells. For perovskite films deposited on bare substrates 

(without the CTLs), the PL intensity is inversely proportional to the density of defects. Figure 

3.2 shows the PL spectra of Cesium formamidinium (CsFA)-based perovskite films, one 

containing methyl-ammonium (MA) additive and one without. The PL intensity of the MA-

containing film is higher since its reduced defect density compared to pristine CsFA-based 

film (Tan et al., 2018). Time-resolved PL (TRPL) studies can be used to obtain information 

regarding the radiative and non-radiative recombination dynamics in semiconductor thin films 

(Weiss et al., 2019). 
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Figure 3.2: PL spectra of perovskite films with different defect densities (Source: Tan et al., 

2018) 

 

3.4.5 X-ray photoelectron spectroscopy and Ultraviolet photoelectron 

spectroscopy 

X-ray photoelectron spectroscopy (XPS) and Ultraviolet photoelectron spectroscopy 

are surface-sensitive analytical techniques that rely on the principles of the photoelectric effect 

to obtain information on the materials’ surface chemistry and electronic band structure 

respectively (Nascente, 2005; Stevie & Donley, 2020; Zatsepin & Zatsepin, 2021). They both 

involve measuring the kinetic energy ( ) or the number of photoelectrons emitted when the 

surface of a sample is bombarded with photons of certain energies. In XPS analysis, the 

surface of a sample is bombarded with X-rays while in UPS, UV radiations are used. The  

of photoelectrons is used to determine the binding energy ( ) of the electrons using eqn 

(3.6).  

                                                 (3.6) 
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Where  and  are the energy of the incident photons and material’s work function 

respectively.  

In XPS, the number of electrons detected at a given  is used to obtain useful 

information about the elemental composition and chemical states on the surface of a sample. 

A plot of the number of electrons at a given is termed as XPS spectrum and each peak in 

the spectrum is a signature of a particular element or functional group present in the sample. 

In UPS, the photoelectron count as a function of  is used to get some insights into the 

electronic band structure of a material. 

3.4.6 Fourier transform infra-red (FTIR) spectroscopy  

This is a spectroscopic technique that uses a beam of infra-red (IR) radiation to 

identify the functional groups present in a material (Dutta, 2017; Faix, 1992). Atoms in a 

molecule always undergo vibrational motions which cause a change in their dipole moments. 

These vibrations absorb IR only at specific wavelengths. In FTIR spectroscopy, IR radiation is 

passed through a sample and the resulting absorption or transmission spectra are recorded. 

The spectra create a molecular fingerprint that is unique to the functional groups present in a 

given material. The IR radiation emanating from the source is first passed through an 

interferometer for encoding before it passes through the sample. The IR beam from the sample 

is then sent to a detector to generate a signal which undergoes Fourier transformation in the 

computer for easy interpretation. The signal is displayed in the form of a spectrum where the 

intensity of absorption/transmission is plotted as a function of the wavenumber (k). Depending 

on the vibrations of the different functional groups present and the concentration of molecules 

in a sample, the intensity of the peaks will differ. Different functional groups absorb IR 

radiation at the same k values regardless of the structure of the material under consideration.   
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3.4.7 Transient absorption spectroscopy 

This spectroscopic technique is used to quantitatively characterize the time-dependent 

photo-excited state absorption dynamics of an optically active sample. In transient absorption 

spectroscopy (TAS), a high-intensity pump laser and low-intensity probe laser are passed 

through the sample with a certain delay time ( ) so that the difference between their absorption 

spectra ( ) is recorded. By varying the delay time  between the pump and the probe lasers 

and recording , a spectrum that provides information on the nature and the dynamics of the 

excited states occurring in the sample is generated (Berera et al., 2009). In perovskite films, 

the technique helps in understanding the charge carrier relaxation and recombination 

dynamics, charge carrier lifetimes, the strength of electronic coupling between the AL and the 

CTLs as well as the defect passivation effects of additives (Kulshreshtha et al., 2020; Pasanen 

et al., 2020; Wang et al., 2014)  

3.4.8 Current-Voltage (I-V) measurement 

The current-voltage (I-V) measurement is another characterization technique that is 

usually applied to semiconductor structures in order to get some insights into their electrical 

properties. The I-V curve of a semiconductor device; also represented as the J-V (current 

density-voltage) curve; is a graphical representation of the relationship between the current 

and the potential difference across it. It is very important in determining the values of the 

electrical parameters such as electrical conductivity, charge carrier density, charge carrier 

mobility, series resistance, shunt resistance, and diode ideality factor. The J-V characterization 

of a semiconductor material is usually carried out by applying a current ( ) through the 

material and measuring the potential difference ( ) developed across it. This can be done in 
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the dark or under illumination either in forward bias or reverse bias modes depending on the 

parameters of interest. 

For semiconductor thin films, the J-V curves in the dark are usually linear in the low 

voltage regimes due to the dominance of Ohmic conduction. However, they deviate from 

linearity at higher voltage regimes where the space charge limited conduction dominates 

(Wetzelaer, 2018). The point where the curves deviate from linearity is referred to as the trap-

filled voltage limit ( ) and is dependent on the trap density state of the material (see figure 

3.3(a)) (Khan et al., 2020). For a solar cell, the J-V curve is important in understanding its PV 

performance characteristics and the power loss mechanisms taking place within the solar cell 

(Wang et al., 2019). Figure 3.3(b) shows the J-V curves of a screen-printed n-type silicon 

solar cell both in the dark and under illumination. Under illumination, the J-V curve is useful 

in determining PV parameters while that in the dark is useful in determining power losses in 

solar cells.  

 

Figure 3.3: The J-V curves of (a) Perovskite semiconductor film under dark in log scale (b) n-

type silicon solar cell (Sources:  Tao, 2016; Khan et al., 2020) 
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3.4.9 Electrochemical impedance spectroscopy 

This is a quantitative materials characterization technique that involves the application 

of small-signal alternating current (AC) to a sample in order to probe its impedance 

characteristics. In electrochemical impedance spectroscopy (EIS), the impedance (Z) of a 

sample is plotted as a function of the frequency of the AC signal either in the form of a 

Nyquist plot or Bode plot so as to understand the various electrochemical processes that occur 

at different time scales. The electrochemical impedance spectra are usually interpreted by 

fitting the data to an equivalent electrical circuit that consists of different combinations of 

resistors, capacitors, or inductors in order to extract the values of the parameters of interest. 

This characterization technique was commonly used in the study of DSSCs and has recently 

been applied in the study of PSCs (Guerrero et al., 2021). The technique is useful in 

understanding how the modification of any component of PSC influences the charge transport 

kinetics. 

3.4.10 External quantum efficiency measurement 

The external quantum efficiency (EQE) measurement is a fundamental characterization 

technique that is usually applied to any PV system to understand how efficient it is in 

converting the incident light photons to electric current. It specifies the ratio of the number of 

charge carriers collected from a PV device under the short circuit condition to the number of 

light photons incident on it (Slami & Benramdane, 2021). The EQE measurement is carried 

out by shining light of known wavelength to a PV device and recording the number of charge 

carriers collected at a given wavelength. A plot of the ratio of charge carriers collected to the 

number of the incident light photons; expressed as a function of the wavelength of the incident 

light; gives the EQE curve of the given PV device. The EQE curve of an ideal PV device is 



 

81 
 

equal to unity and has a profile shown by the dotted line in Figure 3.4. However, due to 

charge carrier recombination, low carrier diffusion lengths, and optical loss effects, the EQE 

of a PV is reduced and usually assumes a profile that depends on the charge carrier collection 

efficiency at each wavelength region of the solar spectrum (Nakane et al., 2016). Figure 3.4 

shows a typical EQE of a solar cell device and how it is shaped by the various charge carrier 

loss mechanisms that occur at each wavelength region.  

 

Figure 3.4: External quantum efficiency curve of a PV device 
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CHAPTER FOUR 

TIN OXIDE MODIFIED TITANIUM DIOXIDE AS ELECTRON TRANSPORT 

LAYER IN FORMAMIDINIUM-RICH PEROVSKITE SOLAR CELLS  

4.1 Introduction 

In this chapter, we incorporated tin oxide (SnO2) into titanium dioxide (TiO2) thin film 

and studied the evolution of its microstructural and optoelectronic properties with SnO2 

loading. The thin films were then integrated as ETLs in a regular planar Formamidinium 

(FA)-rich mixed lead halide PSCs so as to assess the overall effect of SnO2 proportion on their 

charge transport and PV characteristics.  

Perovskite solar cells (PSCs) have emerged as one of the low-cost photovoltaic (PV) 

technologies with photoconversion efficiencies comparable to those of the conventional 

crystalline silicon-based solar cells (Even et al., 2016; Koech et al., 2019). They consist of 

photoactive perovskite layers that are sandwiched between two oppositely doped CTLs to 

form regular (n-i-p) or inverted (p-i-n) device architectures with electrodes on either side 

(Mali & Hong, 2016; You et al., 2016). Within these architectures, the perovskite layer 

absorbs light and generates charge carriers that are injected into the CTLs before being 

transported in opposite directions to their respective electrodes where they are collected as 

electric current (Thakur et al., 2017).  

The charge carrier collection efficiency and hence the overall PCE of PSCs depends 

on the effectiveness of light absorption (Yue et al., 2016) and the accompanying charge carrier 
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dynamics (Shi et al., 2018) that occur within the PSC structure. Owing to the exceptional 

optoelectronic properties of the perovskite AL such as high light absorption ability (Yue et al., 

2016), low exciton binding energies (Hsiao et al., 2015), balanced ambipolar charge carrier 

transport (Giorgi & Yamashita, 2015; Shi et al., 2018), high defect tolerance and long carrier 

diffusion lengths (Zhang et al., 2017), the charge carriers in the AL are effectively generated, 

separated and transported to the interface with CTLs when PSCs are illuminated (Tailor, 

Abdi-Jalebi, Gupta, Lu, et al., 2020). 

One of the main hindrances to achieving high PCEs in PSCs is the low charge carrier 

collection efficiency that is associated with non-radiative recombination losses arising from 

inadequate extraction and transportation of photo-generated charge carriers through the CTLs 

to the electrodes (Grill et al., 2017; Le Corre, Stolterfoht, Perdigo, et al., 2019; Wolff et al., 

2019; N. Wu et al., 2017). These processes are mainly governed by the material properties of 

the CTLs and the nature of the interface they form with the AL (Courtier et al., 2019; 

Stolterfoht et al., 2019a). In order to further improve the performance of PSCs, the CTLs 

ought to be designed to achieve good optical transparency, excellent carrier selectivity, good 

electrical conductivity, and band energy levels that align well with those of the AL (Mahmood 

et al., 2017; Ren et al., 2019). 

In planar PSCs with n-i-p configurations, the ETL not only plays a key role in the 

extraction and transportation of photo-generated electrons (Yu et al., 2020) but also in the 

light absorption and the crystallization dynamics of the AL (Nimens et al., 2018). Hence, 

different materials have been explored for use as ETLs in PSCs with those based on metal 

oxide semiconductors; either in mesoporous and/or compact forms, proving to be attractive in 

terms of PCE and stability (Mahmood et al., 2017; Shin et al., 2019; Zheng et al., 2019; Yu 
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Zhou et al., 2020). Among the metal oxide semiconductors, titanium dioxide (TiO2) is the 

most commonly used ETL due to its high transmittance in the visible light regime, low cost, 

good chemical stability, non-toxicity, and the ease with which its properties can be tuned with 

minimal impact on its structure (Chen, 2009; Chen & Mao, 2007). However, TiO2 has a low 

electrical conductivity that increases the series resistance (Rs) and causes power losses in 

PSCs (Pan et al., 2013; Yu et al., 2018). 

Modification of TiO2 through strategies such as doping with cations/anions (Nwankwo 

et al., 2020), hybridization with graphene derivatives (Belchi et al., 2019; Saleem et al., 2018), 

forming core-shell nanostructures (Li et al., 2018), and coupling with other n-type 

semiconductors (Akurati et al., 2005; Apostolopoulou et al., 2017) is an effective method to 

improve its optoelectronic properties which consequently leads to an improvement in the 

PCEs and stability of PSCs (Zhen et al., 2019a). Tin (IV) Oxide (SnO2) is one of the n-type 

metal oxide semiconductors that has successfully been used to tune the optoelectronic 

properties of TiO2 for applications in photocatalysis (Akurati et al., 2005), gas sensing (Larin 

et al., 2016), and in dye-sensitized solar cells (Desai et al., 2013; Duan et al., 2012). It has a 

similar crystal structure with TiO2 but exhibits higher optical transmittance, higher electrical 

conductivity, better UV stability and is more favorable for the growth of perovskite films than 

TiO2 (Dou & Persson, 2013; Yu et al., 2020). 

The synergetic effects that arise from the combination of SnO2 and TiO2 to form either 

a bi-layered or composite ETL structure have been utilized to improve the PCE and stability 

of PSCs (Guo et al., 2018; Li et al., 2020; Liu et al., 2018; Martínez-Denegri et al., 2018; 

Song et al., 2017; Tavakoli et al., 2018; Wan et al., 2018). The improvement has mainly been 

attributed to suppression of charge carrier recombination and accelerated extraction of the 
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photo-generated electrons resulting from better energy level alignment and defect passivation 

at the ETL/perovskite interface (Wan et al., 2018). Though the few studies that have been 

done on the use of SnO2-TiO2 nano-composite as ETLs in PSCs have shown that they help to 

improve the performance (Guo et al., 2018; Liu et al., 2020; Mohammadbeigi et al., 2020), the 

underlying physical and intrinsic phenomena that are responsible for the reported 

improvement are not clear, necessitating the need for more research in this area. In particular, 

the evolution of the properties of TiO2 with SnO2 loading, its possible impacts on the 

optoelectronic properties of the perovskite film, and how it influences the overall charge 

transport kinetics and performance metrics of PSC requires further investigation. 

This chapter presents the results of the effects of SnO2 incorporation in TiO2-based 

ETL on the charge carrier dynamics and performance characteristics of planar Formamidium 

(FA)-rich mixed lead halide PSCs. First, we processed the ETL thin films on FTO-coated 

glass substrates and studied the evolution of their structural, morphological, and 

optoelectronic properties with the proportion of SnO2 in TiO2. We then fabricated a series of 

planar regular PSCs that incorporated the SnO2-TiO2 and pristine TiO2 thin films as ETLs and 

compared their performance parameters. The results are then discussed for the design of 

efficient PSCs. 

4.2  Materials and methods 

4.2.1 Materials 

Unless otherwise stated, all the materials and reagents used in this work were 

purchased from Sigma Aldrich and used in the as-received condition. They include Titanium 

diisopropoxide, Tin (IV) Oxide nanoparticles (2.5% weight in butanol, nanoparticle size < 20 

nm), Formamidinium iodide (FAI), Methylammonium Chloride (MACl), Methylammonium 
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Bromide (MABr), Lead (II) Iodide, Spiro-OMeTAD, and Fullerene C60. Dimethyl sulfoxide 

(DMSO), anhydrous N,N-dimethylformamide (DMF), Chlorobenzene were among the 

solvents used. Gold pellets (99.999%) were purchased from Kurt J. Lesker Company. 

4.2.2  Processing of ETL thin films 

FTO-coated glass substrates were patterned using zinc powder and 2M Hydrochloric 

acid and cleaned sequentially in an ultrasonic bath using detergent, deionized water, acetone, 

and IPA for 15 min each. The substrates were then blow-dried using nitrogen gas before being 

treated with UV ozone for 15 min in order to remove any residual organic matter. Solutions of 

0.15 M and 0.3 M of compact TiO2 were then prepared by dissolving 55 µL and 110 µL of 

titanium diisopropoxide bis(acetylacetonate) respectively in 1ml of 1-butanol. SnO2 nano-

particle ink (2.5% in butanol, particle size < 20 nm) was then incorporated into the 0.15 M 

and 0.3 M TiO2 solutions in different volume fractions of 0.1, 0.2 and 0.3 to obtain SnO2-TiO2 

mixed solutions. The mixed solutions were sonicated for 30 min before being spin-coated 

onto the FTO-coated glass substrates. The solutions containing 0.15M were first spin-coated 

onto the FTO coated glass at 2000 rpm for 30 s, annealed at 150 °C for 5 min, and allowed to 

cool to room temperature. This was followed by spin-coating of the mixed solution containing 

0.3M TiO2 at 2000 rpm for 30 s before sintering at 500 °C for 30 min on a hot plate under 

ambient conditions. The thin film of pristine TiO2 was also prepared following the same 

protocol. Figure 4.1(a)–(f) presents the schematics of the processing procedure of the ETL 

thin films. 
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Figure 4.1: (a)–(f): Schematics of the ETL preparation procedure. 

4.2.3  Fabrication of PSCs 

Planar PSCs were prepared based on the modified and pristine TiO2 as ETLs via a 

spin-coating technique. First, the ETLs were prepared on cleaned FTO-coated glass substrate 

as per the procedure summarized in Figure 4.1(a)–(f). Perovskite films were then deposited on 

the ETLs via a two-step spin-coating process described elsewhere (Oyewole, Koech, Ichwani, 

Ahmed, Tamayo, et al., 2021). The films were annealed at 130 °C for 15 min before the 

Spiro-OMeTAD solution was spin-coated onto it at 4000 rpm for 30 s. A thin layer of gold 

(90 nm) was deposited on the Spiro-OMeTAD film to form an electrode using a thermal 

evaporator (Edward E306A, UK). 
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4.3  Characterization of materials 

The morphological, structural, optical, and electrical properties of the ETL thin films 

were investigated using various characterization techniques. The micro-structural images of 

the films and elemental composition were obtained using a field emission scanning electron 

microscope (SEM) (JEOL JSM-700F, Hollingsworth & Vose, MA, USA) that was 

instrumented with an energy dispersive X-ray spectrometer (EDS) (Oxford Instrument). The 

X-ray diffraction (XRD) patterns of the films were obtained using an X-ray diffractometer 

(Malvern PANalytical, Westborough, MA, USA) under Cu Kα radiation source at a voltage of 

40 kV, current of 40 mA. This was done with a scanning step size of 0.01° and 2θ angles in 

the range of 20–90°. The optical properties of the thin films were measured using an 

ultraviolet-visible (UV-Vis) spectrometer (AVANTES Starline, Avaspec-2048) in the 

wavelength range of 200 nm to 1100 nm. 

The current density-voltage (J-V) characteristics of the films and PSC devices were 

studied using a Keithley 2400 source meter unit (Keithley, Tektronix, Newark, NJ, USA) 

interfaced with a computer. In the case of PSC devices, the Keithley system was connected to 

an Oriel solar simulator (Oriel, Newport Corporation, Irvine, CA, USA) and the J-V curves 

were obtained under AM1.5G illumination of 100 mW/cm
2
. The J-V measurement for the 

PSC device was carried out on a device area of 0.1 cm
2 

with a voltage scan range of -0.4 to 

1.2 V. The electrochemical impedance spectroscopy (EIS) of the fabricated PSCs was 

measured under illumination using a potentiostat (SP-300, BioLogic Instrument). The 

impedance measurements were performed at a bias voltage of 0.1 V with an AC signal of 

amplitude 10mV in the frequency range 1 MHz to 1 Hz while the external quantum efficiency 

measurement was carried out with Quantx-300 quantum efficiency measurement system. 
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4.4  Results and discussion 

4.4.1  Structure and morphology of the ETL and perovskite thin Films 

The microstructural characteristics of the ETL and perovskite films play an important 

role in the charge carrier dynamics and the overall performance of PSCs. Compact 

morphologies with fewer pinholes and grain boundaries are essentially needed to form good 

interfacial contacts with adjacent layers and to reduce power losses due to series resistance, 

current leakage, and charge carrier trapping (Noh et al., 2018). The SEM images of the ETL 

thin films with different proportions of SnO2 are presented in Figure 4.2(a)–(d). As seen in the 

figure, the SEM images of the ETLs with 0, 0.1, and 0.2 proportions of SnO2 (Figure 4.2(a)–

(c)) are smooth and more compact when compared to the one with 0.3 proportion of SnO2 

which appears to be porous and with more pinholes (Figure 4.2(d)). The formation of pinholes 

at higher SnO2 content can be associated with the agglomeration of SnO2 nanoparticles or the 

degradation of SnO2 at higher annealing temperatures (Ke et al., 2015). The presence of the 

pinholes in these films can provide shunting paths that cause current leakage from the AL to 

the FTO thus reducing the fill factor (FF) and the overall PCEs of PSC devices. 
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Figure 4.2: SEM images of ETL with (a) TiO2 (b) 0.1 (c) 0.2 and (d) 0.3 proportions of SnO2. 

The elemental composition of the ETLs was studied by taking the EDS cross-sectional 

images. Figure 4.3 (a)-(b) shows the SEM and EDS cross-sectional images of the 

representative SnO2-TiO2 ETL film deposited on the FTO-coated glass substrate. From the 

figure, a thin layer of the ETL (around 100 nm in thickness) is visible on top of the FTO with 

an even distribution of Sn (Green) and Ti (Red). The EDS spectra of the ETLs at different 

SnO2 content are presented in Figure 4.4 (a)-(d). From the figure, we see that Sn, Ti, and O 

are present in all the ETL films with different weight percentages. The SnO2-TiO2 based ETLs 

showed a higher Sn content relative to the TiO2-based ETL and the percentage weight of Sn 

increased with the SnO2 content. This confirms the successful incorporation of SnO2 in TiO2. 
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The Sn signals detected in the pristine TiO2 ETL possibly diffused from the underlying FTO 

layer during the sintering process. The other elements detected such as Si, Mg, and Cu, 

originated from glass substrate and the copper tape that was used to attach the samples to the 

sample holder while Pd and Au came from the coating film used. 

 

Figure 4.3: (a) SEM and (b) EDS Cross-sectional image of representative ETL film on FTO-

coated glass; (c) XRD patterns of the ETL films (d) FWHM for the ETLs at different SnO2 

content. 

To investigate the possible impact of SnO2 incorporation on the structural properties of 

the ETL films, the XRD patterns of the different films were recorded at room temperature (25 

°C). Figure 4.3 (c) shows the XRD patterns of all the ETL films at different proportions of 

SnO2. The result shows that the diffraction peaks of all the ETL films occur at 2θ angles of 

26.5°, 33.8°, 37.8°, 51.8°, 61.6° and 66°
 
which can respectively be indexed to the planes 

(110), (011), (020), (121), (130) and (031) for tetragonal titanium tin oxide composite (ICSD 

98-009-0868). The (020) plane is the preferred crystal orientation in nearly all the ETL films 

except the one containing 0.2 SnO2 proportion whose preferred crystal orientation is the plane 
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(110). Another observable difference in the diffractograms of the ETL films lies in the 

intensity of the diffraction peaks. The intensity of the peak corresponding to the plane (011) 

(labeled #) is observed to increase with the content of SnO2 in the ETL and reaches the 

highest value at SnO2 proportion of 0.2. The full-width at half maximum (FWHM) of the peak 

was also found to decrease with increasing SnO2 content attaining a minimum value at the 

same SnO2 proportion (Figure 4.3(d)). This shows that the ETL film with the 0.2 proportion 

of SnO2 had better crystallinity relative to the rest. 

 

Figure 4.4: EDS spectra of ETL films for (a) TiO2 and SnO2-TiO2 with (b) 0.1 (c) 0.2 (d) 0.3 

proportion of SnO2 
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In regular planar PSCs, the ETL forms the base over which the perovskite layer is 

deposited. This means that any variation in its surface characteristics can influence the 

crystallization dynamics and morphology of the perovskite films. We studied the effect of the 

ETL modification on the morphological properties of the perovskite films deposited on them 

by taking the SEM images of the top surface. The SEM images of the perovskite films formed 

on pristine TiO2 and SnO2-TiO2 based ETLs are presented in Figure 4.5(a)–(d).  

 

Figure 4.5: SEM images of perovskite films deposited on the different ETLs: (a) TiO2 (b) 0.1 

(c) 0.2 and (d) 0.3 proportion of SnO2. 

From the figure, we observe a slight change in the morphology for the perovskite films 

deposited on the ETL containing 0.3 volume proportion of SnO2. At this proportion, the 

perovskite film appears to have larger interconnected grains with fewer grain boundaries when 
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compared to the rest. This implies that higher SnO2 content in the ETL resulted in the growth 

of perovskite films with improved morphologies. This observation is in agreement with what 

has been reported by other researchers (Yu et al., 2020). 

 

4.4.2 Optoelectronic properties of the thin Films 

The optical properties of the ETL in PSCs can influence the amount of light reaching 

the photoactive perovskite layer, thus affecting the charge carrier generation. We studied the 

effect of SnO2 incorporation on the optical properties of the ETL films by measuring their 

transmittance and absorbance at different proportions of SnO2. The transmittance and 

absorption spectra of the different ETL films were measured in the range of 200 nm to 1100 

nm using the UV-Vis spectrometer. The optical transmittance spectra (Figure 4.6(a)) indicate 

that all the ETL films had high transmittance within the visible spectrum which makes them 

suitable for PV application. The ETL films modified with 0.2 and 0.3 SnO2 proportion 

exhibited higher transmittance relative to TiO2. The optical band gaps (Eg) of the ETL films at 

different proportions of SnO2 were determined from absorbance by plotting  versus the 

photon energy  and fitting the linear section of the resulting curve to the Tauc relation given 

in Eqn. (4.1) (Makuła et al., 2018; Tauc & Menth, 1972). 

                                                                                  (4.1) 

In Equation (4.1), α is the absorption coefficient of the ETL films, B is the edge width 

parameter and  is a parameter that specifies the nature of the optical transition and usually 

takes a value of 2 for indirect optical transitions (Makuła et al., 2018). As shown in Figure 

4.6(b), we see a general blue-shift in the band gaps of ETL films as the SnO2 content 

increases. The bandgap increased from 3.58 eV to 3.70 eV when the volume proportion of 
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SnO2 increased from 0 to 0.3. The increase in bandgap explains the observed increase in 

transmittance of the ETL films with the content of SnO2 in TiO2. 

The electrical properties of the ETL films are also very important as they influence 

their electron transport function in PSCs. Good electrical conductivity ensures proper 

extraction of the photo-generated electrons and reduces the series resistance (Rs) of PSC 

devices. We determined the electrical conductivity (σ) of the ETL films at room temperature 

from the Ohmic region of their dark I-V curves (Figure 4.6(c)) which were obtained by 

applying a voltage to the films sandwiched between two electrodes (FTO/ETLs/Au). The 

results show that σ increases with the SnO2 content in TiO2 and the highest value was 

obtained for the film modified with 0.2 volume proportion of SnO2. Beyond the 0.2 proportion 

of SnO2, the value of σ was found to decrease slightly (Figure 4.6 (d)). The decrease in  is 

attributed to the microstructural changes of the ETL at 0.3 proportion of SnO2 revealed by the 

SEM image in Figure 4.2(d). The evolution of the bandgap and σ with SnO2 content in the 

ETL are summarized in Table 4.1.  
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Figure 4.6: Optoelectronic Behavior of ETLs films: (a) Transmittance, (b) Tauc plot from 

absorbance (c) Dark I-V curves of the films, and (d) Electrical conductivity. 

Table 4.1: Bandgap and electrical conductivity of the ETL at different SnO2 content 

SnO2 Proportion 0 0.1 0.2 0.3 

Band gap (eV) 3.58±0.030 3.59±0.027 3.62±0.046 3.70±0.059 

Conductivity,   

(10
-4

) (S/m) 

1.27±0.69 2.81±0.81 2.83±0.81 1.37±0.34 

 

To understand the effect of ETL modification on the electron transport dynamics of 

the PSCs, we investigated the variation of the optoelectronic properties of perovskite films 
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deposited on pristine TiO2 and SnO2-TiO2 ETLs through UV-Vis, steady-state 

photoluminescence (PL), time-resolved photoluminescence (TRPL), and space charge limited 

conduction (SCLC) techniques. The UV-Vis spectra of the perovskite films (Figure 4.7(a)) 

show that all the films had nearly equal absorption onsets (~800 nm) with a slight variation in 

their absorption intensities. This shows that the different proportions of SnO2 in the ETL layer 

did not alter the bandgap of the perovskite films. The PL spectra of the perovskite films 

(Figure 4.7(b)) also show one major peak, all centered at ~800 nm, with small variations being 

observed only in their emission intensities. In particular, the PL emission peak for the 

perovskite film deposited on TiO2 modified with 0.3 volume proportion of SnO2 is stronger 

than those of the perovskite films deposited on pristine TiO2, and composite SnO2-TiO2 ETL 

with 0.1 and 0.2 SnO2 contents. This change in the PL intensity of perovskite film is usually 

associated with the variation in the crystal quality of the perovskite films or changes in the PL 

quenching capability of the CTLs (Fassl et al., 2019; Handa et al., 2017). In our case, the 

stronger PL emission peak for the perovskite film on the ETL with 0.3 SnO2 proportion is 

most likely to be an indication of reduced non-radiative recombination resulting from the 

improvement in the film morphology as seen from the SEM images in Figure 4.5(d). 

To ascertain the above observation, the electron trap densities of the perovskite films were 

determined using the SCLC method from the dark J-V curves of the electron-only devices 

with the structure FTO/ETLs/perovskite/C60/Au. Figure 4.6(c) shows the dark J-V curves of 

the electron-only devices with TiO2 and SnO2-TiO2 ETLs containing different proportions of 

SnO2. The J-V curves kink upwards at different bias voltages indicating a variation in their 

electron trap densities. The bias voltage at which the J-V curves kink upwards corresponds to 

the threshold voltage (trap-filled voltage limit, VTFL) at which the electron traps in the 
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perovskite films are filled. Figure 4.7(c) shows that the perovskite films on the different ETLs 

have different values of VTFL, which implies that they have different trap densities. The trap 

density (Nt) of the perovskite films was determined from the values of VTFL from the J-V 

curves by applying Equation (4.2) (Jain et al., 2007). 

                                                                                                       (4.2) 

The constants , ,  and  are the relative permittivity, permittivity of free space, electronic 

charge, and the thickness of the perovskite films, respectively. From Figure 4.7(c), the 

values of the perovskite films on TiO2 and SnO2-TiO2 ETLs with 0.1, 0.2, and 0.3 

volume proportion of SnO2 were respectively determined to be 0.67V, 0.81V, 0.59V, and 

0.28V. The corresponding values of Nt were calculated and the perovskite film on the ETL 

with 0.3 SnO2 content was found to have the least Nt value of 1.10 x 10
16

 cm
-3

. The perovskite 

films deposited on pristine TiO2 and SnO2-TiO2 ETLs with 0.1 and 0.2 SnO2 content had Nt 

values of 2.63 x 10
16

 cm
-3

, 3.18 x 10
16

 cm
-3

 and  2.23 x 10
16

 cm
-3

 respectively. Thus, the Nt 

values of all the perovskite films were all in the order of 10
16

 cm
-3

 with those of the perovskite 

film deposited on the ETL with 0.3 SnO2 proportion being nearly 2.5 folds lower than those of 

the control device. The electron mobilities corresponding to the calculated Nt were 

respectively determined to be 2.63 x 10
-4

 Vcm
-2

, 5.93 x 10
-5

 Vcm
-2

 and, 2.71 x 10
-4

 Vcm
-2

 

while that of the films on the ETL with 0.3 SnO2 proportion was 3.53 x 10
-4

 Vcm
-2

.  

Although perovskite films are known to be defect-tolerant, the presence of deep 

defects in the bulk and on the surface will hinder proper extraction and transportation of 

charge carriers leading to their loss through recombination (Jin et al., 2020). To probe the 

electron extraction dynamics at the ETL/perovskite interface, the TRPL decay curves of the 

perovskite films (Figure 4.7(d)) were recorded. The TRPL results were fitted to a bi-
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exponential decay function and the electron decay lifetimes (τ1 and τ2) were extracted and the 

values obtained are tabulated in Table 4.2. The fast decay lifetime (τ1) reflects the loss of 

carriers due to trap-mediated non-radiative recombination or charge extraction at 

perovskite/ETL interface while the slow decay lifetime (τ2) indicates radiative recombination 

in the perovskite film (Liang et al., 2014). The perovskite films on the ETLs with 0.2 and 0.3 

SnO2 contents exhibited smaller τ1 values of 0.541 ± 0.013 ns and 0.636 ± 0.022 ns 

respectively compared to 2.775 ± 0.0133 ns and 2.926 ± 0.129 ns for perovskite films 

deposited on ETL consisting of pure TiO2 and SnO2 -modified TiO2with 0.1 proportion of 

SnO2. The reduction in the τ1 values for the perovskite film on the ETL modified with 0.3 

volume proportion of SnO2 agrees well with the calculated value of the electron trap densities 

which was found to be tenfold lower than those on the other ETLs. The least value obtained 

for the ETL with 0.2 SnO2 proportion reflects its good electron extraction ability arising from 

its good electrical conductivity. The values of τ2 were also observed to decrease with SnO2 

proportion in the ETL from a value of 16.38 ± 0.761 ns for perovskite films with undoped 

ETL to a value of 2.63 ± 0.149 ns for the films on the ETL with 0.3 SnO2 content. This shows 

that the perovskite film on the ETL with 0.3 SnO2 content had fewer defects, which agrees 

well with the SCLC results and is also evident in the UV-Vis spectra (Figure 4.7(a)). 
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Figure 4.7: Optical properties of perovskite films for different volume proportions of SnO2: 

(a) UV-Vis absorbance spectra (b) PL spectra, (c) J-V curves of electron-only devices, and (d) 

TRPL spectra of perovskite films on different ETL. 

Table 4.2: TRPL Bi-exponential fitting parameters 

Vol. 

fraction of 

SnO2 

0 0.1 0.2 0.3 

A1 0.650 ± 0.016 0.676 ± 0.037 1.646 ± 0.037 1.476 ± 0.028 

τ1 2.774 ± 0.133 2.926 ± 0.129 0.541 ± 0.013 0.636 ± 0.022 

A2 0.322 ± 0.016 0.245 ± 0.020 0.20 ± 0.008 0.255 ± 0.025 

τ2 16.38 ± 0.761 13.47 ± 0.82 3.97 ± 0.136 2.63 ± 0.149 
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4.4.3 Performance characteristics of PSCs 

The photovoltaic performance of a solar cell is quantified by its PCE which is a 

function of Jsc, Voc, and FF. The PV performance parameters of the fabricated PSCs were 

determined from their J-V curves measured under illumination using a solar simulator 

(AM1.5, 100 mW/cm
2
). Figure 4.8(a)–(c) compares the J-V curves, Nyquist plots, and the 

EQE curves of the control and best-performing devices while Figure 4.8(d) shows the SEM 

cross-sectional image of the fabricated planar PSC device. It is seen from Figure 4.8(a) that 

the best performing device based on SnO2-TiO2 ETL with 0.2 SnO2 content had higher Jsc 

when compared to the control device based on TiO2. To find out the reason for the observed 

increase in Jsc, we carried out EIS studies on the control and the best performing PSC devices 

under illumination and the results are displayed by Nyquist plots shown in Figure 4.8(b). 

The Nyquist plots show two semicircles, one in the high-frequency region that is 

associated with the charge transfer resistance (Rtr) from perovskite to the ETL and one in the 

low-frequency region which is associated with recombination resistance (Rrec) at the 

ETL/perovskite interface in the PSC device (Zhang et al., 2015). The Nyquist curves were 

fitted with an equivalent RC circuit (inset of Figure 4.8(b)) to allow for the extraction of Rs, 

Rct, and Rrec. It is noticeable from Figure 4.8(b) that the incorporation of SnO2 into TiO2 leads 

to a reduction in both the Rs and Rct values while the value of Rrec increases. For the device 

area under consideration, Rs and Rct decreased from 5.23 Ω cm
2
 to 3.67 Ω cm

2
 and from 14.54 

Ω cm
2 

to 12.27 Ω cm
2
, respectively for the control and the best performing SnO2-TiO2 based 

devices. On the other hand, Rrec increased from 5.37 Ω cm
2
 for the control device to 13.07 Ω 

cm
2
 for the SnO2-TiO2 based device. The decrease in Rs agrees with the observed 
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improvement in σ of the ETL with SnO2 incorporation (Figure 4.6(d)). The reduction in the 

value of Rs in the SnO2-TiO2 based device led to an improvement in its electron transport 

properties. Consequently, the charge carrier collection efficiency of the PSC device based on 

SnO2-TiO2 ETL improved, as shown by the EQE measurement in Figure 4.8(c). 

 

Figure 4.8: (a) J-V curves; (b) Nyquist curves and (c) EQE curves of the control and the best 

performing PSC devices (d) Cross-sectional image of the fabricated planar PSC. 

For the different sets of PSCs fabricated, the PV performance parameters (Jsc, Voc, FF, 

and PCE) were determined from their J-V curves and expressed as a function of the 

proportion of SnO2 in the ETL by means of the statistical box plots as shown in Figure 4.9(a)–

(d).  
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Figure 4.9: Box plots showing the variation of (a) Jsc (b) Voc (c) FF and (d) PCE with SnO2 

content in the ETL. 

From Figure 4.9, we observe an increase in the mean values of Jsc, FF, and PCE of the PSCs 

as the proportion of SnO2 in the ETL increase from 0 to 0.2. Beyond this proportion, the mean 

values of these PV parameters decreased. The trend observed in the variation of these 

parameters with the proportion of SnO2 in the ETL follows the same trend displayed by the σ 

of the ETL (Figure 4.6(d)). This indicates that σ of the ETL played a role in shaping the 

performance of the overall PSC device. However, the mean values of the Voc showed a 

general decrease with the SnO2 content in the ETL due to a possible downward shift in the 

conduction band edge of TiO2 when modified with SnO2 (Ranjan et al., 2018). 
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4.5 Summary and concluding remarks 

Pristine TiO2 and SnO2-modified TiO2 thin films with different proportions of SnO2 

have been studied as ETLs in FA-rich planar PSCs. The results show that incorporating SnO2 

in TiO2 in the right proportion improves its electrical conductivity and optical transmission of 

the ETL film which consequently increases the PCE of PSC. By introducing 0.2 volume 

proportion of SnO2 in TiO2, the PCE of the PSC increased by 7.17%. The improvement is 

mainly attributed to the enhancement in the electrical conductivity of the ETL and the 

accompanying reduction in Rs of PSC that increases the charge carrier collection efficiency 

and hence the PCE. The EIS results show that the values of Rs of the PSCs decrease from 5.23 

Ω cm
2
 to 3.67 Ω cm

2
 when TiO2 ETL is modified with 0.2 volume proportion of SnO2. From 

this study, we conclude that the strategies geared towards reducing Rs in PSCs are beneficial 

in improving the PCE. 
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CHAPTER FIVE 

 A STUDY OF THE EFFECTS OF A THERMALLY EVAPORATED 

NANOSCALE CsBr LAYER ON THE OPTOELECTRONIC PROPERTIES AND 

STABILITY OF FORMAMIDINIUM-RICH PEROVSKITE SOLAR CELLS 

5.1  Introduction 

In this chapter, a nanoscale Cesium Bromide (CsBr) layer of varying thicknesses was 

introduced into FA-rich mixed halide perovskite film via thermal evaporation technique. The 

effects of the thickness of the CsBr layer on the optoelectronic properties of the perovskite 

film and the performance characteristics of the resulting PSC are discussed.  

Perovskite solar cells (PSCs) are emerging solar cells with unique optoelectronic 

properties and simple processing routes that make them stand out from other PV technologies 

in the pursuit of high performance and low-cost solar energy harnessing systems (Assadi et 

al., 2018; Shi & Jayatissa, 2018; Tai et al., 2019). Within a short period, PSCs have achieved 

remarkable progress in their power conversion efficiencies (PCEs) and are currently almost at 

par with the conventional PV technologies based on crystalline silicon (Green et al., 2018). 

This progress was a culmination of many concerted efforts from researchers drawn from 

different disciplines that yielded a better understanding of their structure, optoelectronic 

properties, and their working principles (Chouhan et al., 2020; Hussain et al., 2018). 

However, the PSC technology is still faced with myriads of challenges which; amongst others; 

include non-radiative recombination power losses and performance degradation under real 

outdoor operating conditions (Kundu & Kelly, 2020; Wali et al., 2020).  
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Various studies that have been carried out to probe the origin of the above-mentioned 

challenges have pointed out that they are majorly caused by perovskite phase instability and 

the presence of defects in the bulk of the AL and at the interfaces with the CTLs (Asghar et 

al., 2017; Chen et al., 2016; Fu et al., 2020). The morphology of the perovskite film plays a 

big role in controlling the defect states in the bulk and at the interfaces. Therefore, research 

efforts have been expended to improve the morphology of the perovskite AL through 

compositional engineering (Kim et al., 2019), solvent engineering (Liu & Xu, 2020), 

optimization of perovskite precursors (Yakiangngam et al., 2019), additive engineering 

(Zhang & Zhu, 2019), improving deposition conditions (Zeng et al., 2017) and optimization of 

post-treatment techniques (Xiao et al., 2020). These strategies are aimed at controlling the 

nucleation and crystallization dynamics of the perovskite film to passivate the defects at grain 

boundaries which are the genesis of most problems in PSCs (Landi et al., 2017; Sherkar et al., 

2017; Wang et al., 2019). The tunability of the perovskite (ABX3) structure through elemental 

substitution and mixing has given rise to perovskite films with mixed cations and mixed 

halides which have better morphologies and superior photophysical properties (Kim et al., 

2019; Zhen Li et al., 2016; Tailor, Abdi-Jalebi, Gupta, Lu, et al., 2020). The elemental 

substitution/mixing also tunes the tolerance factor that stabilizes the perovskite phase and 

improves its stability (Li et al., 2016; Xu et al., 2020).  

In an effort to enhance PCEs and stability of PSCs, Cesium (Cs)-based mixed cation-

mixed halide PSCs have been explored (Bella et al., 2018; Liu et al., 2018; Tang et al., 2020). 

The Cs atom occupies the A-site in the ABX3 structure of perovskite which is important in the 

formation of the closed packed structure and in improving charge carrier mobility in 

perovskite films (Myung et al., 2018). The ionic radii of the A-site cations control the B-X 
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bond length in the perovskite structure which dictates the band gap of the resulting perovskite 

film (Li et al., 2008). The smaller ionic radius of Cs
+
 (1.81 Å) can cause lattice contraction or 

octahedral tilting which increases the bandgap of the perovskite film (Bush et al., 2018; 

Prasanna et al., 2017). In spite of this, the presence of Cs
+
 in the right proportion is beneficial 

in stabilizing the perovskite α-phase, reducing the defect density as well as improving optical 

absorption and carrier lifetimes in the perovskite layer which in turn improves the stability, 

reproducibility, and PCE of PSC (Bella et al., 2018; Saliba et al., 2016; Tang et al., 2020).  

The Cs
+
 is incorporated into the perovskite film from Cesium halides (CsX, X = I, Br, 

Cl) which are usually added directly into the precursor solutions or via interfacial 

interdiffusion method (Chavan et al., 2019; Li et al., 2018; Liu et al., 2018). Recent studies 

have found the interfacial interdiffusion method to be a good strategy to incorporate Cs
+
 into 

the perovskite absorber layer while simultaneously tuning the interface energetics (Xue et al., 

2018). The technique can allow for localized incorporation of Cs
+
 within the vicinity of the 

interface between the perovskite layer and the CTLs which helps to mitigate the expected 

blueshift in the absorption edge of the perovskite film while boosting its crystallization 

dynamics. Among the Cs halides, CsBr has been shown to be more effective in improving 

both the PCE and stability of PSCs (Chen et al., 2019; Li et al., 2016; Ueoka et al., 2018). 

Pang and co-workers (Pang et al., 2021) incorporated CsBr into the perovskite film via 

interfacial interdiffusion method and they found that CsBr is essential in passivating the 

defects in perovskite bulk, promoting charge extraction through better band alignment at the 

CTL/perovskite interface and improving the asymmetric charge transport due to gradient 

distribution of CsBr in the perovskite bulk. It is, therefore, very important to have an in-depth 

understanding of the effect of CsBr on the microstructural and optoelectronic properties of 



 

116 
 

perovskite film as well as the long-term stability of the ensuing PSCs. Furthermore, a suitable, 

low-cost, and scalable CsBr deposition approach needs to be sought since CsBr has limited 

solubility in most solvents.  

Herein, we present a novel Cs incorporation process where a thin layer of CsBr is 

thermally evaporated between the lead (II) Iodide (PbI2) and the organic components. In other 

words, the perovskite film is formed via a three-step process where PbI2 is first deposited 

followed by thermal evaporation of CsBr and finally the organic mixed solution (FAI, MABr, 

MACl). The effect of the CsBr layer thickness on the microstructural properties, surface 

chemical states, and electronic structure of the perovskite film is studied. The thickness of the 

CsBr layer was varied from 0 nm (control), 30 nm, 50 nm to 100 nm, and the different 

perovskite films were respectively labeled as CsBr0, CsBr30, CsBr50, and CsBr100. We see 

an improvement in the crystal quality and the surface properties of the perovskite films, with 

the incorporation of CsBr. The resulting PSC based on the CsBr50 perovskite film showed 

15% improvement in PCE and was able to retain over 70% of its PCE for over 120 days in an 

un-encapsulated state. The results of this study demonstrate the importance of the thermally 

evaporated CsBr layer in improving the long-term stability of PSC. 

5.2  Materials and methods 

5.2.1 Materials 

Materials used in this work were purchased from Sigma Aldrich and they were used as 

received unless otherwise indicated.  Chemicals include: lead (II) Iodide (PbI2, 99.99%); 

Methyl ammonium Bromide (MABr); Methyl ammonium Chloride (MACl); Formamidinium 

Iodide (FAI); Cesium Bromide (CsBr), Titanium diisopropoxide bis(acetylacetonate) (75% wt 

in isopranol), 2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene (Spiro-
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OMeTAD); Fullerine-C60, 4-tert-butylpyridine (tBP); lithium bis-(tri-

fluoromethanesulfonyl)imide (Li-TSFI), and Tin (IV) Oxide nano-particle ink (2.5% wt in 

butanol). Fluorine-doped tin oxide (FTO)-coated glass and solvents such as Acetonitrile 

(99.8%), Acetone, Isopropyl alcohol (IPA), N,N-dimethylformamide (DMF; 99.8%), 

Dimethyl sulfoxide (DMSO; 99.9%), Chlorobenzene and Butanol solvents were also 

purchased from the Sigma Aldrich while pure gold (99.999%, Lesker) was purchased from 

Kurt J. Lesker Company.  

5.2.2 Materials processing  

Pre-patterned FTO-coated glass substrates were cut into dimensions of 12.5 mm by 25 

mm and sequentially cleaned in an ultrasonic bath using detergent, deionized water, acetone, 

and IPA for 15 min each. The substrates were tried in nitrogen gas before being treated with 

UV ozone for 15 minutes to remove any residual organic matter. An ETL was formed from 

precursor solutions consisting of  0.15 M and 0.3 M solutions of TiO2 as described elsewhere 

(Oyewole, Koech, Ichwani, Ahmed, Tamayo, et al., 2021). However, the 0.3 M TiO2 solution 

was modified with SnO2 nanoparticles to obtain SnO2-TiO2 mixed solutions with a volume 

fraction of 0.2 before being spin-coated. The perovskite film was processed via a three-step 

deposition process where PbI2 was first spin-coated on the ETL, followed by thermal 

evaporation of CsBr and a final spin coating of the organic components. The PbI2 was spin-

coated at 1500 rpm for 30 seconds; from a precursor solution containing 599.3 mg of PbI2 in 1 

ml of DMF: DMSO (19:1, v/v); followed by annealing at 70 
0
C for 1 minute. Different 

thicknesses of CsBr were then deposited onto the PbI2 thin film using a thermal evaporator 

(Edward E306A, UK). It is important to note that the deposition of CsBr on PbI2 thin film was 
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not immediate due to the waiting period for a high vacuum to build after loading the samples 

in the thermal evaporator.  

Subsequently, the organic solution containing a mixture of FAI, MABr, and MACl (60 

mg, 6 mg, 6 mg) in 1 ml of IPA was spin-coated onto CsBr at 1300 rpm for 30 seconds. This 

was then annealed at 130 
0
C for 20 minutes to allow for the formation of perovskite crystals. 

The summary of the perovskite film preparation procedure is indicated in the schematics of 

Figure 5.1. A layer of the hole transport layer (HTL) was formed by spin coating Spiro-

OMeTAD solution onto the perovskite film at 4000 rpm for 30 s. The Spiro-OMeTAD 

solution was prepared by adding 30 μL of tBP and 35 μL of a solution containing 260 mg of 

Li-TSFI salt in 1ml of acetonitrile into a solution containing 72 mg of Spiro-OMeTAD in 1ml 

of chlorobenzene. Finally, a 90 nm thick layer of gold was thermally evaporated onto the 

Spiro-OMeTAD film under a high vacuum (pressure of ~10
–6

 Torr) at an average deposition 

rate of 1.1 Å/s. All depositions were done under ambient conditions (~25-30
o
C, 25-55 %RH). 
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Figure 5.1: Schematic diagram showing the perovskite film preparation procedure 

5.2.3 Materials characterization 

The microstructural studies of the films were carried out by taking their top view 

images using a field emission scanning electron microscope (SEM) (JEOL JSM-700F, 

Hollingsworth & Vose, MA, USA). The structural properties were probed using an X-ray 

diffractometer (Malvern PANalytical, Westborough, MA, USA) under Cu Kα radiation source 

with 2θ angles from 5-70
0
. The optical properties were measured in the wavelength range of 

200 nm to 1100 nm using an Ultraviolet-Visible (UV-Vis) spectrometer (AVANTES Starline, 

Avaspec-2048) while the photoluminescence (PL) measurement was done with an excitation 

wavelength of 450 nm using laser light. The X-ray photoelectron spectroscopy (XPS) and 

ultraviolet photoelectron spectroscopy (UPS) studies were carried out using a PHI5600 XPS 

system following the method described elsewhere (Carl et al., 2017). The PV performance 
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and electrochemical impedance (EI) characteristics of the fabricated PSC devices were studied 

under AM1.5G illumination of 100 mW/cm
2
 using Keithley 2400 source meter unit (Keithley, 

Tektronix, Newark, NJ, USA) and potentiostat (SP-300, BioLogic Instrument) each connected 

to a solar simulator (Oriel, Newport Corporation, Irvine, CA, USA). The J–V measurement 

for the PSC device was carried out on a device area of 0.1 cm
2 

with a voltage scan range of -

0.4 to 1.2 V while the EI studies were performed with an AC amplitude of 10 mV in the 

frequency range 1 MHz to 10 Hz.  

5.3 Results and discussion 

The morphology of perovskite film is controlled by its crystallization dynamics which 

is a function of many variables such as perovskite stoichiometry, fabrication conditions, and 

post-treatment techniques (Abbas et al., 2020; Guo et al., 2019). Proper control of perovskite 

film morphology is the best route to achieve compact and pinhole-free films that have better 

light absorption and longer charge carrier diffusion lengths. Figures 5.2(a-d) present the SEM 

images of the perovskite films for different thicknesses of the CsBr layer. We observe a 

change in the morphology of perovskite films with the incorporation of CsBr, which implies 

that the thickness of the CsBr layer affected their crystallization dynamics. The top surface 

SEM image of the CsBr0 film shows more pronounced grain boundaries when compared to 

the CsBr-modified perovskite films. The CsBr30 and CsBr50 show surfaces with no distinct 

boundaries between adjacent grains while the CsBr100 shows some grain boundaries but they 

are not as pronounced as those of CsBr0. This shows that the CsBr-modified perovskite films 

had more compact films with well-passivated grain boundaries. This grain boundary 

passivation effect of CsBr is important in addressing the problems in PSCs that are caused by 

the presence of defects.  
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Figure 5.2: SEM images of perovskite films at different thicknesses of CsBr layer: (a) control, 

(b) 30 nm, (c) 50 nm and (d) 100 nm 

The structural properties of the perovskite films were also studied to gain an 

understanding of the possible effects of the CsBr layer on their crystal quality. The XRD 

patterns of the CsBr0, CsBr30, CsBr50 and CsBr100 perovskite films are depicted in Figures 

5.3(a-b). All the films showed diffraction peaks at 2θ angles around 14.0°, 19.9°, 24.4°, 28.2°, 

31.5°, 40.2°, and 42.8° that shows the formation of black (alpha) perovskite phase (Dong et 

al., 2018). The intensities of the main peaks at 14.0° and 28.2° were found to increase with the 

thickness of the CsBr doping layer up to 50 nm and decreased thereafter. The increase in peak 

intensities between CsBr0 and CsBr50 shows that the CsBr layer up to 50 nm improves the 

crystallinity of the perovskite film. Beyond 50 nm, the crystallinity decreases slightly as seen 

by the reduction in the intensity of the main peak. It is also evident from Figure 5.3(b) that the 
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major peak at 14.0°
 
shifts towards higher angles as the thickness of the CsBr layer increases, 

indicating a decrease in the lattice parameter. This decrease in the lattice parameter is a 

confirmation that Cs; which has a smaller ionic radius; has successfully been incorporated into 

the perovskite film. Figure 5.3(c) shows the variation of the position and d-spacing of the 

major peak at 14.0° with the thickness of the CsBr layer. In agreement with the shift in the 

peak position to higher angles, the d-spacing decreases as the thickness of the CsBr layer 

increases. The peak seen at 12.6° in the perovskite films CsBr0 and CsBr30 can be indexed to 

the (001) plane of hexagonal lead iodide (PbI2) (Acuña et al., 2016). The presence of this peak 

in these films shows the existence of some unreacted lead iodide. The intensity of this peak is 

lower in the perovskite film CsBr30 when compared to that in CsBr0 film and is invisible in 

the films CsBr50 and CsBr100. This shows that the presence of CsBr layer is likely to have 

facilitated the reaction of PbI2 with the organic components to form perovskite. 

 

Figure 5.3: (a) XRD patterns of the perovskite films with different CsBr layer thicknesses (b) 

Zoomed-in view of the major peak (c) Variation of peak position and d-spacing with the 

thickness of CsBr layer. 

The surface chemistry of a semiconductor is quite sensitive to the fabrication 

conditions and the presence of any substance that may induce changes in the lattice 

discontinuities and periodicity of chemical bonds (Ono & Qi, 2016). A change in the surface 
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states of perovskite film affects its electronic structure and its interfacial interaction with 

adjacent CTLs which influences its charge transport dynamics (Shao & Loi, 2020; Zu et al., 

2017). To understand the influence of CsBr on the surface states of the perovskite films, X-ray 

photoelectron spectroscopy study of the different films was carried out. The XP results 

complemented the XRD results by revealing near-interfacial concentration changes in the 

perovskite films as a function of CsBr deposition thickness. For perovskites with 0 nm-, 30 

nm-, 50 nm-, and 100-nm-thick initial CsBr layers, Figure 5.4 presents the high-resolution XP 

spectra of the Cs 3d5/2 regions that are each normalized to the corresponding I 3d5/2 feature 

intensity.  

 

Figure 5.4: High-resolution XP spectra of the Cs 3d5/2 and I 3d5/2 regions for perovskite 

samples as a function of CsBr thickness. 
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The figure demonstrates that thicker CsBr films yield successively increasing relative 

concentrations of Cs
+
 cations in the near-interfacial region of the resulting perovskite films. 

This indicates that varying the thickness of the CsBr layer effectively regulates the amount of 

Cs that can diffuse towards the surface of the perovskite film. The atomic mass ratios of 

different elements at the surface of the films CsBr0, CsBr30, CsBr50, and CsBr100 were 

determined from their XP core-level spectra and tabulated in Table 5.1. The atomic mass 

ratios of Cs to I and Cs to oxidized Pb at the surface of the perovskite film were found to 

increase with the thickness of the CsBr layer. This is a clear indication that the concentration 

of Cs at the surface increased with the thickness of the CsBr layer. We also employed the 

EDS cross-sectional analysis to study the distribution of Cs and Br within the bulk of the 

perovskite films and the underlying components.  

 

Table 5.1: Atomic ratios of different elements on the surface of perovskite films with different 

thicknesses of CsBr layer 

Sample ID I:oxidized Pb Cs:I Cs:oxidized Pb red. Pb:ox. Pb 

CsBr0 1.98 0.00 0.00 0.06 

CsBr30 2.19 0.01 0.02 0.27 

CsBr50 3.05 0.02 0.06 0.32 

CsBr100 2.13 0.06 0.14 0.17 

 

The EDS cross-sectional maps of the CsBr30- and CsBr100-modified perovskite films are 

displayed in Figure 5.5. The maps reveal the presence of Cs and Br in the bulk of the 

perovskite films and some traces of Cs and Br were also detected in the components below the 
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perovskite films, possibly due to diffusion that occurs during annealing (Oyewole, Koech, 

Ichwani, Ahmed, Tamayo, et al., 2021).   

 

Figure 5.5: (a) Cross-sectional SEM image and (b-e) Cross-sectional EDS maps of the CsBr-

modified perovskite films showing Cs and Br distribution 

The perovskite AL is the most important component of PSC due to its intrinsic 

function of light absorption and photogeneration. The light absorption capability of perovskite 

film determines the number of photons that can be absorbed to generate the charge carriers 

and is usually influenced by its thickness, defect density state, and bandgap (Ezealigo et al., 

2020; Wang et al., 2016). To understand the effects of the CsBr layer on the photo-physical 

properties of perovskite films, we carried out UV-Vis and PL studies on the different films. 

Figure 5.6(a) shows the light absorption spectra of the perovskite films at different thicknesses 

of CsBr. We observe a small blueshift in the absorption onset of the perovskite films as the 

CsBr layer thickness increases, which signifies an increase in the optical bandgap. The 
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bandgaps of the perovskite films at different CsBr thicknesses were estimated from 

absorbance using the Tauc plot as shown in Figure 5.6(b). The mean values of the bandgap 

were slightly blue-shifted from 1.547 ± 0.015 eV to 1.565 ± 0.021 eV as the thickness of the 

CsBr layer increased from 0 to 100 nm, which is also evident in the shift in the normalized PL 

peaks shown in Figure 5.6(c).  

 

Figure 5.6: (a) Absorption spectra of perovskite films (b) Tauc plot (c) Normalized PL curves 

(d) Eu values of the different perovskite films 

The shift in bandgap could be an indication of changes in the electronic band structure or 

reduction in the band tail states of the perovskite films with increasing CsBr layer thickness.  
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The distribution of band tail states within the bandgap of perovskite film can be 

studied by estimating the Urbach energy (Eu), a parameter that indicates the level of structural 

disorder in the film (Chantana et al., 2020). The Eu values of the different perovskite films 

were determined from the inverse slope of a plot of lnα vs photon energy (hν). The calculated 

values of Eu were observed to decrease from 19.24 ± 1.28 meV for CsBr0 to 16.67 ± 2.44 

meV for CsBr50 but thereafter increased to 19.74 ± 1.32 meV for CsBr100 perovskite films 

(Figure 5.6(d)). The lower Eu values for CsBr30 and CsBr50 films signify a decrease in 

structural disorder in these perovskite films (Caselli et al., 2020). The relative position of the 

band edges is also important in the charge injection and extraction dynamics in PSC devices 

since it controls the band offsets at the interface with the CTLs (Wolff et al., 2017). To 

investigate the impact of the CsBr layer on the electronic band structure of perovskite films, 

we carried out UPS study on the different perovskite films. Figure 5.7 shows the variation of 

the secondary photoemission cut-off energies (ESEC) for CsBr0, CsBr30, CsBr50, and 

CsBr100 perovskite films. The figure shows that ESEC values shifted towards lower binding 

energies as the CsBr layer thickness increased from 0 to 50 nm and shifted towards higher 

binding energies thereafter. This led to a slight increase in the work function (ΦWF) of the top 

surface of the perovskite films from 3.95 eV for CsBr0 to 4.12 eV for CsBr50 and later 

decreased to 3.99 eV for CsBr100. The increase in the ΦWF of the surface of perovskite film 

signifies a downward shift in the Fermi level (Ef) which may arise due to reduction in the 

donor-type defect states such as iodine vacancies or Pb
0 

that are known to make the films 

exhibit n-type conductivity (Frolova et al., 2015).  
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Figure 5.7: UPS spectra of different perovskite films: (a) CsBr0 (b) CsBr30 (c) CsBr50 and, 

(d) CsBr100 

 

The electronic band edge positions were determined from the combined UPS and UV-

Vis data for the different perovskite films. Table 5.2 summarizes the experimentally 

determined and interpreted values of ΦWF and the band edge positions relative to the vacuum 
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level (Evac). From these values, we drew the electronic band structure of the different 

perovskite films as depicted in Figure 5.8(a). The figure indicates that the CsBr layer 

thickness played a role in tuning the band edge positions in the perovskite film which control 

the interfacial band alignment and the charge carrier injection dynamics of the ensuing PSC 

structure shown in Figure 5.8(b). Higher interfacial band offsets between the perovskite layer 

and the CTL may cause thermionic power losses that contribute to a reduction in Voc 

(Stolterfoht et al., 2019b). Considering the planar PSC architecture we fabricated, the 

downward shift in ECBM of the perovskite film with CsBr thickness leads to a reduction of the 

interfacial energy barrier at ETL/perovskite interface which favors electron injection.  

 

Figure 5.8: (a) Band structure of perovskite film at different CsBr thickness (b) Planar PSC 

fabricated 
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Table 5.2: Electronic band structure parameters based on UPS and UV-Vis data.   

Sample 

 Experimental data  Interpreted Results 

 ΦWF EVB vs Ef Eg  EVBM vs Evac ECBM vs vs Evac  

CsBr0  3.95 –1.72 1.547 ± 0.015  –5.67 –4.12 

CsBr30  4.03 –1.70 1.552 ± 0.025   –5.73 –4.16 

CsBr50  4.12 –1.81 1.559 ± 0.016  –5.93 –4.36 

CsBr100  3.99 –1.94 1.565 ± 0.021  –5.93 –4.35 

 

The performance of PSC is a function of many variables which are strongly influenced 

by the device fabrication conditions (Roy et al., 2020b). To understand the impacts of the 

thermally evaporated CsBr layer on the PV parameters, we recorded the J-V curves of the 

PSCs fabricated with CsBr0, CsBr30, CsBr50, and CsBr100 perovskite films as absorber 

layers. Figure 5.9(a) compares the J-V curves of the control and the best performing CsBr-

modified PSC devices from which we observe an improvement in both the short circuit 

current (Jsc) and the open-circuit voltage (Voc) in the CsBr-modified device. The PV 

performance parameters for the different PSCs are summarized in Table 5.3. It is seen that the 

parameters varied with the thickness of the CsBr layer in the AL. The PSC device with 

CsBr50 perovskite film showed better PCE when compared to the rest. The improved PCE for 

the device with CsBr50 perovskite film as absorber layer can be associated with the improved 

perovskite film morphology or better interface band alignment that led to improved charge 

carrier collection efficiency as shown by the EQE curves in Figure 5.9(b).  
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Figure 5.9: (a) J-V Curves (b) EQE Curves (c) Nyquist plots (d) Bode plots for control and 

best performing PSCs 

To establish the real cause of the observed PCE improvement in PSC device with 

CsBr50 perovskite absorber, we probed the charge transport and recombination dynamics of 

the device relative to the control device using EI spectroscopy. The EI spectra for both PSC 

devices were represented in the form of Nyquist and bode plots as shown in Figure 5.9(c)-(d). 

The plots indicate that the devices exhibit two relaxation processes that are usually associated 

with charge transport dynamics. In the Nyquist plots of Figure 5.9(c), we see two arcs; one in 

the low-frequency regime and the other in the high-frequency regime; that are respectively 

associated with recombination and charge carrier transfer resistances within the layered PSC 
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structure (Juarez-Perez et al., 2014b). The Nyquist plots were fitted with an equivalent circuit 

consisting of resistors and constant phase elements; shown in the inset of Figure 5.9(d); in 

order to obtain the values of the parameters of interest such as the series resistance (R1) and 

the charge transfer resistance (Rct). The values of R1 were determined to be 34.12 Ω and 33.46 

Ω for the control and CsBr-modified PSC devices respectively while the Rct values were 

66.84 Ω and 62.02 Ω. Thus, R1 and Rct values were lower for the CsBr-modified PSC device 

when compared to the control device which led to a reduction in the charge carrier 

recombination.  

Table 5.3: Summary of the PV performance parameters for PSCs with different perovskite 

layers 

Perovskite 

film PCE Jsc Voc FF 

CsBr0 14.86(14.07±0.98) 22.77(22.4±0.71) 1.008(0.992±0.018) 64.73(63.33±3.39) 

CsBr30 16.49(15.78±0.84) 24.36(23.76±1.02) 1.008(0.992±0.009) 67.16(66.96±1.96) 

CsBr50 16.78(16.19±0.17) 24.85(24.76±1.02) 1.04(1.024±0.021) 64.93(63.84±2.92) 

CsBr100 15.11(13.37±1.41) 23.26(21.62±1.77) 0.96 (0.944±0.015) 67.67(65.52±2.08) 

 

The long-term stability of PSCs under ambient conditions is another important 

parameter for consideration in the efforts to accelerate the commercialization of this PV 

technology. To understand the role of the CsBr layer on the degradation behavior of PSCs, we 

monitored the PV performance characteristics of the control and the best performing CsBr-

modified PSC devices left to age in an un-encapsulated state for 4 months under the ambient 

conditions by periodically recording their J-V and EQE curves. The PV parameters were 

determined from the J-V curves and normalized to clearly show their degradation rate. The 
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evolution of the normalized PV performance parameters with time (days) is depicted in Figure 

5.10(a)-(d).  

 

Figure 5.10: Variation of the normalized PV performance parameters of PSC with time (a) Jsc 

(b) Voc (c) FF and, (d) PCE 

The figure shows that the PV performance parameters of the control and best performing PSC 

based on the CsBr50 perovskite absorber decreased gradually with time. It is important to note 

that the decrease in the PV parameters of the PSC device with the CsBr-modified absorber 

layer was slower than that of the control device. The PSC with CsBr50 perovskite film as the 

light-absorbing layer was able to retain over 70% of its PCE for over 120 days.  

The EQE of a solar cell is a parameter that quantifies the charge carrier collection 

efficiency of the device at a given wavelength region of the solar spectrum and provides 
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useful information on the degradation behavior of PSCs (Hierrezuelo-Cardet et al., 2020).  

Figure 5.11(a)-(b) depicts the EQE curves of the control and best performing CsBr-modified 

PSCs. From the figure, we observe that the EQEs of both PSC devices decreased with the 

aging time and that the decrease is more pronounced in the long-wavelength region of the 

solar spectrum. The decrease in the EQE is also seen to be faster for the control device than 

that of the CsBr-modified counterpart.  

 

Figure 5.11: EQE Curves of (a) the control and (b) best performing CsBr-Modified PSC at 

different times 

 

The faster EQE decay in the long-wavelength region is an indication that the charge carrier 

collection from the bulk and at the back surface of the devices is impaired as they age 

(Hierrezuelo-Cardet et al., 2020; Xu et al., 2017). This means that the charge transfer 

properties at the perovskite/Spiro-OMeTAD interface become poor as the devices age.  

To establish the real cause of this observation, we compared the SEM cross-sectional 

images of freshly prepared devices and those that have been aged for 2 and 4 months under 

ambient conditions for both the control and the CsBr-modified PSC devices. Figure 5.12(a)-
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(f) shows the SEM images from which we observe voids (marked with arrows) in the Spiro-

OMeTAD (HTL) in both the control and CsBr-modified devices after being aged. This shows 

that the HTL undergoes degradation faster than the other components of the device possibly 

because it is more exposed to the ambient conditions when compared to the other components. 

The degradation in the Spiro-OMeTAD will affect the interfacial energetics at the 

perovskite/HTL interface of PSC which reduces the charge carrier collection efficiency. The 

degradation of Spiro-OMeTAD will finally expose the perovskite layer to the ambient 

conditions causing it to degrade as seen in the SEM cross-sectional images after aging the 

devices for a period of 4 months. The perovskite film CsBr0 appears to be degraded more than 

the perovskite film CsBr50 for the CsBr-modified device. This shows that the CsBr layer has 

an important effect of suppressing the degradation of PSCs.  

 

Figure 5.12: SEM Cross-sectional images of PSCs at different aging times (a) CsBr0-Freshly 

prepared (b) CsBr0 film after 2 months (c) CsBr0 film after 4 months (d) CsBr50-Freshly 

prepared (e) CsBr50 film after 2 months (f) CsBr50 film after 4 months 
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5.4  Summary and concluding remarks 

A thermally evaporated CsBr layer of appropriate thickness in FA-rich perovskite film 

passivates the grain boundaries and modifies the interfacial energetics with adjacent CTLs. 

This improves the charge transport and PV performance characteristics of PSC while 

simultaneously suppressing the degradation of the perovskite layer when exposed to ambient 

conditions. We have shown that the incorporation of a 50 nm thick CsBr layer in the absorber 

layer helps to improve the PCE and long-term stability of PSC. The CsBr-modified PSC 

showed a 15 % improvement in the PCE when compared to the control device and was able to 

retain about 70 % of its initial PCE for over 120 days. The improvement in PCE and stability 

resulted from defect passivation and band structure modulation effects of CsBr as revealed by 

the SEM and UPS studies.  
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CHAPTER SIX 

EFFECTS OF POLYETHYLENE OXIDE POLYMER ON THE 

PHOTOPHYSICAL PROPERTIES AND OPERATIONAL STABILITY OF FA-

RICH PEROVSKITE SOLAR CELLS 

6.1  Introduction 

This chapter presents the results on the use of polyethylene oxide (PEO) polymer as an 

additive in perovskite film to achieve synergetic improvement in the PCE and stability of 

PSC. The chapter also highlights the important role of PEO in tuning the optoelectronic 

properties of perovskite films and the overall photo-physical properties of PSC while boosting 

its resistance to light- and moisture-induced degradation. 

Perovskite solar cell (PSC) is a nascent low-cost solar cell technology that has caused 

a paradigm shift in the field of photovoltaics because of its potential for solar harnessing 

systems with low energy payback times (Bhat et al., 2018; Ibn-Mohammed et al., 2017; 

Kamat, 2013). The superior photovoltaic (PV) characteristics of PSCs originate from the 

excellent optoelectronic properties of their organo-metallic halide perovskite-based 

photoactive layers (Chen et al., 2015; Manser et al., 2016). Motivated by these properties, 

multi-faceted research efforts have been expended towards improving their processing 

conditions, device architecture, and material properties (Roy et al., 2020; Wu et al., 2021). 

This has led to a rapid evolution in their power conversion efficiencies (PCEs) to the current 

recorded value that rivals the highest recorded value for the mature crystalline silicon-based 

PV technology (Gai et al., 2019).  
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Unlike the conventional crystalline silicon-based PV technologies, PSC is still faced 

with the problem of degradation when exposed to the conditions in the environment. The 

ongoing research efforts are directed towards addressing this challenge while trying to push 

the PCE higher ( Xiang et al., 2021). Among the several approaches that have been explored, 

those that aim at engineering both the AL and the interface with the CTLs have been shown to 

be instrumental in achieving synergetic improvement in the PCE and the long-term stability in 

PSCs (Azmi et al., 2018; Koech et al., 2021; Lyu et al., 2021; Yang & Park, 2021). The 

improvement arises from the suppression of defects in the bulk of the perovskite film and the 

interface with the CTLs that are usually difficult to avoid due to the solution-based processing 

of perovskite films (Lee et al., 2018; Wang et al., 2018). These defects not only act as 

recombination centers but they also provide degradation pathways in perovskite films thus 

contributing to the loss of charge carriers and performance degradation (Lanzetta et al., 2020; 

 Leijtens et al., 2016). Therefore, in order to suppress the power loss and degradation 

mechanisms in PSCs, in-situ morphological control in the AL is a quintessential step (Brakkee 

& Williams, 2020; Wang et al., 2018; Zhao et al., 2018).  

Additive engineering can achieve this goal as well as modulate the interfacial 

properties of the entire PSCs (Wang et al., 2021; Zhang et al., 2021). Polymeric additives 

incorporated into perovskite precursors have been shown to aid the homogeneous nucleation 

and crystallization of perovskite films leading to the formation of large perovskite grains with 

reduced grain boundaries (Bi et al., 2016; Mei et al., 2021). Furthermore, the functional 

groups present in polymeric compounds enable them to coordinate and cross-link well with 

the uncoordinated metal ions and other atomic species in perovskite film thus reducing surface 

defects, increasing the charge carrier lifetime, reducing ion migration, and suppressing 
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moisture ingress in perovskite films (Bi et al., 2016; Han et al., 2019; Qi et al., 2014). 

Polymers can also modulate the interfacial barriers at the interfaces between the AL and 

CTLs. In particular, ethylene-based polymeric additives such as polyethylene oxide (PEO) not 

only act as cross-linking and crystallization inhibition agents but they also tune the interface 

energetics, suppress the ion migration, and improve the tolerance of perovskite films to 

degradation agents (Arya & Sharma, 2017; Bi et al., 2016; Silva et al., 2020; Wang et al., 

2020). These properties of PEO have recently been used to modify both the perovskite bulk 

and the interface properties in PSC leading to improvement in PCE and stability (Kim et al., 

2018; Lee et al., 2019; Qin et al., 2019). Although these studies have revealed the important 

role of PEO in the performance of PSCs, very few studies have focussed on the impact of 

PEO on the microstructure, electronic band structure as well as the charge carrier, and the 

excited state dynamics in FA-rich mixed halide perovskite films.  

In this chapter, we used a long-chain PEO polymer to passivate defects in the 

perovskite film, modulate the interfacial energetics and improve the PV performance 

parameters of a regular planar PSC. Unlike previous studies, the PEO additive in this work 

was incorporated on the organic components of perovskite precursors before spin coating on 

lead iodide to form perovskite thin films. With this, large-grained perovskite films with 

improved optoelectronic properties were formed, enabling the fabricated PEO-modified PSC 

to achieve a better PCE and stability when compared to the control device. The champion 

device containing 5 wt% of PEO showed the highest PCE of 18.03% with improved resistance 

to light- and moisture-induced degradation in performance. This study provides important 

information on the role of PEO additives in the fabrication of efficient and stable PSCs.  
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6.2  Materials and methods 

6.2.1  Materials 

Unless otherwise stated, most of the materials used in this work were purchased from 

Sigma Aldrich and used as received. Apart from Polyethylene Oxide (PEO) polymer, all the 

other materials have been listed in chapter four.  

6.2.2  Materials processing  

After sequential cleaning of pre-patterned FTO-coated glass substrate in a detergent, 

acetone, and IPA, an ETL was formed from mixed TiO2 and SnO2 precursor solutions as per 

the procedure described in the preceding chapters. The perovskite AL was formed on the ETL 

via a two-step spin-coating process where the lead (II) Iodide (PbI2) was first spin-coated 

followed by the organic components that were mixed with PEO in different weight 

proportions. The weight proportion of PEO in the organic mixed precursor solution was 

varied from 0 wt% (control), 2 wt%, 5 wt%, and 10 wt% so as to study the variation of the 

properties of the perovskite film with PEO proportion. After forming the perovskite film, a 

Spiro-OMeTAD-based HTL was deposited on it via spin-coating technique. The gold 

electrode was then thermally evaporated on the HTL to get a complete planar PSC.   

6.2.3  Materials characterization 

The morphological and structural features of the prepared perovskite films were 

respectively studied using a field emission scanning electron microscope (JEOL JSM-700F, 

Hollingsworth & Vose, MA, USA) and X-ray diffractometer (Malvern PANalytical, 

Westborough, MA, USA). The optical properties and the charge carrier dynamics of the films 

were probed using techniques such as ultraviolet-visible spectroscopy, photoluminescence, 

ultrafast transient absorption spectroscopy, x-ray photoelectron spectroscopy, and ultraviolet 
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photoelectron spectroscopy. The transient absorption spectroscopy (TAS) measurements of 

perovskite films were done using a HARPIA-TA ultrafast transient absorption spectrometer. 

In the measurement, 1030nm femtosecond pulses from a 40W Ytterbium laser (Carbide, Light 

Conversion) generated probe white light through a sapphire crystal. A 10W of the laser was 

coupled to an OPA (Orpheus, Light Conversion) to generate 400nm pump pulses with a 

fluence of 0.51 J/m
2
. Pump and probe signals, with 1mm spot size were focused on the sample 

whereupon the difference in absorption was detected by an Andor spectrograph and the 

difference in absorption; for a single wavelength for every delay time; was detected by a Si 

photodiode. The J-V, EIS, and EQE characteristics of the fabricated PSC device were studied 

on a device area of 0.05 cm
2 

using a Keithley source meter, a potentiostat (SP-300, BioLogic 

Instrument), and a QuantX-300 quantum efficiency measurement system respectively.  

6.3 Results and discussion 

6.3.1 Effect of PEO on microstructural properties of perovskite film 

 Controlling the morphology of perovskite film is an important route to obtain large 

and densely packed grains with reduced defect densities that will enable the fabrication of 

PSCs with improved performance characteristics (Tailor et al., 2020). The PEO additive 

incorporated into the perovskite organic precursor solution was able to tune the morphology 

of the film as can be seen in the SEM micrographs of Figure 6.1 (a)-(d).  It is evident that the 

morphology of the perovskite films improves as the proportion of PEO increases up to 5 wt%. 

Thereafter, a slight change in the film morphology is observed. The perovskite film containing 

10 wt% of PEO appears less compact and the PEO is seen to occupy the grain boundaries.  

An analysis of the grain sizes of the different films reveals that the average grain size 

increased with PEO content up to 5 wt% and a slight decrease is observed when the 
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percentage weight of PEO increased to 10 wt%. Specifically, the grain size increased from an 

average value of 0.8 ± 0.4 μm for the pure perovskite film to 1.3 ± 0.5 μm for the perovskite 

film containing 5 wt% of PEO and later decreased to about 1.2 ± 0.5 μm for the film with 

10% PEO. Similarly, the cross-sectional SEM images of Figure 6.2 (a)-(d) indicate that the 

grain size increased longitudinally as the proportion of PEO in perovskite film increased up to 

5 wt%. The available grain boundary areas are therefore greatly reduced when 5 wt.% of PEO 

is introduced into the perovskite film. This reduces the non-radiative recombination and 

charge carrier trapping centers in the AL which is important in PCE improvement in PSCs.  

 

Figure 6.1: SEM top surface images of perovskite films with (a) 0 (b) 2 (c) 5 and (d) 10 wt% 

of PEO 
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Figure 6.2: SEM cross-sectional images of perovskite films with (a) 0 (b) 2 (c) 5 and (d) 10 

wt% of PEO 

Additives incorporated into perovskite films can influence the nucleation and growth 

kinetics of the crystals thus affecting their microstructural properties. Some additives can 

cause metal-halogen-metal bond alteration and phase transformation in perovskite films 

through the filling of lattice vacancies and changes in the unit cell dimension (Soe et al., 

2016). In the case of the PEO additive, the XRD analysis of the perovskite films with and 

without PEO reveals that all the films crystallized in the cubic perovskite phase as indicated 

by their preferred orientation along the planes (110) and (220) in the XRD spectra of Figure 

6.3 (a). This means that PEO did not alter the phase of the perovskite film despite the 

morphological differences observed from the SEM images in Figure 6.1. However, the PEO 

additive led to a reduction in the crystallinity of the perovskite film as confirmed by the 

gradual decrease in the intensity of the major peak at (110) as the weight proportion of PEO in 

the film increased. We also noted that PEO did not alter the crystal lattice parameter of the 

perovskite films since the position of the major peak did not show any observable shift. 
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Therefore, the PEO additive may have interacted with the perovskite to form new chemical 

bonds with uncoordinated ionic species without necessarily changing its crystal structure.  

6.3.2 Interaction of PEO with perovskite film 

To obtain more information on the interaction of PEO with the perovskite films, we 

carried out FTIR studies as a function of the weight proportion of PEO in the film. The FTIR 

spectra; as seen in Figure 6.3 (b); show the emergence of new peaks in the PEO-modified 

perovskite films at wave number (k) values in the range 1517-1528 cm
-1

, ascribable to the C–

N stretch vibrational mode. The peak appears at k value of 1528 cm
-1

 for the film containing 2 

wt% of PEO and red-shifts to 1517 cm
-1

 for the film with 10 wt% of PEO. Similarly, the peak 

signature for C=O stretch; appearing at 1711 cm
-1

; in the control film redshifts to 1700 cm
-1

 

for perovskite with 10 wt% of PEO. This redshift in the position of the peaks is an indication 

of the coordination effects between functional groups in PEO with the perovskite crystals 

which may affect the intermolecular bond strengths. The observation has been attributed; in 

prior work; to the weakening of the C=O double bond due to the coordination effect from the 

oxygen atom in the PEO (Shi et al., 2020; Wang et al., 2020). Moreover, the same effect can 

arise from electron delocalization from the carbonyl (C=O) group due to the formation of 

Lewis base-acid adduct between the oxygen in the PEO and PbI2 in the perovskite (Zhao et 

al., 2020). 
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Figure 6.3: (a) XRD patterns, and (b) FTIR spectra of the perovskite films at different weight 

proportions of PEO 

6.3.3 Effect of PEO on the surface chemistry of perovskite films 

Due to the possible interaction of PEO with uncoordinated atomic species in 

perovskite film, the surface chemical state of the film may change when PEO is introduced 

into it. To find out whether the PEO loading influenced the surface chemistry of the 

perovskite films, we probed the variation in the surface characteristics of the films using XPS. 

The high-resolution XP spectra of the perovskite film; as a function of the percentage weight 

of PEO; are presented in Figure 6.4. It is seen that the XP spectra of all the films are nearly 

identical except for the additional features at binding energies of ~286 eV and ~532 eV 

(shaded blue) that are visible in the XP spectra of perovskite films modified with PEO. These 

features are those of the O 1s and C 1s core-level peaks which can be ascribed to the PEO 

additive. The presence of these features in the PEO-modified perovskite films strongly 

reaffirms the interaction of PEO with the perovskite as earlier revealed by FTIR results of 

Figure 6.3 (b). The features shaded in red are those of the adventitious and formamidinium 
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carbon originating from the perovskite itself while the ones shaded in orange are those of 

reduced lead which are indicative of beam damage in the films.  

 

Figure 6.4: High-resolution XP spectra of perovskite films at different wt% of PEO 

6.3.4 Effect of PEO on the optical properties of FA-rich perovskite film 

The optical response of perovskite photoactive material is an important aspect in its 

PV application as it determines the photon absorption and photo-generation processes which 
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are the backbone of solar to electricity conversion (Ball et al., 2015). Most lead-based 

perovskite films have their light absorption edge around 800 nm which can either be extended 

or reduced with the incorporation of additives. We studied the optical response of the FA-rich 

perovskite film as a function of PEO wt% and the results are displayed in Figure 6.5 (a)-(d). 

The optical absorption properties of the perovskite films (Figure 6.5 (a)) indicate that the 

absorbance of the films in the visible region improved with the wt% of PEO up to 5 % and 

decreased thereafter. The decrease is attributed to the microstructural changes that were 

observed in the films when PEO proportion is increased beyond 5 wt% as shown in the SEM 

images in Figure 6.1.  

 

Figure 6.5: (a) UV-Vis spectra (b) steady stead PL (c) TRPL and, (d) long decay lifetime as a 

function of wt % of PEO (Fluence 28.3 J/m
2
) 
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Photoluminescence (PL) properties and charge carrier lifetimes of the FA-rich perovskite 

films with and without PEO were studied using steady-state PL and time-resolved PL (TRPL) 

(Figure 6.5(b)-(c)). Detailed interpretation of PL and TRPL of perovskite films and devices is 

non-trivial and requires consideration of multiple interdependent processes such as Auger 

recombination, bimolecular recombination, trap-assisted Shockley-Read-Hall recombination, 

photon recycling, and carrier diffusion within the films and across the interfaces (Baloch et 

al., 2018; Kirchartz et al., 2020; Peán et al., 2020). Here, our goal is limited to elucidating the 

impact of PEO on carrier lifetime in FA-rich perovskite films. The results of the PL studies 

(Figure 6.5 (b)) indicate that all the perovskite films exhibit a strong band edge emission peak 

at ~ 1.55 eV (800 nm) with a negligible shift as PEO content increases. We also observe that 

at the same excitation conditions (485 nm, 28.3 J/m
2
 & 50 ps laser pulses with repletion rate 

of 10 kHz), PL intensity increases with increasing PEO content up to 5 wt% and decreases at 

10 wt%.  The highest PL intensity (~ 3 times stronger compared to control) observed in the 

film with 5wt% of PEO likely results from increased optical absorption of the excitation 

(Figure 6.5(a)) as well as from a reduction in non-radiative defect-mediated recombination. 

This agrees well with its optimized morphological properties such as larger, more uniform 

grains, seen in the SEM micrographs in Figure 6.1(c). The TRPL measurements show kinetics 

with sub-30 ns decay times (Figure 6.5(c)). We find that we can describe them with a bi-

exponential decay model to elucidate the influence of PEO. Internal radiative recombination 

lifetime in perovskites is typically significantly longer than the observed kinetics, often 

reaching tens of microseconds (Brenes et al., 2017), allowing us to tentatively ascribe the fast 

and slow (long) decay components to competing non-radiative recombination at bulk and 

surface trap states, respectively (Xing et al., 2014).  We find that the fast decay component, 
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with a time of constant ~ 1.1 ns, is unchanged by the PEO addition. On the other hand, the 

long PL decay component becomes slower with an increase in PEO content up until the 5 

wt% (Figure 6.5(d)). This is possibly driven by the increase in grain size and the 

corresponding reduction of the surface to volume ratio which reduces the surface trap 

recombination rate. At 10 wt%, the surface trap recombination rate increases again as PEO 

begins to accumulate at the grain boundaries as can be seen in Figure 6.1(d). The time 

constant for the long PL decay component in perovskite films was plotted as a function of the 

weight proportion of PEO (Figure 6.5(d)) where it becomes clear that the film with 5 wt% of 

PEO exhibited the least surface trap recombination rate. This means that, at this proportion, 

PEO was able to passivate defects on the surface of perovskite film. 

To obtain more insights into the optical properties of perovskite films, we studied the 

excited state dynamics of the FA-rich perovskite films over sub-picosecond to nanoseconds 

time scales by carrying out ultrafast TAS (Figure 6.6). Figure 6.6 (a) shows TA spectra of the 

different perovskite films in the delay time range of 0.4 ps – 10 μs following excitation with 

50 fs, 485 nm pulse with 0.51 J/m
2 

fluence. Transient absorption spectra exhibit a negative 

band in the 1.61-1.63 eV range attributed to the bleaching of the absorption band edge due to 

the valence band depopulation (Dar et al., 2017; Serpetzoglou et al., 2017; Ugur et al., 2019; 

Wang et al., 2014). It is also seen that the PB peak shows a small redshift with increasing 

pump delay times (Figure 6.6 (b)). It also shifts from 1.617 eV to 1.633 eV when the 

proportion of PEO is increased from 0 to 5 wt% and thereafter, it shifts to a lower value of 

1.631 eV for a weight proportion of 10 %. The shifts may be caused by the morphological 

changes in the film or intra-band excitonic states within the bandgap of the film (Yang et al., 
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2015). Positive transient absorption bands on both sides of the bleach arise due to the 

excitation-induced changes in the refractive index.  

 

Figure 6.6: (a) Transient absorption dynamics of the perovskite films at (a) different delay 

times and (b) fixed delay time (c) Decay kinetics of absorption edge bleach (d) Bleach 

recovery kinetics 

As Figure 6.6 (b) shows, transient absorption spectra at a fixed pump-probe delay time (here 

shown at 250 ps) are qualitatively similar in all the films. However, decay kinetics of the 
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absorption edge bleach show important differences (Figure 6.6 (c)). For all the films, the 

initial onset of the absorption edge bleach occurs on ~ 0.5 ps time scale as the hot photo-

injected carriers thermalize to the band edges. However, in the film with 10 wt% PEO 

content, absorption bleach continues to increase in magnitude beyond the sub-picosecond time 

scale, with the time constant of 12 ± 2 ps. We recall here that SEM images clearly show that 

at this high loading, a considerable fraction of PEO accumulates at the perovskite grain 

boundaries (Figure 6.1 (d)). As PEO itself has considerable optical absorption at 485 nm 

(Elimat et al., 2010), we tentatively attribute this slow build-up of perovskite valence band 

depopulation by injection of photoexcited holes from PEO to perovskite.  

Bleach recovery kinetics provides additional information on the optical behavior of the 

perovskite films (Figure 6.6(d)). In films with PEO content up to 5 wt%, recovery is 

biexponential over the 300 ps experimental time window, with a slower component that 

cannot be resolved by TA but likely lasts for microseconds. In fact, the bleach is not fully 

recovered on the time scale given by the excitation and probe repetition rate of 100 kHz (10 

µs), as shown in transient absorption spectra in Figure 6.6 (a). The fast recovery component is 

similar in all three films at 5-7 ps. The slower component is ~ 200 ps for the control (0 wt%) 

and 2 wt% films, but it slows down to ~ 450 ps in the optimal performance film with 5 wt% 

PEO and recovers even slower in phase-segregated film (10 wt%). 

Through its interaction with the uncoordinated ionic species in the perovskite film, 

PEO can induce surface dipole formation or cause band bending between the bulk and surface 

of the perovskite films which will influence their electronic structure and the dynamics of 

charge carriers (Daboczi et al., 2021; Wong et al., 2021). To develop a deeper understanding 

of the influence of PEO on the electronic band structure of the different FA-rich perovskite 
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films, we carried out UPS studies on the films containing varied weight proportions of PEO. 

Figure 6.7 (a) shows the variation of the surface work function (ΦWF) of the perovskite films 

with the wt% of PEO. We can see clearly that the value of ΦWF decreases as the PEO 

proportion increases up to 5 wt% where it begins to show a slight increase. The decrease in 

ΦWF is an indication of an upward shift in the position of the Fermi level (Ef) which may arise 

due to an increase in the donor density (n-type conductivity) resulting from the additional 

electrons from the electron-rich oxygen in PEO. The variation in ΦWF with the weight 

proportion of PEO can have some influence on the interfacial charge transport between the 

AL and ETL/HTL in the fabricated planar PSC (Figure 6.7 (b)) which will affect its PCE. 

 

Figure 6.7: (a) Work function of perovskite films as a function of the weight proportions of 

PEO (b) Architecture of the fabricated PSC device 

 

6.3.5  Performance characteristics of the PSC  

Photovoltaic performance characteristics of PSCs are influenced by several factors 

which include the light absorption and charge transport properties of the photoactive layer. 

These factors influence the efficiency of charge carrier generation and collection which 

consequently affect the current density and photovoltage of the resulting PSC device. To 
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investigate the effect of PEO on the photovoltaic performance characteristics of PSC, we 

fabricated a series of planar PSC devices with varying weight proportions of PEO in the AL. 

We then studied the variation of the PV, electrochemical impedance, and charge carrier 

collection properties of the different PSCs with the proportion of PEO in the AL. Figure 6.8 

(a-d) shows the J-V curves, EQE curves, and EIS of the champion devices for both the PEO-

modified and the control PSCs. As depicted from Figure 6.8 (a), the Voc and Jsc values for the 

champion devices were slightly higher for the PEO-modified device when compared to those 

of the control device. The PCE for the champion device modified with 5 wt% of PEO in the 

AL was 18.03% while that for the control device was 17.34 %. To assess the overall effect of 

the PEO additive on the PV performance parameters of the fabricated FA-Rich PSC, several 

devices with and without PEO were fabricated under the same conditions. Figure 6.8(b) shows 

the statistical analysis of the PCEs for a set of 29 devices with and without PEO. As can be 

seen from the figure, the peak of the normal distribution curve for the PEO-modified PSC 

devices is at a higher PCE value than that of the control device, an indication that the PEO-

modified device exhibited better average PCE than the control device. The mean value of the 

PCE was 9.07% higher for the device in which 5 wt% of PEO was incorporated into its AL. A 

clear picture of the variation in the mean values of the PV parameters with the weight 

proportion of PEO is shown in Table 6.1. The variation in these parameters with the 

proportion of PEO in the AL can partly be attributed to the defect passivation and electronic 

band structure modification effects of PEO as revealed by the SEM and UPS studies.  The 

charge carrier collection efficiencies of the PSC devices at each wavelength are shown by the 

EQE curves of Figure 6.8 (c). The EQE values of PSC with 5 wt% of PEO are generally 

higher than those of the control device at all the wavelengths under consideration. This means 
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that the PEO-modified device has better charge carrier collection efficiency than the control 

device. 

Table 6.1: PV performance parameters for PSCs with different PEO content in the AL 

Wt% of 

PEO  PCE Jsc Voc FF 

0 17.34 (14.98 ± 1.29) 24.54 (23.15 ± 0.77) 0.992 (0.929 ± 0.04) 76.60 (69.76 ± 5.75) 

2 16.57 (15.56 ± 0.84) 23.71 (23.0 ± 0.84) 0.992 (0.966 ± 0.03) 73.10 (70.05 ± 3.12) 

5 18.03 (16.34 ± 0.86) 24.52 (23.64 ± 0.56) 1.01 (0.970 ± 0.02) 76.15 (71.25 ± 2.87) 

10 14.5 (13.12 ± 2.07) 22.61 (21.45 ± 1.48) 0.992 (0.963 ± 0.05) 66.68 (63.12 ± 4.65) 
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Figure 6.8: Comparison of (a) J-V curves, (b) Statistical distribution of the PCE, (c) EQE, and 

(d) Nyquist plot for the control and PEO-modified PSC devices 

To find out the reason behind the observed differences in the charge carrier collection 

efficiencies of the PSC devices, we analyzed their electrochemical impedance characteristics 

in the dark. The results; expressed in the form of a Nyquist plot (Figure 6.8(d)); indicate that 

the device with the PEO-modified AL had slightly higher recombination resistance and lower 

series resistance when compared to the control device. This means that the loss of charge 

carriers via recombination is smaller in the PEO-modified device in comparison with the 

control device, justifying the observed higher EQE in the device.  
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To understand the effect of PEO additive on the operational stability of PSCs, we 

analyzed the variation of the PCE of the control and PEO-containing devices under 

continuous illumination and when stored under ambient conditions without any form of 

encapsulation. Figure 6.9 (a-b) shows the temporal variation in the normalized PCE of the 

devices under continuous illumination and storage in humid conditions. It is obvious from 

Figure 6.9(a) that the PEO-modified device had its normalized PCE remaining almost 

constant during the 2500 seconds of continuous illumination while the normalized PCE for the 

control device showed a continuous decrease after about 500 seconds. Furthermore, it is seen 

in Figure 6.9 (b) that the PEO-modified device was able to retain about 80 % of its initial PCE 

for up to 140 hrs of storage in an un-encapsulated state while that of the control device 

dropped below 80 % after just about 85 hrs. These results indicate that the PEO additive 

improves the light- and moisture-induced degradation resistance in FA-rich PSCs.  

 

Figure 6.9: Stability of PSCs under (a) Continuous illumination (b) Storage in ambient 

conditions 
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6.4 Summary and concluding remarks 

The incorporation of the right proportion of PEO into the perovskite layer improves 

the optoelectronic properties of the film and modulates the interfacial energetics in PSCs. 

Consequently, the light absorption and charge carrier dynamics in PSC are enhanced leading 

to an improvement in the photocurrent and the PCE. A planar PSC whose AL was modified 

with 5wt% of PEO demonstrated better PCE and operational stability relative to the control 

device fabricated under the same conditions. The PCE of the champion device with 5 wt% in 

its AL was 18.03% while that of the control device was 17.34%. The higher PCE in the PEO-

modified device originated from its reduced recombination that led to better charge carrier 

collection efficiency as revealed by the EIS and EQE studies. The PEO-modified device was 

able to retain over 80 % of its initial PCE after being stored for about 140 hrs under humid 

conditions (average relative humidity of 62.5±3.25 %) without encapsulation.  
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CHAPTER SEVEN 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

7.1  Introduction 

This chapter summarizes the important conclusions based on the results of the 

experimental studies that were carried out in this research work. The chapter also highlights 

some important aspects of research in PSCs that need to be carried out in the future as a 

follow-up to this work.  

7.2  Conclusions 

Since PSC is a multi-layered device consisting of different components, the properties 

of the individual components need to be optimized for optimum performance. However, this 

process is not as straightforward as one would expect because of the molecular interactions 

that occur among the components during processing. These interactions may occur via 

interdiffusion mechanism during thermal annealing or during device operation thus altering 

the properties of the adjacent components in a way that can be beneficial or detrimental to the 

performance of the resulting PSC device. From the individual studies that were carried out in 

this work, the following conclusions can be drawn:  

(1) The incorporation of additives in the ETL is a good strategy to improve the charge carrier 

extraction, transportion, and collection efficiencies in PSCs. For example, the 

incorporation of the right proportion of SnO2 into the TiO2-based ETL in planar FA-rich 

PSC led to an improvement in its electrical conductivity and optical transmission ability 

with a consequent improvement in the PCE of the device. As a result of the improvement 

in electrical conductivity of the ETL, the series resistance Rs of the ensuing PSC device 

decreased thus improving its FF and PCE.  
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(2) The charge carrier generation, dissociation, and separation processes are the fundamental 

processes that control the behavior of any PV device and are majorly dependent on the 

properties of the AL. The stoichiometry of the AL layer therefore greatly influences these 

ultrafast dynamic processes. The incorporation of additives in the AL that can increase 

the efficiency of these processes is thus an important step in performance optimization in 

PSCs. However, this should go hand in hand with mechanisms to enhance interfacial 

charge extraction and transportation efficiency so as to ensure efficient collection at the 

electrodes. In our study, we found that a thermally evaporated CsBr layer of appropriate 

thickness can achieve this goal. In chapter five of this dissertation, a 50 nm thick CsBr 

layer was found to be important in enhancing the morphology of the AL and tuning the 

interfacial properties in PSC. This was very useful in improving the charge transport 

kinetics and resistance to degradation in the fabricated FA-rich PSC leading to a 

synergetic improvement in the PCE and operational stability. The PCE of CsBr-modified 

PSC increased by 15 % relative to that of the control device without the CsBr layer. The 

50 nm thick CsBr layer also enabled the PSC to retain 70 % of its initial PCE for over 

120 days of storage under ambient conditions.  

(3) The incorporation of the right proportion of PEO into the perovskite AL not only 

improves the optoelectronic properties of the film but it also modulates the interfacial 

energetics in PSCs. Consequently, the light absorption and charge carrier dynamics in 

PSC are enhanced leading to improvement in the photocurrent and the PCE. A planar 

PSC whose AL was modified with 5 wt% of PEO demonstrated better PCE and 

operational stability relative to the control device fabricated under the same conditions. 

The PCE of the champion device with 5 wt% of PEO in its AL was 18.03% while that of 
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the control device was 17.34%. Thus about 9 %  increase in PCE was achieved upon the 

incorporation of the PEO additive in the AL. The higher PCE in the PEO-modified 

device originated from its reduced recombination rate that led to better charge carrier 

collection efficiency as revealed by the EIS and EQE studies. The PEO-modified device 

was able to retain over 80 % of its initial PCE after being stored for about 140 hrs under 

humid conditions (average relative humidity of 62.5±3.25 %) without encapsulation.  

7.3  Recommendations for future work 

From the research conducted in this work, the following aspects need further 

investigation in order to come up with more cost-effective strategies to improve the 

performance of FA-rich PSCs. First and foremost, a cost-benefit analysis based on the 

achieved gains in the performance versus the additional costs incurred in the processing of the 

solar cell needs to be carried out along with any performance optimization method. In this 

regard, there is a need to establish the optimum annealing conditions for the SnO2-TiO2 

composite ETL. Though the optimum annealing temperature for TiO2 is known to be 500 °C 

for 30 minutes, this temperature is very high for SnO2. Therefore, it is expected that a lower 

annealing temperature may work well for the SnO2-TiO2 composite ETL. We, therefore, 

recommend that a follow-up study focusing on the variation of the optoelectronic properties of 

SnO2-TiO2 as a function of annealing temperature needs to be done.  

Secondly, in our study on the use of CsBr additive in the AL, we used the thermal 

evaporation technique to incorporate CsBr in the AL given the difficulty of dissolving it in 

most solvents. Though the thermally evaporated CsBr layer was instrumental in enhancing the 

device PCE and stability, the time lapse between the deposition of PbI2 and CsBr was long 

due to the waiting time for a good vacuum to build up in the thermal evaporator. This not only 
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compromises the achievable PCE, but it also prolongs the fabrication process of PSC devices. 

This calls for the need to device another CsBr deposition procedure that is faster and scalable. 

Future research work should therefore focus on this aspect. On the same note, there is a need 

to understand how the optoelectronic properties of perovskite films and the PV performance 

characteristics of the resulting PSC devices evolve with the time lapse between the deposition 

of PbI2 and the organic components during the fabrication process. This will not only offer 

some useful insights on proper control of the two-step fabrication process of PSC but will also 

help in the choice of an appropriate CsBr deposition method for the CsBr-modified PSC 

devices. Furthermore, in order to achieve an optimized performance in the CsBr-modified 

PSCs, future studies should focus on establishing the best annealing conditions for the CsBr-

modified perovskite films that form the ALs in these systems.  

Thirdly, PEO is a polymeric additive that has the ability to boost the PCE and stability 

of PSCs as per our study in chapter six. As a polymer, it can influence the mechanical 

behavior of the rigid perovskite films. Research should therefore be carried out to understand 

how the mechanical properties of perovskite films scale with the PEO loading. This will open 

new frontiers of using PEO as an additive to enable the fabrication of PSCs that are 

mechanically compliant and can thus be mounted on non-planar surfaces.  Future research 

work should investigate the possibility of fabricating flexible PSC devices using PEO as a 

mechanical property modulating agent.  

Fourthly, from the experimental works carried out in chapter five and chapter six of 

this dissertation, the incorporation of both the CsBr and PEO additives in the AL resulted in 

PCE and stability improvement in PSCs. The percentage improvement in the PCE of the 

CsBr-modified PSCs; relative to the control device; was found to be higher than that of the 
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PEO-modified PSCs. However, this observation is not conclusive as the CsBr-modified and 

the PEO-modified PSC devices were fabricated at different times. A follow-up study that 

seeks to directly compare the performace of the devices with CsBr and PEO additives in the 

AL under the same processing conditions is important. This will help one to understand the 

best modification strategy for improving the PCE and the stability of FA-rich PSCs. 

Lastly, a suitable HTL that is less expensive and resistant to degradation is needed for 

FA-Rich PSC. The widely used Spiro-OMeTAD HTL is not only expensive but it has also 

been shown; by our study; to be the beginning point in device degradation. Therefore, it is 

important to carry out some studies that are aimed at finding a low-cost HTL material that can 

help to improve the operational stability of PSC without compromising on its PCE.  


