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Abstract 

Lead halide-based perovskite solar cells (PSCs) have become a popular choice to 

dethrone existing silicon-based photovoltaic technology due to their skyrocketing 

efficiencies and low-cost fabrication techniques. However, as they are racing for 

commercialization, lead toxicity is a major obstacle standing in the way hampering 

their large-scale manufacturing. Recently, tin-lead (Sn-Pb) mixed perovskites have 

gained unprecedented attention to mitigate lead toxicity along with obtaining 

outstanding power conversion efficiencies. But, since with every blessing comes a 

burden, unfortunately, Sn-Pb mixed perovskite materials have inherited two 

fundamental problems from their predecessors, tin perovskites: i) facile Sn+2 oxidation 

and ii) uncontrolled fast crystallization leading to the significant loss of PSCs device 

performance. To counter this, herein, additive engineering has been applied to 

ameliorate structural, optoelectronic, and morphological properties of Sn-Pb mixed 

perovskites. A Lewis base, caffeine (1,3,7-trimethylpurine-,2,6-dione), containing two 

carbonyl functional groups (C=O), is introduced which has also been extensively 

studied as an antioxidant in food and biotechnology. Control and caffeine doped Sn-

Pb perovskite precursors were prepared and spin-coated onto the glass substrates to 

prepare perovskite films. The prepared Sn-Pb perovskite films were studied using 

advanced characterizations techniques, i.e., X-ray diffraction, UV-visible 

spectroscopy, photoluminescence spectroscopy, Fourier transform infrared 

spectroscopy, electrochemical impedance spectroscopy, and scanning electron 

microscopy. The results indicate that caffeine-doped Sn-Pb perovskite films showed 

enhanced crystallinity, reduced trap-state density, and increased grain size implying 

superior structural, optoelectronic, and morphological properties as relative to the 

undoped Sn-Pb perovskites. 

Keywords: Ambient fabrication, Tin-Lead mixed perovskites, Narrow bandap, Lead 

mitigation 
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Chapter 1 Introduction 

This chapter discusses the background, importance, and need for solar photovoltaic 

technology as a tool to harvest energy from the Sun. Sun has remained a continuous 

source of energy making life possible on planet earth since its inception. However, for 

the last two hundred years, the industrial revolution has disrupted the balance of the 

entire ecosystem resulting in climate change and global warming, frequent droughts 

etc.   

1.1 Fossil fuel consumption and climate change 

Fossil fuels (Coal, Gas, and Oil) constitute a basic component in the energy sector of 

the world. They are used extravagantly in every energy-dependent domain of daily 

life. Primarily, Coal is utilized in the power sector to produce electricity from thermal 

energy stored in the coal. Whereas Gas is consumed in the heating domestic and 

industrial sectors as well for electricity production. Furthermore, it is used as a fuel in 

the transport sector. In the same way, the transport sector also relies heavily upon Oil 

that is being used excessively as a fuel to power automobiles. Since these resources 

are limited. Therefore, it is the undeniable truth that one day they will be going to 

diminish. The limited availability of fossil energy fuels is a serious global concern. 

Moreover, they have been a continuously growing source of global warming and CO2 

emissions. For the year 2021, according to the energy outlook report, for the first time 

in the last 50 years, the highest economic growth up to 6% is observed majorly relying 

upon the consumption of fossil fuels resulting in the second-largest increase of CO2 

and greenhouse gasses (GHGs) emissions in the world’s history.  As a result of the 

intense consumption of fossil fuels, unprecedented wavering weather conditions were 

recorded i.e., some countries were faced with extreme weather conditions like floods, 

etc. and others were faced with drought conditions for the year 2021.[1]  

In addition, British petroleum has reported that fossil fuels are holding major share in 

the current world energy consumption mix. Oil is considered as the biggest contributor 

having share more than 31.2% followed by coal and natural gas holding 27.2% and 

24.7% share, respectively. On the other hand, renewables have a very low share of 

energy to the current world energy  constituting approximately 5.7% of the current 

world energy mix consumption.[2] As a result, these fossil fuels are also major 

contributor to the annual GHG and CO2 emissions destroying the natural balance of 

the ecosystem for hundreds of years.[3] 
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Figure 1.1 a) World energy consumption mix.[2] b) CO2 emissions by different fuel 

type.[3] 

1.2 Influence of fossil fuel consumption on ecosystem 

Since the beginning of time, there exists a balance in nature and this balance is 

essential for the survival of mankind. However, human-engineered activities can 

introduce irreversible disorders in our environment. Although, natural disasters may 

also be the reason for this disorder which may not cause as much harm as human 

activities do. But human activities are more dangerous to mankind's survival than 

natural disasters i.e. floods, earthquakes, etc. It all started with the industrial revolution 

that began in the 18th century and continued playing its demeaning role in 

environmental destruction. In addition, use of fossil fuels in the transport sector has 

also bolstered up this rate. Moreover, the power sector is another major source of GHG 

emissions. Although, by the time, fossil fuels-based systems have acquired developed 

infrastructure and a highly efficient economy as compared to other energy sources 

along with dominant socio-economic progress, their impact on climate is catastrophic. 

Developing economies like China, and India is using coal excessively for their 

industrial growth and acting as leading environmental pollution actors. Environmental 

pollutants emitted from fossil energy fuels consumption are presented in the following 

table. 1.1.    
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Table. 1.1. Types of environmental pollutant, their sources, and their impacts on 

human health 

Sr 

No. 

Environmental 

pollutant 
Source Impacts on human health 

01 

 

Carbon Monoxide  

(CO) 

 

i) Incomplete combustion 

of fossil energy fuels 

causes emissions of CO 

i) Causes diseases like short-

ness of breath and dizziness 

02 

 

Nitrogen Oxides 

 (NO2, NO) 

 

i)Fossil fuel combustions 

at very high temperatures, 

usually above 1300 C, 

normally occur in auto-

mobiles 

i) NO2 can cause respiratory 

illness 

ii) Children may get affected 

badly by alleviated NO2 lev-

els  

03 

 

Sulfur Dioxide  

(SO2) 

 

i)SO2 emissions occur 

during coal combustions 

in thermal power plants 

i) Causes respiratory illness, 

chronic lung diseases, alter-

ations in lungs defenses, 

Asthmatics 

ii) Plants that are sensitive to 

SO2 may get damaged. 

04 

 

Particulates Mat-

ter (PM10, PM2.5) 

 

i)Particulates are emitted 

into the environment by 

fossil fuel combustions 

through industries' outlet 

chimneys 

Causes diseases include 

i)respiratory  

ii)cardiovascular 

iii) damage to lung tissues 

iv) Premature Death 

05 

 

Green House 

Gases (GHG) 

 

 

i) SO2, CO2, NOx, CH4 

emissions take place 

through  combustions of 

coal, gas, and oil 

 

i) GHG are primarily re-

sponsible for climatic 

change and global warming 

resulting in elevated earth 

temperature and glaciers 

melting 
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1.3 Sustainable development goals (SDGs) 

As per the United Nations (UN) mutual agreement, in order to achieve a sustainable 

development for the betterment of the entire world population, they have signed an 

agenda in September 2015 to end poverty protect the planet and ensure all people 

enjoy prosperity and peace, which is known as sustainable development goals or SDGs 

as shown in Figure 1.2.[4] SDGs are based on the principal of “leaving no one behind” 

and stress upon the all-inclusive approach for the sustainable development for 

everyone.  

Currently, 1.2 billion people out 7.8 billion of total world population are still deprived 

from the access to the clean energy for basic life needs including cooking and heating. 

These people normally obtain energy by burning dry wood or animal dunk which pose 

great risk to the chronical and respiratory diseases. Therefore, to mitigate the 

consumption of health hazards for energy purposes, it is also included in the SDGs to 

ensure clean and affordable energy to everyone on the planet by 2030, known as the 

7th goal of the SDGs. 

 

Figure 1.2 Sustainable development goals laid out by UN 2030 agenda.[4] 
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1.4 Renewable energy: a source of hope to mitigate climate change 

Meanwhile, fossil fuels (Coal, Gas and Oil) are used excessively to meet the energy 

demands of the world, their sources are depleting rapidly fuelling GHG emissions and 

climate change. Renewable energy has come forth as a source of hope to counter the 

dilemma of fossil fuels depletion and their catastrophic impact on the ecosystem of 

the planet earth. Renewable energy source such as solar, wind, hydro, tidal etc. are the 

inexhaustible sources of energy. However, among them, solar energy has attracted an 

unprecedented attention of the industrial and scientific community because of the 

following reasons: i) availability of sunlight and ii) ease of installation.  

 

Figure 1.3 Schematic illustration of various renewables and their role to mitigate 

climate change.[5] 

1.5 Evolution of photovoltaic solar cells 

After the discovery of photovoltaic effect by Einstein in 1839, researchers started 

working to develop energy devices that can directly convert sunlight into electricity 

by using photovoltaic effect. The ground shaking breakthrough was achieved in Bell 

laboratories in 1950s when they successfully developed silicon based photovoltaic 

solar cell at commercial level for space applications. These solar cell devices were 

later known as the Ist generation of the solar photovoltaic. The 1st  generation of the 

photovoltaic solar cells was primarily based on silicon based technology including 

monocrystalline and polycrystalline solar cells. For quite some time, this technology 

ruled the research scale. However, there were two major challenges that restricted 

large scale application of this technology: i) highly energy intensive processes for 
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silicon extraction and ii) power to weight ratio of silicon based solar cells. To 

overcome these challenges, further progress was made to develop light weight 

photovoltaic solar cells such as cadmium telluride (CdTe) and copper indium gallium 

selenide (or sometimes called CIGS) based solar cells were developed, known as the 

2nd  generation of the photovoltaic solar cells. Although, 2nd generation of 

photovoltaic solar cells were useful to offer cost competitive solutions, but they were 

mainly restricted due to their unfriendly environment character and upscaling 

problems.  

 

Figure 1.4 Evolution of solar cells along with their different types.[6] 

 To address all these issues, a 3rd generation of photovoltaic solar cells has evolved 

for the last three decades. The 3rd generation of the photovoltaic solar cells is 

fundamentally based on thin film technology offering unprecedented advantages 

including higher power conversion efficiencies (PCEs), high power to weight ratio, 

ease of fabrication, low-cost fabrication techniques etc. The leading 3rd generation 

photovoltaic solar cells technologies includes the following: 

• Perovskite solar cells (PSCs) 

• Dye-sensitized solar cells (DSSCs) 
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• Organic/polymer solar cells  

• Quantum based solar cells 

PSCs have emerged as the most competent type of solar cells for the last decade with 

an exponential growth in their PCEs from 3.2% in 2009 to 25.8% in 2021 in just 12 

years.[7], [8] However, PSCs large scale manufacturing and application is mainly 

limited due to the lead poisoning and their limited lifetime in ambient environment. 

These two challenges restrict public acceptance and their manufacturing at industrial 

scale.  

1.6 PSC device construction and working principal 

PSCs are primarily constructed in the p-i-n or n-i-p device structure where p denotes 

hole transport layer, i denotes photoactive or absorber layer and n denotes electron 

transport layer. Normally, the devices which are constructed using p-i-n configuration 

are known as inverted solar cells and those which are constructed using n-i-p device 

architecure are known as normal solar cells. Overall, a PSC device is composed of the 

following components: 

• Transparent conducting oxide (TCO) based electrode  

• Electron transport layer (ETL) 

• Perovskite based photoactive layer  

• Hole transport layer (HTL) 

• Noble metal (gold, silver, aluminium, or copper) or carbon based counter 

electrode  
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Figure 1.5 Schematic diagram of a standard perovskite solar cell.[9] 

Most frequently used TCOs based electrodes include fluorine doped tin oxide (FTO) 

or indium doped tin oxide (ITO) where charge carriers are collected, and light enters 

the solar cell device. ETLs are used to extract photogenerated electrons and block 

holes. Generally, two types of ETLs are used organic or inorganic ETLs based upon 

the type of the structure of the solar cells. Usually, organic ETLs such as fullerene 

derivatives are used in inverted PSCs and inorganic ETLs such as titanium oxide or 

tin oxide are used in normal PSCs. For the photoactive layer based on perovskite 

structure, methylammonium lead iodide (MAPbI3) based perovskite layer is the most 

extensively studied photoactive layer for PSCs. However, due to the stability issues 

and lead poisoning of the MAPbI3, various other photoactive layers have been used 

in PSCs. HTLs are used to extract photogenerated hole charge carriers and block the 

electrons. HTLs are also come in different types organic or inorganic. Finally, metals 

such as gold, silver or aluminium are used as counter electrodes to extract charge 

carriers out of the PSC device.  

In PSC devices, sunlight enters from the TCO electrode’s side and is absorbed by the 

perovskite photoactive layer. As a result, an electron hole pair is generated. These 

electron hole pairs have very low binding energies. The electron hole pair is 

dissociated into the electron and hole charge carriers under the influence of ambient 
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temperature. The electron and hole charge carriers are extracted by the ETL and HTLs, 

respectively. Then, these charge carriers are finally collected by the TCO based 

electrodes and metal electrodes depending upon the type of the device structure 

configuration.   

1.7 Challenges of perovskite photoactive layer 

The first ever PSC device was constructed using MAPbI3 as photoactive layer with a 

record PCE of 3.81% [7]. Since then, most of the work was done using MAPbI3 based 

perovskite layer. However, the MAPbI3 based perovskite photoactive layer has two 

major intrinsic challenges for their application in PSC. Firstly, the presence of the 

organic part methylammonium ion restricted their ambient stability due to its volatile 

nature under ambient environment. The organic part of the traditional perovskite layer 

interacts with the moisture present in the environment and dissociates into organic 

halide and metal halides losing the perovskite structure along with its outstanding 

optoelectronic properties. Secondly, the presence of toxic lead in the MAPbI3 raised 

many concerns with respect to their application at the large scale. As a result, lead 

toxicity became one the decisive factor for the sustainable future of PSCs based 

photovoltaic technology. 

1.7.1 Lead toxicity 

Naturally, lead (Pb) is found in earth’s crust as a component of minerals and rocks. 

Although, it is not harmful for environment with its natural concentrations. But, for 

the last 200 years, with the boom in industrial sector, lead applications increased 

globally. Still, it is widely used in gasoline, paints and pigments, ceramics, metal 

alloys, car batteries (Lead acid batteries) and solder etc. As a result, anthropogenic 

lead emissions reached higher levels perturbing natural equilibrium of Pb 

concentrations. Consequently, new concentration levels degraded air quality badly 

leaving adverse effects on ambient environment. Thus, various protocols (Montreal, 

Kyoto etc.) were implemented to gradually reduced health hazard pollutants (Lead, 

NOx, PM). It is a proven fact that higher concentrations of lead in human body have 

unhealthy effects. Mostly, lead causes severe diseases i.e., organ damage, blood and 

heart disease, neural disorder etc. A study done by European Union (EU’s) on risk 

assessment by usage of leaded compounds revealed that children are more susceptible 

to be affected by lead particles intake through air, water, food etc.[10]. In addition, 

many studies have been performed which suggest that lead leakage from PSCs can 

have drastic impact on the ecosystem [11]–[15]. Therefore, while human community 
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is still struggling to overcome this problem, commercializing lead-based perovskite 

solar cells will only add fuel to the fire. For this reason, it is indispensable to strive for 

the ecofriendly perovskite solar devices.  

1.8 Problem statement 

This work is an endeavour to develop eco-friendly perovskite photoactive layers for 

the PSC device applications to realize a sustainable future for this exotic solar 

photovoltaic technology. It is focussed to mitigate lead toxicity through applying 

compositional engineering and by partially replacing lead in traditionally used 

MAPbI3 perovskite layer with an element having similar ionic radii, tin (Sn), to 

develop mixed tin-lead (Sn-Pb) perovskite films. 

1.9 Objectives 

The main goals of this research work are to develop ecofriendly perovskite films for 

applications in efficient PSC devices: 

• To synthesize ecofriendly perovskite films by compositional engineering of 

the halide-based precursors  

• To perform characterization of the fabricated perovskite films to optimize 

optoelectronic properties  

• To investigate suitability of as such fabricated perovskite films in PSCs 

1.10 Scope of the work 

This research domain is selected in accordance with the following national needs to 

achieve autonomy for satisfying energy requirements:  

1.10.1 Energy security 

Modern day economy is highly dependent on uninterruptable supply of energy. 

Because of this reason, developed world countries have focused to establish 

technologies sufficient enough to provide secure and reliable means of energy. As a 

result, global trends are shifting to harvest energy from renewables’ that are abundant 

and clean. Currently, Pakistan is relying upon fossil fuels (Oil, Gas and Coal) to meet 

national energy needs, comprising more than 80% of its energy mix [16]. Fossil fuels 

usage is discouraged for their environment unfriendly nature and limited resources. 

Since Pakistan lacks relevant technological knowledge to consume its own fossil fuel 

resources, therefore, it puts extra burden on economy to import expensive fuels from 

other countries. Moreover, it also endangers sovereignty and strategic position of the 
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country in the region. Thus, national security is directly related to the self-dependent 

energy supply.  

1.10.2 Technology transfer and development of autonomous photovoltaic 

industry  

Sun is one of the unlimited sources of energy which shines upon us for the whole year. 

As time pass by, technologies have been developed to employ this source to meet 

energy demands. At the present time, silicon-based technology is dominating 

photovoltaic industry. Although, it is commissioned all over the world and 

successfully gained public trust, however, it is less efficient with high capital costs 

than competing technologies. Our photovoltaic industry is completely based on 

imports from countries like China, Germany, and Japan etc. Not being able to fabricate 

solar systems at home, add import costs as well, raising energy per unit price. 

Consequently, domestic, and industrial user suffers. Third generation photovoltaic 

technology is recommended over existing silicon-based technology due to high 

efficiency and low cost. This research work will be helping in transfer of technology 

and improvement of energy economy. Furthermore, it will be producing thoughtful 

and skilled manpower to foresee coming challenges to establish photovoltaic industry 

in Pakistan. 

1.11 Areas of application 

1.11.1 Photovoltaic devices 

Lead less or lead free (eco-friendly) perovskite solar cells will revolutionize 

photovoltaic industry since they promise high efficiency and low cost. As a result, we 

will be able to harness more energy from Sun exerting less resources. Consequently, 

energy per unit price will decrease which will foster economies uplifting living 

standards while overcoming poverty challenges. 

1.11.2 Optoelectronic devices 

Perovskites have demonstrated exceptional potential for applications in optoelectronic 

devices (LEDs, diodes, and laser diodes etc.). However, these devices are also facing 

similar problems of lead toxicity same like in photovoltaic domain. This research work 

will also benefit electronic industry to fully utilize perovskites potential without being 

concerned of lead usage repercussions. 
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Summary 

This chapter develops the context for the need of solar photovoltaic technology 

highlighting the current crises of climate change originating from the excessive use of 

fossil fuels as the available source of energy. Moreover, it also discuses the impact of 

fossil fuels consumption on the entire ecosystem and particularly on human health. 

Then, it states the role of renewable energy to mitigate climatic change effects and the 

bright future of solar photovoltaic technology as a leader to bring this change. Further, 

it states the different generations of the photovoltaic solar cells and the progress of 

PSC devices including their challenges. Afterwards, it discusses the problem statement 

and objectives of this work including scope of the work and its consequential impacts 

in the longer period.  
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Chapter 2 Literature Review of 

Environment Friendly PSCs 

Lead halide perovskite solar cells (LH-PSCs) have received unprecedented attention 

during the last decade due to their superior photoelectric properties and low-cost 

solution-processable fabrication techniques. Owing to the intensive research efforts, 

LH-PSCs power conversion efficiency (PCE) values have soared from 3.2% to 25.8% 

in a few years.[1], [2] As they are racing towards commercialization, lead toxicity is a 

major obstacle standing in the way. Lead is a heavy metal that has severe health and 

environmental concerns.[3] Lead poisoning due to the large-scale production of LH-

PSCs will have serious repercussions on the entire ecosystem.[4]–[7] Therefore, it is 

necessitous to completely remove lead from LH-PSCs to gain public acceptance and 

a sustainable future.  

To mitigate lead toxicity, generally, two strategies have been reported in the literature: 

i) preventing exposure of lead into the environment using encapsulation or lead 

sequestration techniques[8]–[12]; ii) the complete removal of lead from PSCs. In this 

regard, several theoretical studies and experimental investigations have been 

performed to identify potential lead substituents for PSC applications. For example, 

tin, germanium, bismuth, silver and, alkaline earth metals (magnesium, calcium, 

barium, and strontium).[13-30] Despite showing great potential to replace lead from 

PSCs, the substitution of these elements often resulted in a decrease in efficiency.[30]–

[32] Interestingly, tin halide based perovskites (THPs) have evolved as front runners 

among lead-free perovskites due to similar ionic radii of tin, its environmentally 

benign character and, outstanding optoelectronic properties such as high absorption 

coefficients, low optical bandgaps (1.2-1.4 eV), high charge carrier mobilities (~585 

cm2 V-1s-1) and low-exciton binding energies (< 20 meV).[33]–[37] 

Meanwhile, inspired by the great potential of THPs as a lead-free perovskite absorber, 

researchers have started working earlier on developing tin halide-based PSCs (TH-

PSCs).[1], [13], [36], [38] Initial experimental works on TH-PSCs have suggested that 

THPs are extremely unstable in ambient conditions, mainly, due to the facile tin 

oxidation and poor film morphology. Later, it was discovered that tin doping 

conditions play a significant role to retard tin oxidation.[39] Resultantly, tin halides 

including tin fluoride (SnF2), tin iodide (SnI2), tin bromide (SnBr2), tin chloride 
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(SnCl2) and metallic tin powder based additives were extensively used as tin 

compensator.[40] However, their excessive use was restricted in TH-PSCs because 

excess doping of tin halides  produced phase segregation which deteriorated tin-based 

perovskite film morphology.[37], [38] Therefore, significant efforts were made to find 

suitable additives that can simultaneously inhibit tin oxidation and regulate the fast 

crystallization of THPs. In this regard, bifunctional additives (BAs) containing 

different functional groups have been frequently used in TH-PSCs. Consequently, TH-

PSCs performance has progressed significantly, approaching 15% PCE milestone, 

although still lagging to their predecessors LH-PSCs.[2], [41]  

2.1 Factors responsible for the performance degradation of TH-PSCs 

In this section, we discuss systematically the phenomena that cause the deterioration 

of TH-PSCs efficiency and stability, starting from summarizing reports available on 

origins of tin oxidation and concluding on the poor morphology of THPs. 

2.1.1 Origins of tin oxidation 

Tin (Sn) and lead (Pb), both elements belonging to IVA group of the periodic table, 

possess electronic configurations [Kr]4d105s25p2 and [Xe]4f145d106s26p2, respectively 

as shown in Figure 2.1 a. IVA group elements are known to have variable oxidation 

states, +2 and +4 as the most frequent. Notably, Sn2+ is desired for optoelectronic 

applications due to its suitability to form organic/inorganic hybrid perovskite 

structures as ASnX3 where A= monovalent cation i.e., MA+ (methylammonium ion) , 

FA+ (formamidinium ion) or Cs+ (caesium ion) and X= monovalent anion e.g. I- 

(iodide ion), Br- (bromide ion) or Cl- (chloride ion). It is noted that the +2 oxidation 

state is more stable for elements at the bottom of the IVA group. Even though tin exists 

in the divalent state (Sn2+), it is more stable in the tetravalent state (Sn4+). Conversely, 

lead is stable in the Pb2+ state due to the prominent inert pair effect resulting from 

higher relativistic contraction. This relativistic contraction stems from the higher 

effective nuclear charge experienced by ns2 valence electrons of Pb atoms as compared 

to Sn atoms, which stabilizes the Pb2+ oxidation state under standard conditions. This 

peculiar nature of atomic tin remains a fundamental source of tin oxidation and high 

hole conductivity in TH-PSCs.[35], [42] Initially, caesium tin iodide (CsSnI3) was 

used as hole transport material in dye-sensitized solar cells due to its high hole 

mobility (585 cm2 V-1 s-1).[43] Thus, tin does not enjoy perks of having a stable +2 

oxidation state and, hence, attaining an efficient and stable lead-free TH-PSCs has 

remained a problem for researchers. 
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Figure 2.1 (a) Oxidation state trend in the down part of group IVA and dot structure 

of tin and lead. b) Formation energies of tin and cesium vacancies (VSn and VCs) as a 

function of tin doping conditions.[39] c) Partial density of states (PDOS) of tin and 

iodine, bond lengths, and partial charge density around valence band maximum 

FASnI3 (Formidinium tin iodide) and MASnI3 (Methylammonium tin iodide).[44] d) 

Electron density of (i) a (001) clean surface and (ii) O2 adsorbed on the surface. e) 

Phase diagram of MASnI3.[46] f) THPs cyclic degradation process in atmospheric 

conditions.[47] 

Indeed, it is inevitable that tin perovskites will undergo oxidation in the ambient 

environment, which will result in loss of optoelectronic properties. For this reason, it 

is necessary to find optimum growth conditions for stabilizing Sn2+ to preserve the 

perovskite structure required for optoelectronic applications. In this regard, a seminal 

work was reported by Xu et al., where they theoretically explored the role of synthesis 

conditions on the nature of CsSnI3 material. They found that cesium and tin vacancies 

(VCs and VSn, respectively)  have low formation energies under poor tin doping 

conditions, as shown in Figure 2.1 b. As a result, tin perovskites showed high 

concentrations of acceptor defects resulting in enhanced hole mobility of the material. 

Whereas, under moderate tin doping, the same material showed a decrease in the 

concentration of acceptor defects, which subsequently reduced the hole 

concentrations, making it suitable for photovoltaic application.[39] In another work, 

Shi et al. studied the effect of organic cation (MA+ or FA+) substitution at A-site on 

tin vacancies in THPs. They found that formamidinium based tin perovskite showed 
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higher formation energies for tin vacancies as compared to MASnI3-based perovskites 

due to weak antibonding interaction between Sn-s and I-p, stemming from the large 

size of the formamidinium cation as seen in Figure 2.2 c.[44] Later, Leijtens et al, 

studied oxidation pathways of pure tin- and mixed lead-tin based perovskites and 

found that latter showed higher strength against oxidation. Moreover, they also found 

that pure ASnI3 (A = MA+, FA+, or Cs+) dissociated into SnO2, SnI4, and organic halide 

(reaction I). In contrast, lead-tin based perovskites were deteriorated through a 

different rout. Surprisingly, the formation of SnI4 was suppressed and ASn0.5Pb0.5I3 

dissociated into AI, SnO2, PbO, and I2 (reaction II), which made lead-tin perovskites 

more robust in ambient conditions [48]. 

2ASnI3 + O2  → 2AI + SnO2 + SnI4                                                      (I)  

2APb0.5Sn0.5I3 + O2  → 2AI + SnO2 + PbO +  SnI4                       (II) 

Another report highlighting the effects of different environments (O2, H2O, and N2) 

on THPs by Xie et al,[45] stated that MASnI3 was more stable under N2 environment 

than O2 and H2O. They found that the adsorbed molecules of O2 and H2O on the 

perovskite surface attacked Sn---I bond and formed new Sn---O and H---I bonds, 

respectively, as shown in Figure 2.3 d.  

It is believed that tin oxidation of tin based perovskite films start from surface to the 

bulk[49], [50]; however, a comprehensive computational study was performed by 

Ricciarelli et al. showing that of Sn2+ → Sn4+ oxidation was energetically more 

favorable at the surface as compared to the bulk, due to the presence of grain 

boundaries and uncoordinated tin atoms acting as electron traps assisting in lattice 

degradation.[51] In another work, Meggiolaro et al. reported role of VSn emanating 

from nonstoichiometric ratios of Sn and I atoms on lattice degradation of MASnI3 

perovskites. They found that VSn created iodine rich environment which subsequently 

assisted Sn2+/Sn4+ oxidation, as seen in Figure 2.4 e.[46] Recently, Lanzetta et al, 

investigated tin perovskites degradation through iodine-assisted oxidation in ambient 

environment. They reported that oxidized SnI4 impurities present in tin-based 

perovskite films initiate a cyclic degradation process by reacting with H2O and O2, as 

shown in Figure 2.5 f. As a result, I2 further oxidize SnI2 into SnI4 and the cycle 

continued to degrade tin-based perovskite films.[47] 
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2.1.2 THPs poor morphology 

Stabilizing tin halide-based perovskite film morphology is pivotal towards achieving 

high-performance lead-free TH-PSCs. Large grains, smooth and pinhole-free films, 

and complete substrate coverage promote crystallinity, facilitate charge transportation 

and block shunting paths between electrodes to avoid short-circuiting of the devices. 

PbI2 (lead iodide) and MAI (methylammonium iodide) form a yellowish intermediate 

adduct with DMSO (dimethyl sulfoxide) and DMF (N,N-dimethylformamide) i.e., 

MAI: DMSO/DMF: PbI2  after being spin-coated on glass-substrates (Figure 2.2 a). 

Upon thermal treatment at elevated temperatures (≥100 oC), the residual solvent 

evaporates and black phase perovskite is formed. On the other hand, the chemical 

reaction between MAI and SnI2 is much faster than in the case of lead iodide.[52] For 

this reason, tin-based perovskite film changes its color from transparent yellow to 

reddish brown even at room temperature, indicating fast crystallization (Figure 2.2 

b).[53] Liao et al,[54] reported morphology issues of tin-based perovskite films on 

PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate). They found 

that that  They found that flower like structures along with many pinholes were formed 

when FASnI3 films were deposited on PEDOT:PSS leading to the short-circuiting of 

the devices, as seen in Figure 2.2 c. Moreover, it has also been observed that excessive 

use of tin halides as tin compensators induce phase segregation  destroying tin 

perovskite film morphology as shown in Figure 2.2 d-f.[37], [38], [55]             

 

Figure 2.2 a) Image of MAI:DMSO/DMF:PbI2 non-annealed perovskite film.[1] b) 

Image of MAI:DMSO/DMF:SnI2 non-annealed perovskite film.[13] c) Scanning 

electron microscopy (SEM) image of FASnI3 perovskite on the top of PEDOT:PSS 
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film.[54] d-f) SEM images of FASnI3 doped with 0 mol% SnF2, 20 mol% SnF2 and 

30 mol% SnF2 respectively.[37]  

2.2 Conventional strategy to provide excess tin source as Sn+2 compensator in 

TH-PSCs 

2.2.1 CsSnX3 (X=I, Cl and Br) based TH-PSCs  

CsSnI3 is notorious for showing polymorphism (cubic, tetragonal and orthorhombic). 

[56], [57] Whereas, for photovoltaic applications, the βγ-phase of CsSnI3 is needed. 

Initially, Chen et al. published a report on CsSnI3 used as absorber layer in schotkey-

junction solar cells with a very low efficiency (up to 0.9%), due to the high series and 

low shunt resistances.[58] Later, Kim et al. studied the influence of tin halides on 

stabilizing photoactive phase of  CsSnI3 through passivation of  tin vacancies. They 

stated that SnBr2 was most promising additive to stabilize photoactive orthorhombic 

black phase. Supportingly, density-functional theory (DFT) calculations showed high 

formation energies of photo-inactive phase (Y-CsSnI3) upon SnBr2-doping.  

Consequently, CsSnI3 TH-PSCs showed a PCE of 4.3%.[59] Inspired by the discovery 

of moderate tin doping conditions during tin based perovskite material synthesis,[39] 

Kumar et al. used SnF2 as additional tin source to suppress the formation of Sn2+ 

vacancies. SnF2-CsSnI3 films showed superior electronic properties than pristine 

perovskite films. The addition of SnF2 reduced hole carrier density from 1019 cm-3 to 

1017 cm-3 (Figure 2.3 a). As a result, TH-PSCs showed PCE values up to 2.02% (Figure 

2.3 b).[38] Marshall et al,[60] fabricated all inorganic TH-PSCs in inverted 

configuration (p-i-n) with cupper iodide (CuI) and fullerene working as charge 

extraction layers under excess SnI2, schematic illustration of the TH-PSCs (Figure 2. 

6c). During the fabrication, they drop-casted SnI2 on the perovskite layer surface to 

inhibit tin oxidation. As a result, these devices showed enhanced PCE up to 2.76%. 

Gupta et al. explored bromine-doped THPs for photovoltaic applications. They used 

SnF2 as excess tin source. They found that control TH-PSCs showed open-circuit 

voltage (Voc) values up to 0.1 V, whereas SnF2-treated devices exhibited Voc up to 0.4 

V and a PCE of 2.17% efficiency (Figure 2.3 d-f).[61] Moghe et al. reported vapor 

deposited SnF2-doped CsSnBr3 films and demonstrated the fabrication TH-PSCs from 

thermal evaporation. Although, the overall performance of the devices was poor, but 

the Voc was improved to 0.44 V and the fill factor (FF) up to 55% upon SnF2 

doping.[62]  Marshall et al. presented a comparative study to investigate most efficient 
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tin halide among SnCl2, SnBr2, SnI2 and SnF2 for TH-PSCs. They found that SnCl2 

was more efficient than others due to two reasons; i) smaller chloride ion size and ii) 

higher solubility of SnCl2 in traditional solvents (e.g. DMSO, DMF etc.). 

Consequently, TH-PSCs showed an impressive PCE up to 3.56%. [63]  

 

Figure 2.3 a) Influence of SnF2 doping on mobility and charge carrier density of 

CsSnI3 perovskite films. b) J-V curves of CsSnI3-based TH-PSCs with different SnF2 

doping concentrations.[38] c) Schematic illustration of CsSnI3 inverted TH-PSCs.[60] 

d) and e) J-V curves of control and 20 mol% SnF2-CsSnBr3 TH-PSCs, respectively. f) 

Photovoltaic parameters of control and 20 mol% SnF2-CsSnBr3 TH-PSCs.[61] 

2.2.2 MASnX3 (X=I, Cl and Br) based TH-PSCs 

Initial reports on MASnI3 based TPSCs fabrication without any additive are dated back 

to the year 2014, when Noel et. al demonstrated TH-PSCs with promising efficiency 

above 6% (Figure 2.4 a). However, those devices were very unstable and quickly 

degraded after being in contact with ambient environment.[13] Just few weeks later, 

Hao et al,[36] applied halide engineering to exploit optoelectronic properties of 

MASnI3 by changing the bromine concentration and achieved a band gap range from 

1.3 eV to 2.15 eV(Figure 2.7 b). Although they were successful to achieve 5.23% PCE 

with pristine MASnI3, the stability was still remained major challenge. 

Another report available without any additive was from Yu et al. when they fabricated 

MASnI3 based TH-PSCs in inverted configuration through hybrid thermal evaporation 

and reported high coverage ratio with good stoichiometry of MASnI3 perovskite films. 

They achieved a Voc of 0.494 V, shortcircuit-current density (Jsc) of 12.1 mAcm-2 with 
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an overall 1.7% efficiency.[64] Later, Hao et al. maneuvered solvent engineering and 

exploited SnI2:DMSO adduct as intermediate phase to slow down fast crystallization 

and obtained pinhole-free and uniform tin-based perovskite films. They used 20 mol% 

SnF2 to inhibit Sn4+ doping and obtained a Jsc of 21 mAcm-2 and 3.15% PCE.[53] Kim 

et al. reported MASnI3 based TH-PSCs using SnF2 as excess tin source and obtained 

2.33% efficiency.[65] Handa et al,[66] reported effect of SnF2 doping on 

optoelectronic properties of MASnI3-based perovskites. They found that SnF2 as 

excess tin source stabilized optical bandgap of tin perovskites. Whereas controlled 

perovskite films without SnF2 showed an increase in the bandgap due to uncontrolled 

hole doping (Figure 2.4 c-d). As a result, SnF2-MASnI3 based TH-PSCs showed a PCE 

of 1.94%.  

 

Figure 2.4 a) J-V curves of TH-PSCs and LH-PSCs on TiO2 and Al2O3.[13] b) 

Influence of halide engineering on optical bandgap of MASn(I1-xBrx)3.[36] c) and d) 

Photoluminescence (PL) emission and absorption spectra of MASnI3 perovskite films 

without and with SnF2, respectively.[66] 
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2.2.3 FASnX3 (X=I, Cl and Br)  based TH-PSCs 

FASnI3 based perovskites are thermally more stable than MASnI3 based perovskites 

due to the hydrogen bonding of  FA+ with the inorganic octahedra cage (MX6) [44], 

[67]. Inspired from high thermal stability and lower bandgap than MAPbI3 (1.47 

eV),[68] Koh et al. studied FASnI3 based perovskites as photoactive layers having a 

bandgap of 1.41 eV for photovoltaic applications. X-ray diffraction (XRD) results 

showed that pure FASnI3 perovskites adopted orthorhombic crystal structure with 

peculiar unit cell dimensions (a=6.3096, b=8.9298 and c=9.0622) and remained under 

different annealing temperature (100 oC, 150 oC, and 200 oC), (Figure 2.5 a). To 

prevent tin oxidation, they used SnF2, which improved the PCE of TH-PSCs up to 

2.1% (Figure 2.5 b and c).[37] 

 

 

Figure 2.5 a) XRD patterns of SnF2 doped FASnI3 perovskite films. b) The energy 

band diagram of valence band maximum (VBM) and conduction band maximum 

(CBM) of FASnI3, TiO2, Spiro-OMeTAD and gold electrodes. c) J-V curves of SnF2-

FASnI3 TH-PSCs with different TiO2 layer thickness.[37]  

2.2.4 Mixed-cation mixed-halide TH-PSCs             

Mixed-cation mixed-halide TH-PSCs offer peculiar characteristics in comparison with 

non-mixed cation TH-PSCs, mainly due to better energy band alignment with charge 

transport layers resulting in good charge transport properties, high Voc and lower hole 

charge carrier densities, indicating importance of the compositional engineering to 

obtain high performance TH-PSCs. Sabba et al. studied the influence of the bromine 

substitution in CsSnI3 perovskites. They observed a significant decrease in the 

background charge carrier density when bromine concentration was gradually 

increased, decreasing hole carrier density from ~1018 for CsSnI3 to ~1015 for CsSnIBr2. 

Similarly, the optical bandgap of the films gradually increased on bromine doping 
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showing increase in Voc and a decrease in Jsc with a PCE of 1.76% (Figure 2.6 a-b), 

respectively.[69] Zhao et al. reported mixed cation FA0.75MA0.25SnI3 perovskite 

composition as photoactive layer and obtained an efficiency equal to 8.12% due to 

high Voc (0.61 V) using 10 mol% SnF2 as Sn2+ compensator (Figure 2.6 c).[70] Later, 

Liu et al,[71] explored A-site compositional engineering of FASnI3 perovskite system 

with SnF2 as excess tin source. Moreover, they also studied the effect of different 

antisolvents i.e., chlorobenzene (CB), toluene (TL), and diethyl ether (DE) on film 

morphology and charge carrier transport. Among them, CB was found as the most 

efficient antisolvent to obtain uniform and smooth perovskite films (Figure 2.6 d). 

Resultantly, the PCE of TH-PSCs surpassed 9% (Figure 2.6 e). Later, Li et al. reported 

large area (>20 cm2) MA0.75FA0.25SnI3-based TH-PSCs using of SnF2 as additive. 

They used gas-pump treatment to control tin perovskite films crystallization kinetics 

instead of typically used anti-solvent washing method. They found that phase 

segregation induced by SnF2 disappeared when pressure reached 1500 Pa. As a result, 

they obtained pinhole-free and uniform perovskite films reaching a PCE of 1.85% 

(Figure 2.6 f).[72] 

 

Figure 2.6 a) The bandgap variation of CsSnI3 on bromine-doping. b) J-V curves of 

bromine-doped CsSnI3 TH-PSCs.[69] c) J-V curves of mixed cation FA0.75MA0.25SnI3 
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based TH-PSCs with different concentrations of SnF2.[70] d) Energy band diagram of 

FA0.75MA0.25SnI3 perovskite, electron and hole transport layers and counter electrodes. 

e) J-V curves of FA0.75MA0.25SnI3 based TH-PSCs with DE, CB and TL.[71] f) J-V 

curves of SnF2-doped MA0.75FA0.25SnI3 based TH-PSCs with antisolvent treatment 

and gas pump treatment.[72]  
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Table 2.1 Summary of TH-PSCs photovoltaic parameters with traditionally used additives i.e., tin halides 

Year Perovskite Additive PCE [%] Jsc [mAcm-2] VOC [V] FF [%] 

 

Ref. 

 

2014 FTO/c-TiO2/mp-TiO2/CsSnI3/Spiro-OMeTAD/Au  SnF2 2.02 22.70 0.24 37 [38] 

2015 FTO/c-TiO2/mp-TiO2/FASnI3/Spiro-OMeTAD/Au SnF2 2.10 24.45 0.238 36 [37] 

2015 ITO/CuI/SnI2/CsSnI3/ ICBA/Al SnI2 2.76 12.78 0.50 44 [60] 

2015 ITO/PEDOT:PSS/Poly-TPD/MASnI3/C60/BCP/Ag  SnF2 3.15 21.4 0.32 46 [53] 

2015 FTO/c-TiO2/mpTiO2/CsSnIBr2/Spiro-OMeTAD/Au  SnF2 1.76 15.06 0.28 38 [69] 

2016 FTO/c-TiO2/mp-TiO2/ CsSnBr3/ PTAA/Au  SnF2 2.1 9.0 0.41 58 [61] 

2016 ITO/MoO3/CsSnBr3/ C60/BCP/Ag SnF2 0.55 2.6 0.44 55 [62] 

2016 ITO/CsSnI3/PC61BM/BCP/Al SnCl2 3.56 10.4 0.51 69 [63] 

2016 ITO/PEDOT:PSS/Poly-TPD/ MASnI3/ C60/BCP/Ag None 1.7 12.1 0.37 36.6 [64] 

2017 FTO/c-TiO2/mp-TiO2/ MASnI3/ PTAA/Au  SnF2 2.33 26 0.23 38.6 [65] 
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2017 FTO/c-TiO2/mp-TiO2/ MASnI3/ PTAA/Au SnF2 1.94 26.1 0.25 30 [66] 

2017 ITO/PEDOT:PSS/ MASnI3/ C60/BCP/Ag SnF2 2.49 13.02 0.46 43 [73] 

2017 ITO/PEDOT:PSS/  FA0.75MA0.25SnI3/ C60/BCP/Ag  SnF2 8.12 21.2 0.61 62.7 [70] 

2018 ITO/PEDOT:PSS/   MA0.75FA0.25SnI3/ C60/BCP/Al SnF2 9.06 24.3 0.55 67.3 [71] 

2018 FTO/c-TiO2/mp-TiO2/CsSnI3/ PTAA/Au  SnX2, (X= F, Cl and Br) 4.30 18.5 0.44 52.9 [59] 

2019 FTO/c-TiO2/mp-TiO2/ FA0.75MA0.25SnI3/ PTAA/Au SnF2 1.85 17.4 0.26 42 [72] 
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2.3 Research progress of Sn-Pb mixed PSCs 

Recently, Jung et al. , (2019), have achieved a record efficiency of 23.3% of single-junction 

lead based organo-inorganic hybrid perovskite solar cells (OIHP) through compositional 

engineering of the absorber layer (FAPbI3)0.95(MAPbI3)0.05.[74] Ogomi et al. , (2014), was the 

first one to conduct experimental study on tin based organometal halide perovskite absorber 

layer (MASnI3). It was found that tin halide (SnX2) itself exhibit poor photovoltaic 

performance due to tin instability in ambient environment (Sn+2 get oxidized into Sn+4). 

However, they managed to achieve PCE of 4.12% and a short circuit current of 20.04 mAcm-2 

with open circuit voltage of 0.42 V and Fill Factor of 50% through optimizing molar ratios of 

Pb:Sn (50mol%:50mol%) in the active layer (MAPb0.5Sn0.5I3). Furthermore, a 260 nm red shift 

was also observed in absorption spectra as compared to pristine MAPbI3 films which showed 

organic inorganic tin halide PSCs have high absorption coefficients.[76] Later on, H.J Snaith  

and his group achieved a PCE of 6% of lead free tin based perovskite solar cells fabricated with 

mesoporous TiO2 and Spiro-OMeTAD as electron transport layer and hole transport layer, 

respectively,  under one sun illumination and bandgap of MASnI3 was stated 1.23 eV.[13]  

From then onwards, researchers kept trying to improve film morphology and the ambient 

stability issues of the tin by using additives (antioxidants) and changing film deposition 

parameters to enhance photovoltaic performance of the Lead free Tin based PSCS. But 

outcomes of these efforts were not much effective. As a result, Germanium (Ge), same group 

element, was also investigated in detail theoretically and recommended as a potential 

replacement. However, Krishnamoorthy et al. , (2015), studied MAGeI3 and compared it with 

other fully inorganic CsGeI3 and FAGeI3 films for photovoltaic applications. Their 

experimental results showed that MAGeI3 films were quite effective against thermal stability 

but were more susceptible to air oxidation resulting poor performance than MASnI3 absorber 

layer devices. Consequently, only 0.2% PCE was recorded with short circuit current 4.0 mAcm-

2 and open-circuit voltage 0.15 V for MAGeI3 based perovskite solar cells.[77] Following 

Krishna’s work, K. Indira et al., (2018), implemented compositional engineering of halide ions 

and replaced 10% of iodide with Bromide in MAGeIxBr(1-x). Consequently, achieving a little 

improvement in PCE from 0.2% to 0.57% along with slight increase in device stability with 

MAGeI2.7Br0.3 as active layer in planar p-i-n architecture using PEDOT: PSS and PC60BM as 

HTL and ETL, respectively.[78] Meanwhile, other potential substituents were also tested but 

their performance were not even near to the lead based OIHPs devices.  For e.g.  MA3Bi2I9 

(PCE 0.33%) [79], MA3Sb2I9 (PCE 2.04%) [80] etc.   
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Hence, it was realized that complete lead removal will not be helpful since photovoltaic 

performance of the devices was comprised. As a result, intensive efforts were exerted on binary 

metal compositions to gradually decrease lead concentrations from OIHPs. To the best of my 

knowledge. M. G Kanantzidis et al., (2014), pioneered this work and speculated binary metal 

composites of Pb:Sn with 7.27% PCE, short-circuit current 20.64 mAcm-2 and open-circuit 

voltage 0.584 (Voc). They studied band gap (Eg) as a function of Pb:Sn ratio and found that 

MAPb0.5Sn0.5I3 exhibited broadest absorption spectra at Eg=1.27eV with maximum Jsc 20 

mAcm-2. In addition, it was also reported that bandgap changes does not follow linear 

relationship (Vegard’s law) upon varying Pb:Sn concentrations between two peaks (1.56 eV 

MAPbI3 and 1.27 MASnI3).[81]   This work opened new doors for researchers to explore binary 

metal compositions suitable for OIHPs. Later in 2017, Lingang Li and his group reported, 

Lead-Tin mixed OIHPs demonstrating controlled growth of large grains through one-step 

solution deposition process by solvent engineering of sec-butyl alcohol with DMSO. As a 

result, they produced large grain size and compact perovskite active layer devices achieving a 

maximum PCE of 12.08%. However, the problem still remains and it was higher lead 

concentration with composition MASn0.25Pb0.75I3 which made them less ecofriendly.[82] 

Considering these short-comings, Gaurav Kapil et al., 2018, introduced interfacial engineering 

to demonstrate spike structure strategy between absorber layer and ETL (C60). In this way, they 

successfully achieved 17.6% efficient devices with configuration 

(ITO/PEDOT:PSS/FA0.5MA0.5Sn0.5Pb0.5I3/PCBM/C60/BCP/Ag).[83]  

It has been demonstrated that binary metal cation based OIHPs are promising candidates to 

reach higher photovoltaic performance. However, lead presence is still problematic as it needs 

to be reduced up to trace levels while having least impact on the device efficiency. Therefore, 

it is essential to explore binary or even ternary composites which offer which offer superior 

photovoltaic properties than lead based PSCs.        
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Summary 

In this chapter, environment friendly alternatives such as tin and germanium elements for 

perovskite solar cell’s applications are discussed. Undoubtedly, tin based perovskite materials 

offer unique optoelectronic properties and are considered front runners to replace toxic lead in 

PSCs. However, facile tin oxidation in ambient conditions and fast crystallization are the major 

challengers hampering their photovoltaic performance. Both of these problems have roots to 

the elemental tin which is unstable in the ambient environment hand has higher acidity as 

compared to lead. To overcome the tin oxidation problem, tin halides are frequently used as 

Sn2+ compensators. But still, the performance is not satisfactory. For the last few years, mixed 

tin-lead based perovskite materials have shown great potential for solar cell applications to 

mitigate lead toxicity along with narrow bandgap suitable for tandem applications.  
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Chapter 3 Introduction to Deposition 

and Characterization Techniques 

This chapter underlines an introduction of the thin film deposition and characterization 

techniques used to study optoelectronic properties of the perovskite films. Further, it 

also describes the working principal of these techniques. 

3.1 Spin coating 

Spin coating (SC) is a low cost wet thin film coating technique which utilizes liquid 

based solution precursors and disperse them uniformly on the substrates to obtain wet  

thin films. Usually, SC is used to achieve very thin film thickness usually in the regime 

of nanoscale.[1] Moreover, the easy processing and competitive cost make this 

technique more feasible research and laboratory scale level. 

3.1.1 Working principal 

SC working mechanism is classified into four steps, i.e., i) Deposition ii) Spin up , iii) 

Spin off and iv) Evaporation. In step-I, the precursors are dropped onto the flat 

substrate at low spin speed to disperse solution precursors under the influence of the 

centrifugal force. In step-II, the spin speed is raised to the desired spinning speed. At 

this stage, the precursor or fluid on the substrate may be spinning at a different speed 

than the substrate itself. Then, in step-III, the extra fluid swung off from the substrate 

and the wet film start changing its colour indicating that the drying process of the thin 

film has started. Finally, in step-IV, the fluid speed and the substrate speech are 

matched which results in the thinning of the film because of the evaporation of the 

solvent as shown in Figure3a.[2] Spinning speed and ramping rate of the SC process 

play significant role to modulate thickness of the film.  
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Figure 3.1 Image of spin coater instrument and schematic diagram of working 

mechanism.[2] 

3.2 Glovebox 

Gloveboxes or commonly known as laboratory gloveboxes are mainly used to store 

ambient environment sensitive materials or perform sensitive fabrication processes 

which are difficult to be carried out in normal conditions. Actually, these devices 

create a closed environment which primarily a sealed and stable environment to 

protect sensitive material that can react with the air.[3] Normally, an artificial inert 

environment is created in gloveboxes using nitrogen or argon as an inert gas.  

 

 

Figure 3.2 Image of humidity controlled glovebox. 
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A glovebox system consists of moisture (water) and oxygen sensors which show the 

levels of inside the glovebox. Moreover, it also comprises a heavy vacuum pump 

which is used to evacuate the glovebox chambers and to create an inert environment 

by purging nitrogen or argon gas.  

3.3 Plasma cleaning 

Plasma cleaning is a surface cleaning process which is used to remove very small 

organic/inorganic particles, oil etc. from the surface of the substrate just prior to the 

deposition of thin films. Normally substrates surfaces contain dust particles or organic 

residues which make these surfaces hydrophobic making it difficult to spin coat 

solution processable thin films. As a results, these surfaces are not covered completely 

during the deposition process. To counter this, a cleaning technique, known as plasma 

cleaning, is used to make the substrate surface more hydrophilic for the deposition of 

the thin films.  

3.3.1 Working principal 

Glass substrates, fluorine doped tin oxide (FTO) or indium doped tin oxide (ITO), are 

placed inside the plasma cleaner to remove small residual particles from the glass 

substrate surfaces. Then, the chamber is closed, and vacuum pump is turned on to 

completely evacuate the air present inside to create a vacuum. Afterwards, a mixture 

of oxygen and argon is injected inside the chamber to create a purple colour plasma 

for the removal of any contamination present on the surface of the ITO glass 

substrates. Normally, 10-20 minutes of the plasma treatment is suggested before the 

deposition of the thin films.  

 

Figure 3.3 Image of plasma cleaner instrument. 
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3.4 UV-visible spectroscopy 

UV-visible spectroscopy is an analytical tool which is used to study light spectrum 

response (absorbance, transmittance, and reflectance) of liquids and solid samples. It 

has been frequently used to probe materials such as semiconductors, thin film coatings, 

glass etc. UV-visible spectroscopy works on the principal of the Beer Lambart’s law 

which states that the absorbance of a solution directly proportional to the concentration 

of the absorbing material present in the solution.[4] 

Beer Lambart’s law is stated by the following equation: 

𝐴 = 𝑙𝑜𝑔
𝐼𝑂 

𝐼
= 𝜀𝑙𝑐 = 𝛼𝑙 

Where ‘A’ represents optical density or absorbance, Io represents the incident light 

intensity, and ‘I’ represents transmitted light intensity, the molar extinction 

coefficient, ‘𝜀’, the concentration of a solution sample, ‘c’, and the absorption 

coefficient ‘α’. Moreover, the fraction 
𝐼𝑂

𝐼
 also represents transmittance. 

3.4.1 Working principal 

Generally, UV-visible spectrophotometers are of two types known as single beam and 

double beam based spectrophotometers. Single beam UV-visible spectrophotometers 

are divided into four major components as shown in Figure 3.  

• Light source  

• Monochromator 

• Sample  

• Detector 

A continuous light beam is generated by light source enters into the monochromator 

chamber. Where the continuous light spectrum is split into discrete photons based on 

different wavelengths. Afterwards, the monochromatic light is directed on the sample 

where it is either absorbed, transmitted, or reflected back. Then, the response of the 

sample after interacting with the light beam is recorded by the designated detectors 

against the different wavelengths.[5] 
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Figure 3.4 Schematic diagram of UV-visible spectrophotometer working 

mechanism.[5] 

3.5 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is also an analytical technique to study 

the molecular interactions between various molecules in a sample either liquid or 

solids. FTIR has been frequently used in perovskite based photovoltaics to investigate 

the dopant interactions with the perovskite precursors. Moreover, it has been also 

widely applied in analytical chemistry to identify presence of various functional 

groups.  

3.5.1 Working principal 

The working principal of FTIR is more like similar to the UV-visible spectroscopy, 

except FTIR uses infrared light to probe the sample under the observation. Molecules 

are attached to each other by different types of chemical bonding, .i.e., ionic bond, 

covalent bond, Hydrogen bond and coordinate covalent bond etc. Whereases the 

frequency of vibrational motions of these bonds lies in the infrared regime. Generally, 

a Michaelson interferometer is used to measure the infrared response of the sample. 

An FTIR spectrometer is composed of a radiation source (infrared source), an 

interferometer and a detector. Infrared radiation source generates infrared radiations 

to pass from interferometer. Then, the interferometer splits the infrared radiation 

beams, creates an optical path difference between the two beams and generates the 

interference signal as a result of the optical path difference from the detector. The 
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detector records an IR response of the sample against the range of frequencies 

(wavenumber) ranges from 400- 4000 cm-1.[6] 

 

 

Figure 3.5 Image of Agilent FTIR interferometer and schematic illustration of its 

working mechanism.[7] 

3.6 X-ray diffraction  (XRD) 

X-ray diffraction or XRD is a non-destructive analytical technique which is used to 

study the structural and crystallographic properties of the powdered and thin film 

based samples. It is also used to analyse crystal structure crystallinity of the samples. 

Moreover, it can also be used to identify the sample’s crystalline phases, concentration 

profiles, film thickness and atomic patterns.  

3.6.1 Working principal 

In XRD, the collimated beam of X-rays that has wavelength in the range λ~ 0.5-2 Å 

is objected on a sample and then diffracted by the different crystalline phases as per 

relation the λ = 2dsinθ (Bragg’s law) where d is the interatomic spacing in the 

crystalline phase. XRD diffractometers are composed of three main units:  

• X-ray tube 

• Sample mounting stage  

• X-ray detector 

X-rays are generated inside the X-ray tubes where an electron beam is produced by 

heating a filament. Then these electrons are accelerated by applying voltage and 

bombarded on a target material. Afterwards, the electron beam that has sufficient 

energy dislodge the inner shell electrons of the target and as a result characteristic X-

rays are produced. Then these X-rays are directed on the specimen at an angle of θ. 
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Whereas an X-ray detector is placed at angle of 2θ to record the diffracted X-rays. The 

geometry of the diffractometer is such that the sample mounting stage is continuously 

rotating in the path of the collimated X-ray beam. The instrument maintaining the 

angle and rotating the sample mounting stage is usually known as goniometer.[9] 

 

 

Figure 3.6 Image of XRD diffractometer and schematic diagram of its working 

mechanism.[10] 

3.7 Scanning electron microscopy (SEM) 

A scanning electron microscopy is a non-destructive imaging technique used to 

analyse or record an image of a specimen under observation. It provides information 

about the sample surface texture, morphology, and chemical composition. It has been 

frequently used to study solid powder or thin films based specimens.  

3.7.1 Working principal 

In the SEM, a focussed electron beam is bombarded on to the specimen and raster 

scanned over a small rectangular area. When the focussed beam of electrons interacts 

with specimen’s surface, various types of phenomenon (emission of secondary 

electrons, photon emissions etc.) take place. These response can be efficiently 

recorded on a detector which ultimately forms an image based on the brightness of 

these electrons on traditionally used cathode ray tube. These images are just like the 

optical microscope images but with higher magnification with a depth of a nanoscale 

regime.[11] Generally, SEMs consist of the following components: 

• Electron source gun  

• Electron lenses 

• Sample mounting stage 
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• Detectors, for all types of electrons or signals 

• Display or output systems 

 

 

Figure 3.7 Image of SEM and schematic diagram of its working mechanism.[12] 
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Summary 

This chapter can be divided into two sections: first section describes the processing 

techniques used and the second section illustrates the techniques used to characterize 

the mixed Sn-Pb based perovskite films. The processing techniques are explained, and 

the working principal of the equipment used i.e., spin coater and glovebox. In addition, 

state of the art characterization techniques such as XRD, FTIR, SEM etc. are discussed 

along with their structure and working principal. 
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Chapter 4 Experimental Work 

This chapter illustrates the experimental work performed to prepare the mixed Sn-Pb 

halide precursors, substrate preparation and the fabrication of the perovskite films. In 

addition, it also describes the parameters used to characterize these films. 

4.1 Materials  

All materials were used as received unless stated otherwise. Methylamine (CH3NH2) 

solution (33% wt. % in abs. ethanol) product no. 534102 from sigma Aldrich, 

Ethylene-diamine from Uni-CHEM, Hydrochloric acid (HCL) 35.5% aqueous 

solution and hydriodic acid (HI) solution (57% in water) were purchased from VWR 

international. Formamidinium bromide (FABr), tin iodide (SnI2), tin fluoride (SnF2), 

lead iodide (PbI2), chlorobenzene (CB), titanium tetra-isopropoxide (TTIP), and 

mesoporous titanium dioxide paste were purchased from Sigma-Aldrich and 

anhydrous caff. (≥98.5%) was obtained from Carl Roth Int. Anhydrous dimethyl-

formamide (DMF) and dimethyl-sulfoxide (DMSO) solvents were procured from 

Duksan Pure Chemicals Co. Ltd. Carbon powder was bought from DAEJUNG 

Chemicals. 
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Figure 4.1 Block diagram of the methodology frame work. 

4.2 Fabrication of Tin-lead mixed PSCs 

4.2.1 Substrate preparation 

Fluorine doped tin oxide (FTO) glass substrates were imported from Sigma-Aldrich. 

FTO glass substrates were patterned using zinc powder and 2M HCl solution. 

Afterwards, they were sequentially sonicated in deionized water, ethanol, and 

isopropyl alcohol for 10 minutes, respectively. After drying, they were further plasma 

cleaned for 10 minutes to remove any organic residue as shown in Figure 4.2. 
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Figure 4.2 Schematic illustration of substrate cleaning and preparation. 

4.3 Compact titanium dioxide layer preparation and deposition 

Titanium dioxide (TiO2) precursor solution was prepared by dissolving a mixture of 

570 uL of TTIP in 2.53 ml of isopropanol (IPA) known as solution A and 2.28 uL of 

2 M HCl in 2.53 ml of IPA  known as solution B. Solution  B  was added dropwise 

slowly into solution A to maintain the acidic medium of the solution. Afterwards, the 

mixture of solution A and solution B was stirred for half hour to obtain a homogeneous 

solution. precursor solution was spin coated on FTO glass substrates for 30 s at 2000 

rpms followed by annealing at 500 C for 30 minutes to obtain a compact TiO2 thin 

film as shown in Figure 4.3. 

 

Figure 4.3 Schematic diagram of compact TiO2 precursor deposition and film 

preparation. 

4.4 Mesoporous TiO2 layer preparation and deposition 

For mesoporous TiO2 deposition, mesoporous TiO2 paste was diluted with ethanol in 

1:8 ratio and spin-coated onto the c-TiO2 layer for 20 s at 3000 rpm. After that, 

substrates were annealed at 520 C for 30 mins as shown in Figure 4.4. 
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Figure 4.4 Schematic diagram of compact TiO2 precursor deposition and film 

preparation 

4.5 Synthesis of methylammonium iodide (MAI) 

Methylammonium iodide was prepared following method reported elsewhere except 

the process was carried out in ambient conditions.10 ml of HI was added dropwise in 

the solution of 25 ml of methylamine and 100 ml ethanol and the temperature was kept 

at 0 oC for 3 hours under rigorous stirring to complete the chemical reaction. 

Afterwards, a yellow powder was separated through solvent evaporation in a rotary 

evaporator.  Then, the product was washed out several times with copious amount of 

diethyl ether to remove impurities. As a result, a light-yellow powder was obtained 

and recrystallized with ethanol and was further dried in a vacuum oven at 60 oC as 

shown in Figure 4.5. 

 

Figure 4.5 Synthesis of MAI precursors and powder. 

4.6 Synthesis of ethylenediammonium diiodide  

Ethylenediammonium-diiodide (EDAI2) was obtained from reacting Ethylenediamine 

(en) with excess hydroiodic acid (to complete the chemical reaction) following the 

procedure reported elsewhere[6]. 25 ml of HI was slowly added to the 10 ml of 

Ethylenediammonium in an ice bath (Caution: the chemical reaction is highly 

exothermic) under continuous stirring for 3 hours. EDAI2 precipitated out at the 
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bottom of the flask and a brownish powder was separated through rotary evaporator. 

Then, the produce was washed 5-times with diethyl ether and a white powder was 

recovered, which was further dried in a vacuum oven at 50o C for 24 hours. 

4.7 Synthesis of ethylenediammonium dichloride 

Ethylenediammonium-dichloride (EDACl2) was prepared by the reaction of 

ethylenediamine with hydrochloric acid in a molar ratio 1:2 under ice bath at 

continuous stirring for 3 hours. As a result, EDACl2 precipitated out at the bottom of 

the flask and a yellowish powder was separated through rotary evaporator, which was 

further washed three times with diethylether to remove impurities. Afterwards, the 

product was dried at 50o C for 24 hours in a vacuum oven. 

4.8 Preparation of FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite precursor solution 

Mixed cation mixed halide Sn-Pb perovskite, FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6, precursor 

solution was prepared by dissolving FABr (0.2 mM), MAI (0.8 mM), PbI2 (0.5 mM), 

SnI2 (0.5 mM), SnF2 (0.2 mM) in 1 ml of a mixed solvent system DMF: DMSO with 

a ratio 4:1, respectively, and stirred for overnight at 70 oC. Then, the solution was 

cooled down to room temperature before filtering with a 0.22 um 

polytetrafluoroethylene (PTFE) filter to remove undissolved particles. For caff. doped 

precursors, caff. concentration was gradually increased in molar ratio with SnI2 from 

0 mol% to 1.25 mol%, 2.5 mol% and 5 mol% as shown in Figure 4.6. 

 

Figure 4.6 Schematic diagram of FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 precursor synthesis 

and film deposition 

4.9 Fabrication of FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite absorber films 

For the deposition of Sn-Pb mixed perovskite absorber layer, the TiO2 coated FTO 

substrates were transferred into a glovebox where RH was kept under 10% for the 

perovskite film deposition. The complete process for the deposition of perovskite films 

is shown in the Figure 4.7 and video S1. 10 µL of perovskite solution was statically 
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spin-coated onto the glass substrates in two steps. The first step is 1000 rpm for 10 s 

and then the second step is 5000 rpm for 30 s. Meanwhile, 200 µL of CB antisolvent 

was dropped onto the substrates during the last 15 seconds before the end of the 

program. Afterward, the glass substrates were annealed at 110 oC for 20 mins to 

complete the perovskite phase conversion, as shown in Figure 4.7. 

 

Figure 4.7 Schematic illustration of control and caff. doped Sn-Pb mixed perovskite 

fim deposition. 

4.10 Film characterization 

4.10.1 XRD 

To study structural and crystallographic properties of Sn-Pb mixed perovskite films, 

the X-ray diffraction (XRD) technique was used. The XRD patterns were obtained 

using Bruker D8 Advanced with a 1.2/ min scan rate and 2θ range from 10o to 40o, 

using a CuKα radiation source (λ=1.54056 Å) with an excitation voltage of 40 kV and 

a current of 40 mA. X’Pert HighScore Plus software was used for analysing XRD data. 

4.10.2 UV-visible absorption spectroscopy 

For the measurement of optical properties, UV-visible absorbance spectra were 

recorded from the Shimadzu UV-3600i Plus spectrophotometer. 

4.10.3 SEM 

The surface morphology of the Sn-Pb mixed perovskite absorber films was taken using 

the Scanning Electron Microscopy (SEM) TESCAN-VEGA-3. EDX analysis was 
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carried out using the same equipment by adjusting the voltage at 20 kV and 15 mm 

width. 

4.10.4 FTIR 

To analyse inter-molecular interactions, Fourier-transform infrared spectroscopy 

(FTIR) studies were performed using CARY 630 FTIR, Agilent Technologies, USA. 

The diamond ATR module was used, and the wavenumber range was kept from 4000-

640 cm-1. 
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Summary 

This chapter covers the experimentation performed in this research work. First, the 

materials and their make. Then, concentrations of the materials used to prepare Sn-Pb 

mixed perovskites and afterwards the processing parameters along with complete 

description of the sample preparation. In addition, the parameters used to characterize 

the Sn-Pb mixed perovskite films are also provided.  
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Chapter 5 Results and Discussion 

This chapter discusses the effect of caffeine doping on different optoelectronic 

properties meanwhile in their ambient fabrication. Further, it also includes a detail 

discussion of the results and provides justifications for them.  

5.1 Fabrication of Sn-Pb mixed perovskite films  

5.1.1 Dopant assisted change in morphology and interaction with Sn2+ and Pb2+ 

ions 

Lead halide based PSCs are difficult to fabricate in an ambient environment owing to 

the uncontrolled crystallization of perovskite films due to the moisture present in the 

air. Water molecules tend to react with the perovskite precursors during the film 

formation and inhibit the proper growth of the grains in perovskite films.[1] Likewise, 

Sn-Pb mixed perovskite films also suffer through a similar fate even in the inert 

environment (H2O< 0.1 ppm and O2< 0.1 ppm). However, this behaviour is usually 

attributed to the higher acidity of Sn2+ resulting in the uncontrolled crystallization of 

Sn-Pb mixed perovskite films.[2] Lewis acid-base adduction has been reported as a 

successful technique to modulate the crystallization and growth of the perovskite film 

grains.[3] A caff. molecule contains two C=O functional groups, as shown in Figure 

5.1 a. Moreover, it has also been frequently used as an antioxidant agent in food and 

biochemistry.[4],[5],[6],[7] The C=O functional groups of the caff., acting as  Lewis 

base, can form an acid-base adduct with Pb2+ and Sn2+ ions in the precursors as seen 

in Figure 5.2 a.[8] This molecular interaction can turn into a molecular lock via 

chelation to enhance the activation energy of the nucleation, meanwhile, modulating 

the fast crystallization of the Sn-Pb mixed perovskite films.[9],[10].To verify this, we 

prepared FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite films without (control) and with caff. 

additive (1.25 mol%, 2.5 mol%, and 5 mol%) and deposited them on glass substrates 

(Figure. 5.1 b).  
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Figure 5.1 a) Structural formula of caffeine (1,3,7-trimethylpurine-2,6-dione) and b) 

Sn-Pb based perovskite film after annealing. 

Figure 5.2 a represents the Fourier-transform infrared spectrum (FTIR) of the pure 

caff. powder, control FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 and caff. doped 

FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite films. For the pure caff. powder, stretching 

vibration peaks of the two C=O functional groups are observed at 1691 cm-1 and 1641 

cm-1, respectively.[11] However, control perovskite films do not show any peaks in 

this region. But, when caff. is incorporated into the perovskite films, as seen in Figure 

5.2 b, only C=O group, present at the lower wavenumber 1641 cm-1, take part in the 

molecular interaction with Pb2+ and Sn2+ ions resulting in a redshift from 1641 cm-1 to 

1651 cm-1. This is  due to the conjugation of C=O group with C=C bond ensuing the 

delocalization of electrons. Whereas the peak at 1691 cm-1 remains at its original po-

sition as reported elsewhere.[9] This suggests that caff. stays in the films after the 

annealing, anticipating modulating the crystallization of FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 

perovskite absorber films.  

.  

 



57 

 

 

Figure 5.2 a) FTIR spectra of pure caff. powder, control, and caff. doped Sn-Pb  

perovskite films and b) Inset of the FTIR spectra indicating presence of caff. molecules 

in Sn-Pb perovskite films. c) Possible molecular interaction of C=O functional group 

with Pb2+ and Sn+2 ions in Sn-Pb  perovskite precursors.  SEM images of d) control, 

e) 1.25 mol%, f) 2.5 mol% and g) 5 mol% caff. doped Sn-Pb  perovskite films, 

respectively. 

To elucidate the role of caff. molecular locking with Pb2+ and Sn+2, SEM images of 

the control and caff. doped FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite films were 

recorded. As shown in Figure 5.2 d, control perovskite films contain many pinholes 

and very small grains attributed to the characteristic fast crystallization of Sn-Pb mixed 

perovskite films.[12], [13] Expectingly, as the concentration of caff. is increased to 

1.25 mol%, the grain size is improved significantly which can be seen in Figure 5.2 e. 

However, with the further increase in the caff.’s concentration, the grain size starts 

decreasing due to the higher concentration of caff. confining the growth of large 

perovskite grains (Figure 5.2 f and g).[14],[15] To gain further insights into the caff. 

assisted increase of the grain size, energy-dispersive X-ray (EDX) image of the control 

and 1.25 mol% caff. doped perovskite films were performed. We observed that wt.% 

ratio of carbon has increased in caff. doped perovskite films as compared to the control 

films indicating incorporation of the caff. into perovskite films as shown in Figure. 5.3 



58 

 

a and 5.3 b. These results are in consistent with FTIR results (Figure 5.2 b and 5.2 c), 

implying that the C=O functional groups of caff. have successfully formed a molecular 

lock with Pb2+ and Sn2+ ions via an acid-base adduct formation to modulate the 

uncontrolled crystallization of FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite absorber films 

by increasing the activation energy of the nucleation.  

 

Figure 5.3 SEM images and EDX analysis of Sn-Pb perovskite absorber films of a) 

control and b) 1.25 mol% caff. doped. 

5.1.2 Effect of caff. doping on structural properties o Sn-Pb mixed perovskite 

films  

To investigate the crystallographic properties of FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 

perovskites, X-ray diffraction (XRD) of the thin films was performed. It is found that 

XRD patterns of control films show dominant perovskite peaks at 2θ values of 14.01o 

and 28.3o which can be associated to the (110) and (220) planes, respectively, as shown 

in Figure 5.4 a, no additional peak appears at 12.65o indicating complete conversion 

of perovskite phase.[16],[17] Moreover, we also observed that the intensity of XRD 

peaks gradually increased with the increase in the caff. doping concentration. To 

further probe the effect of caff. doping on perovskite film crystallinity, the fullwidth 

halfwave maximum (FWHM) of (110) plane peak at 14.01o is measured. It is found 

that the FWHM value of the (110) plane decreases systematically as the concentration 

of caff. is increased from 0% to 1.25%, afterward, FWHM values start increasing with 

further increase in the caff. doping concentrations as seen in Figure 5.4 b. This can 

also be observed in the increase of the crystallite size measured by the Scherer 

equation (Figure 5.5).[18] 
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Figure 5.4 a) XRD patterns of control, 1.25 mol%, 2.5 mol% and 5 mol% caff. doped 

Sn-Pb  perovskite films, b) FWHM and peak intensity of characteristic peak (110) at 

14.09o of control, 1.25 mol%, 2.5 mol%, and 5.0 mol% caff. doped Sn-Pb  perovskite 

films. c) UV-visible absorbance spectrum and d) Tauc-plot of the control, 1.25 mol%, 

2.5 mol% and 5 mol% mol caff. doped Sn-Pb perovskite films. 

5.1.3 Effect of caff. doping on optical properties of Sn-Pb mixed perovskite films 

To estimate the photoresponse of the ambient processed FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 

perovskite films, we performed UV-visible spectroscopy. The absorbance spectrum of 

the control and caff. doped Sn-Pb mixed perovskite films are shown in Figure 5.4 c). 

The absorption of FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite films is gradually enhanced 

as the caff. concentration is increased from 0 mol% to 5 mol%. Under optimum caff. 

doping concentration, 1.25 mol% caff., the absorbance is maximum which is in good 

agreement with the improved grain size and enhanced crystallinity of the 

FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite absorber films. Moreover, for 1.25 mol% caff. 

doped FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite films, the absorption onset is redshifted 

relative to the control perovskite films which can be associated with the antioxidant 

properties of caff. stabilizing Sn2+.[19] These observations are further corroborated by 
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tauc’s plot, where the lowest bandgap is obtained for 1.25 mol% caff. doped 

FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite films, as shown in Figure 5.4 d).  

 

 

Figure 5.5 Change in crystallite size for the control, 1.25 mol%, 2.5 mol%, and 5.0 

mol% caff. doped Sn-Pb  perovskite films. 

5.1.4 Effect of caff. doping on trap-states of Sn-Pb mixed perovskite films 

To further quantify the effect of caff. doping on the electronic quality of the 

FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite films, we determine Urbach energy (Eu) for 

the control and caff. doped Sn-Pb mixed perovskite films. Eu, also known as Urbach 

tail, states energetic disorder near the band edges (valence and conduction band) due 

to the presence of the localized states which is measured by linear fitting ln (α) versus 

photon energy (hγ) using a relation 𝛼 = 𝛼0 ∗ exp (𝐸
𝐸𝑢

⁄ ) where α is the absorption 

coefficient, E is photon energy, and Eu is Urbach energy.[20] We found that control 

FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite films have Eu= 277 meV value, whereas 1.25 

mol%, 2.5 mol% and 5 mol% caff. doped perovskite films have Eu= 229 meV, Eu= 

244 meV and Eu= 262 meV values, as shown in Figure 5.6 a- d, respectively. The 

stated reduction in the Eu values is due to the passivation of trap states near the band 

edges of the bandgap.[21],[22] Although, caff. doping has shown decreasing trend in 

Eu, but the values are very high which can be associated to the Sn2+ in ambient 

conditions. 
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Figure 5.6 Urbach energy of (a) control, (b) 1.25 mol% (c) 2.5 mol% and (d) 5 mol% 

caff. doped Sn-Pb perovskite films (pictures of corresponding perovskite films are 

inset graph). 

5.2 Additional research work done as research assistant under HEC NRPU 

project  

5.2.1 XRD, UV-visible and SEM results of Methylammonium lead iodide based 

perovskite films 

Methylammonium lead iodide (MAPbI3) thin films were prepared by spin-coating 

precursors on glass substrates and annealed at 100 oC. XRD) was conducted to 

determine crystallographic properties of the MAPbI3 perovskite films. XRD 

diffraction patterns revealed sharp peaks at 14.00o and 28.36o corresponding to the 

(110) and (220) planes indicating successful formation of the tetragonal perovskite 

structure as shown in Figure 5.7 a.[23], [24] To further corroborate formation of the 

perovskite structure, UV-visible spectroscopic studies were performed to analyse 

optical properties. As it can be seen in Figure 5.7 b, the absorption onset starts from 

810 nm and ends at 760 nm attributed to the direct bandgap of the organic inorganic 
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lead iodide perovskites.[25] For optical bandgap estimation, Tauc plot was used as 

shown in Figure 5.7 c. The optical bandgap of MAPbI3 perovskite based films was 

around 1.53 eV. 

 
Figure 5.7 a) X-ray diffraction of MAPbI3 based perovskite thin films, b) Absorption 

spectrum of   MAPbI3 perovskite thin films, c) tauc’s plot of MAPbI3 perovskite films 

and d) Scanning electron microscopy image of MAPbI3 thin film. 

Further, for scanning electron microscopy (SEM), MAPbI3 precursor was drop casted 

on the FTO substrates and thin films were prepared. SEM images showed compact 

and uniform perovskite films as seen in Figure 5.7 d. 

5.2.2 Fabrication and J-V Characterization of carbon based PSCs 

Figure 5.8 a describes the complete fabrication process of HTL free carbon based 

PSCs. J-V measurements were conducted using standard 1.5 G A.M under 1 Sun 

illumination on solar cell simulator to record the PSC device response. For control 

PSC devices, where carbon powder simply sprinkled on the perovskite absorber layer, 

the power conversion efficiency was extremely low approximately 0.32% with other 

photovoltaic parameters, i.e., fill factor, open-circuit voltage, short-current density  

values are 26%, 0.51 V and, 2.2 mAcm-2, respectively. On the other hand, for 

platinum coated counter FTO electrodes, the efficiency improved significantly up to 
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two folds as compared to control carbon powder based PSCs as shown in Figure 5.8 

b. This difference in the performance be associated to the better contact between 

perovskite absorber layer platinum coated counter FTO resulting in lower interfacial 

resistances and significant increase in the performance. Figure 5.8 c shows the image 

of carbon based HTL free PSCs. 

 
Figure 5.8 a) Schematic illustration of the complete PSC fabrication process, b) J-V 

curves of the controlled and platinum coated carbon-based PSCs, and c) image of the 

carbon-based PSCs. 
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Summary 

This chapter presents results and discussion of an experimental study on additive assisted 

growth of FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 narrow bandgap perovskite films employing a Lewis-

base molecule, caffeine (1,3,7-trimethylpurine-,2,6-dione), having two carbonyl functional 

groups (C=O) in a low humidity environment (<~10%). The C=O interacts with metallic ions 

(Sn2+ and Pb2+) via chelation to form an acid-base adduct, slowing down the fast crystallization 

of FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite films. As a result, the grain size improves resulting 

in better structural and optical properties. In contrast, Urbach energy values showed higher 

electronic disorder near the band edges even upon caffein doping implying Sn4+ doping in 

ambient environment. This work accentuates the potential of the acid-base adduction to 

regulate uncontrolled crystallization of Sn-Pb perovskites in ambient environment.  
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Chapter 6 Conclusions and 

Recommendations 

This chapter illustrates the experimental work performed to prepare the mixed Sn-Pb 

halide precursors, substrate preparation and the fabrication of the perovskite films. In 

addition, it also describes the parameters used to characterize these films. 

6.1 Conclusions 

In this research work, the role of caff. (1,3,7-trimethylpurine-,2,6-dione) molecule 

containing two C=O functional groups for the ambient fabrication of 

FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 narrow bandgap perovskite absorber films in a low 

humidity environment (RH< ~10%). The C=O functional groups in the caff. act as an 

electron-donating Lewis-base reacting with Pb2+ and Sn2+ ions to form an intermediate 

adduct modulating the fast crystallization of Sn-Pb mixed perovskite films. The 

FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite absorber films are prepared with different 

concentration ratios of caff. (0 mol%, 1.25 mol%, 2.5 mol%, and 5 mol%). Among 

them, 1.25 mol% caff. doped perovskite absorber films show the most optimum 

structural, morphological, and optoelectronic properties in comparison to others. 

Moreover, all the prepared Sn-Pb mixed perovskite absorber films show Eu values 

higher than 200 meV attributed to the easy oxidation of Sn2+ with a maximum Eu value 

of 273 meV for control and a minimum Eu value of 229 meV for 1.25 mol% caff. 

doping concentration. In short, acid-base adduct formation has proved a significant 

tool to regulate fast crystallization of Sn-Pb mixed perovskite absorber films in 

ambient environment. We hope this work will endeavour the development of Sn-Pb 

based PSCs in ambient conditions.   

6.2 Future Recommendations 

For the future work, the following suggestions are recommended to fabricate a 

complete working device in ambient conditions based on the Sn-Pb mixed perovskites: 

1. Passivation of surface defects: Facile Sn2+ oxidation initiates from the surface and 

proceeds to the bulk of the Sn-Pb mixed perovskite films. To prevent this, it is 

recommended to passivate uncoordinated Sn2+ present at the surface of the Sn-Pb 

mixed perovskites films to avoid formation of defect states.  
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2. Passivation of bulk defects: As a consequence of the Sn2+ in ambient environment, 

bulk oxidation of Sn-Pb mixed perovskites take place ultimately loosing the 

perovskite structure. Therefore, it recommended to apply surface and defect 

passivation simultaneously to in Sn-Pb mixed perovskite to sustain their 

optoelectronic properties. 

3. Fabrication of a Sn-Pb mixed PSCs in ambient environment: To study the effect 

of caff. doping on the complete device performance, it is recommended to fabricate 

a complete perovskite solar cell in future.  
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Carbonyl functional group assisted crystallization of mixed tin-lead narrow 

bandgap perovskite absorber in ambient conditions 
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ABSTRACT  

Tin-lead (Sn-Pb) perovskite solar cells are receiving growing interest due to their 

applications in tandems and lead mitigation. Nonetheless, fast crystallization and 

facile Sn2+ oxidation restrict their ambient fabrication which increases fabrication 

costs. This letter presents an experimental study on additive assisted growth of 

FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 narrow bandgap perovskite films employing a Lewis-

base molecule, caffeine (1,3,7-trimethylpurine-,2,6-dione), having two carbonyl 

functional groups (C=O) in a low humidity environment (<~10%). The C=O interacts 

with metallic ions (Sn2+ and Pb2+) via chelation to form an acid-base adduct, slowing 

down the fast crystallization of FA0.2MA0.8Sn0.5Pb0.5I2.4Br0.6 perovskite films. As a 

result, the grain size improves resulting in better structural and optical properties. In 

contrast, Urbach energy values showed higher electronic disorder near the band edges 

even upon caffein doping implying Sn4+ doping in ambient environment. This work 

accentuates the potential of the acid-base adduction to regulate uncontrolled 

crystallization of Sn-Pb perovskites in ambient environment. 

Keywords: Ambient fabrication, Tin-Lead mixed perovskites, Narrow bandap, Lead 

mitigation 
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Unravelling the Role of Bifunctional Additives Towards Realization of Highly 

Efficient and Environmentally Robust Tin Halide Perovskite Solar Cells 
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ABSTRACT 

Tin halide perovskite (THP) materials have become a popular choice as lead-free 

perovskites for solar cell applications owing to their narrow bandgap, high charge 

carrier mobilities, and low-exciton binding energies. However, tin halide-based 

perovskite solar cells (TH-PSCs) performance and stability are primarily hampered by 

the volatile nature of tin (II) in the ambient environment and uncontrolled 

crystallization at room temperature. For quite some time, tin halides and metallic tin 

have been used as tin (Sn2+) compensators in TH-PSCs. Still, the performance of TH-

PSCs has not improved significantly due to the phase segregation produced by tin-

based additives, endangering the morphology of THP films. Recently, bifunctional 

additives (BAs) containing different functional groups have promised tremendous 

potential to alleviate Sn2+ oxidation and prohibit fast crystallization.  

Keywords: Tin oxidation, Fast crystallization, Bifunctional additive, Tin halide 

perovskite solar cells 
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