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Abstract 

Wide bandgap perovskite solar cells are becoming the preferred choice for top cells in a tandem 

architecture with crystalline silicon solar cells. This is due to their bandgap tunability (1.6 to 

3eV), low-temperature solution processing, fast charge carrier rate, long carrier diffusion 

length, and high absorbance in the visible region. Among the wide bandgap perovskites, a 

mixed cation, mixed halide composition containing CsxFA1-xPbI3-yBry has is a popular choice 

because the presence of Br widens the bandgap and the addition of Cs stabilizes the crystal 

structure. However, these perovskite layers were fabricated using a one-step spin-coating 

technique even though sequential deposition promotes crystallization and offers bbetter film 

coverage. In this paper, we have fabricated a Cs0.2FA0.8PbI3-xBrx perovskite absorber layer 

using sequential deposition. The concentration of Br was varied from 0 to 1, and the optical, 

structural and morphological properties of the film were studied. As the concentration of Br 

was increased, the perovskite showed better crystallinity however, beyond Br-0.3, the presence 

of another perovskite phase matching CsPbBr3 was detected owing to a preference for the Pb-

Br over the Pb-I complex. Optically, the perovskite films also skewed from the predicted 

bandgap for Br concentrations of 0.5 and 0.7. Their bandgap was in the 2 eV range, which also 

matches with CsPbBr3. The morphology showed the presence of large grains with high surface 

roughness. This study explores compositional tuning via the sequential deposition route for a 

wide bandgap perovskite absorber layer. 

Keywords: perovskite, sequential deposition, wide bandgap, absorber, solar cell 
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Chapter 1: Background 

1.1 Energy Crisis and Climate Change 

The world’s natural resources are in limited supply and depleting at an alarming rate. As the 

population keeps on increasing, the power consumption also increases. The natural resources 

are can take millenniums to replenish; so there is no other option but to conserve the resources 

we have and transition towards renewable energy resources [1]. Our country heavily relies on 

petroleum, natural gas and coal to harness energy. Around 80% of the world’s oil resources 

have been tapped [2] and more than 50% of them have been consumed. If the rate of 

consumption remains the same, the world will run out of oil by the year 2040 [3].  

Despite being a geographically and strategically important country, Pakistan has been suffering 

from an energy crisis from the 1980s. [4] Around 81% of the country’s electricity is produced 

from oil and gas which has a total cost of 9.4 billion dollar. This accounts for 53% of our total 

imports and are a heavy burden on the economy. Climate change is another issue plaguing the 

nation. Although Pakistan’s fossil fuel emissions are inconsequential in comparison to its 

neighboring developing countries [5], measures need to be taken to mitigate climate change. 

Pakistan is amongst the top 10 countries most vulnerable to climate change [5]. If fossil fuel 

consumption is not reduced, the country could spiral down this irreversible path.  

1.2 Pakistan’s Solar Potential 

Pakistan has an abundant supply of sunshine. Because of its geographical location, the country 

receives sunshine throughout the year, averaging on 300 out of 365 sunny days [6]. Every day 

there is 8 to 10 hours of sunlight which equals to 15 MWh of solar radiation per year. This 

means Pakistan is capable of generation 1600 GW of solar power annually. In the 2015 solar 

assessment survey conducted by the World Bank, it was determined that Pakistan receives 2000 

kWh/m2 of AM 1.5 solar irradiation every year. Northern parts of Baluchistan receive the 

highest values which reach a maximum of 2700 kWh/m2. Pakistan’s weather is also ideal for 

solar energy generation because there are sizeable plains which are not affected by cloud 

coverage, aerosol content, irradiance diffusion or air pollution [7]. 

Another survey performed by the National Renewable Energy Laboratory in collaboration with 

many other organizations reveals that over 80% of the country is blessed with direct normal 

solar irradiation of 6 kWh/m2/day [8]. Data provided by NASA when averaged out over 10-

years also shows that solar insolation varies from 5-7 kWh/m2/day. 
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1.3 Solar Energy Technologies 

There are three major types of solar energy – solar photovoltaic (PV), solar thermal and 

concentrating solar power. Each of these converts sunlight into a form of energy that we can 

store for industrial, domestic and commercial use.  

1.3.1 Solar Thermal 

Solar thermal energy uses sunlight for heating and cooling purposes. The thermal energy is 

for water heating, space heating, and even cooling spaces [9]. The heat from solar radiation 

heats up the water which can be stored for later use or transferred to pipes for space heating. 

This technology can cut down on electricity and gas consumption in the winters.  

1.3.2 Concentrating Solar Power 

Concentrating solar power, or CSP for short, is mostly used for industrial purposes because of 

the large scale of the power plant [10]. The technology employs mirrors for reflecting the 

sunlight and directing it towards a receiver that collects it in the form of heat. This heat can 

later be used to produce electricity.  

1.3.3 Solar PV 

Solar Photovoltaic energy is the electricity created directly from sunlight using 

semiconductors. When solar radiation falls on a solar PV cell, the semiconductor frees electrons 

to generate an electric current [11]. Solar PV technology involves the use of solar cells which 

are connected in series and mounted on a module. Multiple modules can be arranged to form 

an array which makes up a solar panel. The number of arrays can be changed according to the 

amount of solar power required.  

1.4 Working Principle of a Solar Cell 

Solar cells rely on the photovoltaic effect which is the direct conversion of light into electricity. 

The most common type of solar cells uses two different semiconductor materials to form a 

junction and set up a potential difference [12]. A group III element impurity is added to one 

semiconducting material to create a valency making it the p-type (positive) material. The other 

is doped with a group V element with an extra electron creating an n-type (negative) material 

[13].  

When the sunlight strikes the cell, the photons’ energy is transferred to the electrons to create 

an electron-hole air. An electric field is created inside, and the charges separate. The electrons 

travel to the negative electrode while the holes rush towards the positive terminal. The load is 
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connected to both terminals in a series to drive an electrical current and provide power to any 

devices.  

 

Figure 1: A diagram illustrating the mechanics behind a solar photovoltaic cell [13] 

1.5 Current Status of Solar PV 

Solar photovoltaic technology has been around in Pakistan since the 1980s. The government 

initially installed 18 systems with a total capacity of 450 kWh. However, these installations 

were largely unsuccessful because they did not produce the desired results. Lack of proper 

management and technical understanding led to the projects being abandoned [14]. Solar PV 

did not make a comeback until 2003 when the Alternate Energy Development Board (AEDB) 

was created. They took measures to promote renewable energy development and provide 

technical assistance [15]. AEDB offers financial benefits to investors to promote investment in 

the renewable energy market. At present, there are 28 solar power projects with a total capacity 

of 956.8 MW that are in the pipelines, NEPRA has awarded upfront tariffs on 472.48 MW to 

independent power producers and seven projects capable of generation 72.58 MW are in the 

financing stage.  

1.6 Classification of Solar PV Cells 

Solar cells are ordered into generations based on the materials used in them and the time period 

in which they were introduced [16]. There are four generations of solar cells. 
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1.6.1 First Generation 

This includes mono and polycrystalline silicon solar cells. It uses wafer-based technology to 

create a light converting device. These solar cells are associated with high processing costs and 

wastage of material. 

1.6.2 Second Generation 

As a response to the limitations of the first generation, the second-generation solar cells reduced 

the film thickness and brought it down to the nanometer scale. They are called thin film solar 

cells and use materials such as amorphous silicon, cadmium indium gallium selenide (CIGS), 

cadmium telluride, and cadmium zinc tin sulfide (CZTS). 

1.6.3 Third Generation 

Light management using organic materials resulted in the third generation of solar cells. These 

include dye-sensitized solar cells, perovskite solar cells, photo chemical cells and quantum dot 

cells. 

1.6.4 Fourth Generation 

There has been a longstanding debate on whether there is a fourth generation of solar cells but 

generally the composites consisting of organic material with polymer matrix is included in this 

category.  

 

Figure 2: Classification of solar cells based on their generation [16] 

1.7 Limitations of the Previous Generations 

First generation includes silicon-based solar cells and even though they offer a high efficiency, 

silicon is not affordable. Moreover, the fabrication process is complex and there are high costs 



18 

 

associated with the materials [17]. There are also many loss mechanisms associated with the 

first generation: (i) the photons have energy greater than the cell bandgap so energy is lost and 

dissipated as heat and (ii) the Fermi level is lower of both p-type and n-type material is confined 

to the bandgap of silicon so the open-circuit voltage is minimized [18]. 

 

The basis of the second generation is thin film technology and it is lower in cost to the first 

generation and the cells have a higher absorption coefficient [19]. However, their fabrication 

processes are susceptible to environmental contamination and the materials are not easily 

accessible. The third generation of solar cells addresses these issues with readily available 

materials, a greater theoretical efficiency limit, and simple fabrication techniques.  

1.8 Opportunities in Perovskite Solar Cells 

Perovskite solar cells are the solution to the high costs associated with the previous cells and 

when used in tandem with another solar cell, they can cross the theoretical efficiency limit [20]. 

The wide bandgap perovskite solar cells are the most popular choice for multi-junction tandem 

architectures. However, they suffer from their own problems associated with the quality of the 

film which affects the stability of the entire cell structure [21]. The quality is inherently related 

to the deposition method which has primarily been one-step deposition through spin coating. 

It has been shown in the literature the two-step deposition process offers better control over the 

quality of the film since the method is broken down into two parts [22]. This is the challenge 

we will address in our research. 

1.9 Objectives of the Research 

• Synthesis of formamidinium iodide using rotary evaporator.  

• Selection of a suitable chemical composition for a wide bandgap perovskite solar cell 

that is stable under light irradiation 

• Synthesis of the absorber layer for a wide bandgap perovskite solar cell using 

sequential deposition 

• Characterize the morphological, optical and electrical properties of the film 
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Table 1: Classification of Solar Cells 

Type of Solar Cell  

 

Cell Generation Mono-Si Poly-Si Amorphous Si CdTe CIGS Perovskites DSSC Organic 

Highest Efficiency 26.7% 23.2% 10.2% 21.0% 23.35% 24.2% 11.9% 13.45% 

 

Area (cm2) 79.0 3.923 1.001 1.0623 1.043 0.0955 1.005 0.04137 

Costs ($/W) 1.2 1.2 0.75 0.5 0.75 0.25 <0.5 1.0 

Advantages Si easily 

available 

Lower costs Higher 

absorption and 

bandgap 

Ideal 

bandgap, 

good 

stability 

Slow 

degradation 

Low-cost 

manufacturing and 

high efficiency 

Environment 

friendly 

Flexible 

design 

Disadvantages Expensive 

processes 

Lower 

efficiency 

Fast degradation Cd is toxic Sensitive to 

module defects 

Low stability Low efficiency Low VOC 

References [23] [24] [25] [26] [27] [28] [29] [30] 
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Summary 

The world is headed towards an energy crisis and will completely exhaust all oil reserves by 

2040. Pakistan too, relies on natural oil for 81% of the electricity production and is one of the 

top ten countries most susceptible to the threat of climate change. Thankfully, our country 

receives an abundance of sunlight with 80% of the land getting direct solar insolation of 6 

kWh/m2/day.  These favorable conditions indicate the country can benefit from the full range 

of solar technologies i.e., solar photovoltaic, concentrated solar power and solar thermal 

energy. Solar photovoltaic utilizes the energy of sunlight to create an electronic and hole 

current which can be used to power a load. AEDB is promoting the adoption of solar PV by 

offering financial benefits and currently there are 28 solar projects across Pakistan at various 

stages of completion which together can generate 956.8 MW. There are mainly three 

generations of solar photovoltaic cells. The first generation used Silicon, but the fabrication 

technology was too expensive. Second generation utilize thin film technology, but their 

production is also susceptible to contamination. The third generation uses organic materials 

and is free of the issues faced by its previous generations. Perovskite solar cells offer many 

advantages over the previous generations, the biggest of which is that in tandem they can cross 

the theoretical efficiency limit. Their deposition method however affects their film quality and 

switching to a two-step deposition could allow the means to control the absorber layer. The 

objective of this research is to select a suitable composition for the wide bandgap absorber 

layer for perovskite solar cells. The objectives also include fabrication and characterization of 

the above-mentioned layer. 
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Chapter 2: Potential for Perovskite Solar 

Cells 

Perovskites are named after the naturally occurring mineral because it also has an orthorhombic 

crystal structure. The chemical formula for perovskites is denoted by ABX3 where 

• A = monovalent cation (Methylammonium, Cesium, Formamidinium, etc.) 

• B = divalent metal cation (Pb, Sn, Ge, etc.) 

• X = halide anion (I, Cl, Br, etc.) [1] 

 

Figure 3: Perovskite Crystal Structure [2] 

The compositions can be varied and intermixed to fabricate a perovskite crystal  structure as 

long as the atomic size variances are within the tolerance factor [3]. This property can be used 

to tune the bandgap of the perovskite material over a wide range; from 1.15 to 3 eV i.e. infrared 

to ultraviolet [4]. Perovskites also possess other attractive properties such as high absorbance 

over the visible spectrum range, resistance to defect formation, fast carrier transport and long 

hole/electron diffusion length [5]. Furthermore, the solutions are processed at low 

temperatures, the materials are abundantly available and the material can be chemically tuned 

which make it a viable option for large-scale production of low cost and flexible solar cells [6].  
 

The technology has gone through rapid breakthroughs and the power conversion efficiency has 

increased to over 25% in the last decade. The rapid success has made organic-inorganic lead 

halides a contender for the commercialized crystalline silicon, thin film and CdTe photovoltaic 

cells [7]. Single-junction perovskite solar cells follow two architectures the standard n-i-p and 

the inverted p-i-n structure. For the n-i-p solar cells the electron transport layer (ETL) is on a 

glass substrate coated with a  transparent conductive coating, the hole transport later (HTL) is 

on the top with the absorber layer sandwiched in the middle. In the p-i-n, the order is reversed.  
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Figure 4: n-i-p (left) and p-i-n perovskite solar cell architecture [8] 

2.1 Types of Perovskite Solar Cells 

Single-junction perovskite solar cells can be classified into two categories based on the 

absorber layer bandgap. Wide bandgap cells are those with Eg > 1.55 eV and low bandgap are 

the ones with Eg <1.55 eV. Wide bandgap perovskites are used as a top cell in tandem 

architectures and this is the reason why they are fabricated with a transparent back contact. 

Whereas low bandgap perovskites can be used as the bottom cell in perovskite-perovskite 

tandem solar cells. 

2.1.1 Wide Bandgap PSCs 

Wide bandgap PSCs with Eg between the ranges of 1.7 to 1.9 eV are used in tandem with 

crystalline silicon and low bandgap thin film PSCs. The bandgap can be achieved by 

substituting the iodide anion with bromide. Increasing the Br- content can result in a wider 

bandgap for the perovskites. The figure below shows one example of how increasing the Br- 

anion concentration can increase the bandgap of MA-Pb halide perovskite.  

 

Figure 5: The effect of Br- concentration on the bandgap of MAPb(I1-xBrx)3 [9] 
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2.1.2 Low Bandgap PSCs 

Low bandgap PSCs include the standard methylammonium lead iodide with a 1.55 eV 

bandgap. Those with an even lower bandgap operate in the infrared region with a bandgap of 

1.2 to 1.4 eV. Partially substituting the b with Sn can help achieve the lower Eg [10] and provide 

high conductivity as well [11]. However, the device durability is shorter and stability much 

poorer than the perovskites with a wider bandgap. The graph below depicts the change in 

bandgap as a result of the substitution of the metal ion Pb with the less toxic Sn in a 

methylammonium-based perovskite material.  

 

Figure 6: The change in bandgap as Pb is slowly replaced by Sn  [12] 

2.2 Challenges faced by Perovskite Solar Cells 

Perovskite solar cells have not yet been commercialized due to some major performance 

setbacks. These challenges are related to the stability, lifetime and output of the devices.  

The biggest issue faced by methylammonium (MA) cations is the degradation of the perovskite 

and degrading into the yellow phase. This affects the stability of the material and makes it 

especially sensitive to a rise in temperature. The MA containing perovskite solar cells can start 

deteriorating when brought into contact with moisture or heat starting from 85°C [13]. 

Defects are the major cause for poor performance of the device. The defects develop during 

the deposition which controls the quality, coverage and roughness of the film [14]. Intrinsic 

defects which are accumulated at interfaces can lead to low mobilities. This is the cause behind 

hysteresis often observed in the I-V curves [15]–[17].  
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Another issue introduced by defects is recombination loss. All charge carriers are not collected 

because some of them are lost due to the recombining of electrons and holes before they reach 

the electrode. Surface defects, interface defects and bulk defects introduce regions where the 

recombination occurs and leads to a nonradiative open-circuit voltage loss [18].   

Efficiencies for low bandgap PSCs are well below the Shockley Queisser limit because there 

is a shortfall in the potential as the Sn2+ is oxidized to Sn4+. For wide bandgap perovskites, the 

mixing of iodide and bromide ions can cause phase segregation and reverse the formation of 

perovskite phase [19], [20] leading to undesirable recombination centers.  

2.3 Deposition Methods for PSCs 

The selection of an appropriate fabrication method for the perovskite absorber layer is 

important because it affects the film thickness, crystallinity, morphology and purity. All these 

factors affect the performance of a solar cell [21]. There are many deposition methods being 

used for perovskite films, but the most common ones are one-step spin coating, two-step 

solution processing, vapor deposition and vapor-assisted solution process methods.  

2.3.1 One-Step Spin Coating 

The one-step synthesis route utilizes a solution processing technique wherein the lead halide 

and organic salts are dissolved in a solvent to create one precursor solution. The solvents are 

used in a stoichiometric ratio to tune the composition of the perovskite film. This solution is 

then spin coated directly on to the substrate coated with the charge transport layer after which 

it is dried to form the light-absorbing layer [22]–[24].  

2.3.2 Two-Step Sequential Deposition 

A two-step solution processing deposition technique involves two different precursor solutions 

which are sequentially deposited on to the substrate [25], [26]. The first step involves a lead 

halide dissolved in an appropriate solvent and then spin coated onto the charge transport layer. 

The coated substrate is dipped into a solution containing the cation salts and rinsed with the 

solvent to create a perovskite layer. The lead halide film reacts with the salts in which it is 

immersed to achieve successful synthesis.  

2.3.3 Vapor Deposition 

The vapor deposition is another method that can be used to deposit the absorber layer and it is 

performed under high vacuum. The lead halides and organic salts are either deposited 

alternately or simultaneously on the substrate. The technique utilizes thermal evaporation with 

dual sources to form a perovskite layer [27]–[29]. High temperatures and suitable atmospheric 

conditions are required for this process.  
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2.3.4 Vapor Assisted Solution Process 

Vapor-assisted solution processing is a low-cost method for fabricating high quality light-

harvesting perovskite films. It overcomes the issues associated with the standard solution or 

vapor processed methods. The lead halide solution is deposited on to a glass substrate using a 

solution processing technique. The organic salt is vaporized at temperatures of 120-165°C in 

an inert environment and the perovskite film grows on the substrate in a few hours [30]–[32].  

2.4 The Deposition Effect 

The film quality and inherent properties of the perovskite layer are reliant on the synthesis and 

fabrication process. The most common method for depositing an absorber layer is one-step spin 

coating because it is a simple, low-cost method. However, the morphology and crystallite size 

are not easy to control. The choice of solvents with a high solubility constant for both salts is 

also limited [33].  

The sequential deposition technique offers a better cell performance as compared to the one-

step method. The sequential process allows more control of the crystallization process because 

the perovskite is divided into two precursor solutions [34]. The two step-method is more 

suitable for environments where the humidity is higher as long as it is not above 60% [35]. The 

only problem with sequential deposition is that there is little control over the film thickness as 

compared to with vapor processing techniques. 

Vapor deposition is one way to achieve highly uniform films with fewer pinholes and defects 

however, very high temperatures are required to vaporize PbI2 salt [27]. The thermal 

evaporation equipment is highly specialized and releases toxic gases into the environment. The 

search for a non-toxic metal halide with a low evaporation temperature is ongoing.  

With the vapor-assisted solution process, it is difficult for the lead halide film to completely 

react with the organic salt vapor which increases the internal resistance of the solar cell. Even 

though the process combines the best of both solution and vapor-based techniques, it comes at 

a price [36]. 
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Table 2: Solar cells fabricated using different deposition methods 

Year Methodology Results Materials Reference 

2018 One step spin-

coating  

Maximum PCE of 17.8% with 

83% recovered performance after 

60 days in ambient air  

 

ETL: PCBM 

Absorber: MAPbI3   

HTL: PEDOT:PSS 

 

[37] 

2012 One step spin-

coating 

Jsc of 16.1 mA/cm2, Voc 0.631 V 

corresponding to a PCE of 5.5% 

ETL: TiO2 

nanosheets 

Absorber: MAPbI3   

HTL: None 

[38] 

2013 Sequential 

deposition 

A high Jsc of 20 mA/cm2 and Voc 

of 993 mV with a PCE reaching 

15% 

ETL: TiO2 

Absorber: MAPbI3 

HTL: Spiro-

MeOTAD 

[39] 

2014 Sequential 

deposition 

The Jsc increased to 17.7 mA/cm2 

Stabilized PCE of 10.2% 

ETL: TiO2 

Absorber: MAPbI3   

HTL: Spiro-

MeOTAD 

[40] 

2013 Vapor 

deposition 

15.4% efficiency with a Jsc of 

21.2 mA/cm2 and Voc of 1.05V  

ETL: TiO2 

Absorber: MAPbI3 

HTL: Spiro-

MeOTAD 

[41] 

2017 Vapor 

deposition 

 

Average VOC of 1.05V with a 

17.3% 

PCE 

ETL: C60 

Absorber: MAPbI3   

HTL: TaTm 

[42] 

2014 Vapor-assisted 

solution process 

Voc of 924 mV with an efficiency 

of 12.1% 

ETL: TiO2 

Absorber: MAPbI3 

HTL: Spiro-

MeOTAD 

[43] 

2015 Vapor-assisted 

solution process 

Highest efficiency of 12.1% ETL: TiO2 

Absorber: MAPbI3 

[44] 

 

2.5 Deposition Routes Used for Wide Bandgap PSCs 

Wide bandgap PSCs with Eg over 1.7 eV is ideal for the top sub cell in tandem with both 

crystalline silicon and low bandgap PSC bottom sub cells [45]. The bandgap can be achieved 

by substituting the iodide anion with bromide. Increasing the Br- content can result in a wider 

bandgap for the perovskites [46]. The Cs-FA, mixed cation wide bandgap perovskite, is also 

more thermally stable than MAPbI3 [47]. Many researchers have realized the importance of 

wide bandgap perovskites and dedicated their resources to improve efficiency and stability. 

McMeekin et al. substituted the formamidinium cation with cesium to eliminate phase 

instability of the halide domains and achieve a wide bandgap for tandem solar cell applications 
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[48]. The addition of Cs also widens the bandgap, and they exploited that property to push the 

Br-to-I unstable phase to a higher energy space. For a large part of the range, the bandgap for 

the FA0.83Cs0.17Pb(IxBr1-x)3 perovskite was predictable and followed Vegard’s law. The 

absorber layer displayed long electron/hole diffusion length, high carrier mobility, and a large 

recombination resistance. The champion cell exhibited a short current density equal to 19.4 

mA cm−2 with an open-circuit voltage of 1.2 V, and a PCE of 17.1%, which opens possibilities 

for a tandem cell to have over 30% efficiency.  

 Lin et al. verified that solution-processed hybrid perovskite solar cells provide great 

opportunities in tandem architecture because they eliminate the need for lattice matching and 

require low-temperature deposition methods [49]. They added Cs to the FA-based perovskites 

because it brings stability to the perovskite film under illumination. 

The wide bandgap perovskite films are, however, sensitive to moisture, light, and temperature. 

Szostak et al. monitored the effects of relative humidity on a CsyF1-yPb(IxBr1-x)3 perovskite thin 

film. The choice of material was due to its bandgap tunability and because it is has been 

successfully applied in tandem with silicon solar cells [50]. They used a two-step spin coating 

procedure inside a nitrogen-filled glove box. The relative humidity level was maintained at 3-

5%, 20%, and 40%. As the humidity level increased the power control efficiency of the cells 

decreased due to the growth of undesirable phases and non-uniform morphology of the film. 

Zhou et al. addressed the phase segregation under illumination of a wide bandgap perovskite 

absorber layer by using additives in the precursor solution [51]. The addition of Cs to the mix 

improves stability under light due to the reduction in lattice size, increased entropy, and 

quenching of electron-phonon coupling.  The absorber film's grain size and crystallinity were 

further enhanced by using excess FAI/FABr and PbSCN. The additives healed grain 

boundaries, improved the grain size and aided the crystallization of the absorber layer. They 

achieved a high output efficiency of 17.1% with a stable VOC of 1.24 eV.  

Zhou et al. improved the thermal and photostability of the wide bandgap absorber layer by 

utilizing a benzylamine post-treatment on the film [52]. The FA0.85Cs0.15Pb(I0.77.Br0.27)3 

absorber layer was passivated by the benzylamine molecules. The number of defects decreased, 

and the cell displayed an efficiency of 17.1%. The cells were stable even after four days under 

illumination and maintained 8% of their efficiency. 
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Table 3: Wide bandgap perovskite absorber layers in literature 

Deposition 

Route 

Absorber Layer Efficiency Bandgap Reference 

One-step 

spin 

coating 

FA0.83Cs0.17Pb(IxBr1-x)3 17.1% 1.7-1.8 

eV 

[48] 

One-step 

spin 

coating 

(FA0.83MA0.17)0.95Cs0.05Pb(I0.6Br0.4)3 18.5% 1.71 eV [49] 

One-step 

spin 

coating 

CsyFA1-yPb(IxBr1-x)3 11.93% - [50] 

One-step 

spin 

coating 

FA0.85Cs0.15PbI2,2Br0.8 17.1% 1.72 eV [51] 

One step 

spin 

coating 

FA0.85Cs0.15Pb(I0.77.Br0.27)3 17.1% 1.72 eV [52] 
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Summary 

Perovskites have an orthorhombic crystal structure with a cation, a metal ion and a halide one. 

They possess many attractive properties such as tunable bandgap, higher absorbance, better 

charge transport and longer charge diffusion length which make them a viable candidate for 

solar cells. However, they face challenges associated with stability, intrinsic defects and 

recombination losses. The selected deposition route has an important role with regards to the 

quality of the light absorbing layer. Solution processing techniques such as one-step spin 

coating, sequential deposition, vapor-based deposition and vacuum assisted solution 

processing are some common deposition methods.  The standard perovskite solar cell is the 

methylammonium lead iodide having a bandgap of 1.55 eV. A higher bandgap falls under the 

category of wide bandgap solar cells which have proven to be a viable candidate for tandem 

architectures. The wide bandgap solar cells have achieved up to 18.5% efficiency on their own 

and can reach greater than 30% in tandem with other cells. All these cells are however, 

deposited using one-step spin coating even though sequential deposition influences the 

crystallization and leads to an improved quality of the film.  
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Chapter 3: Introduction to Fabrication and 

Characterization Techniques 

3.1 Rotary Evaporator 

Rotary evaporators also known as ‘rotovaps’ are used to recover solvents and evaporate excess 

liquid from reaction mixtures. They are usually found in organic chemistry labs since they are 

mostly used for organic mixtures. The equipment has the capacity to handle a substantial 

volume of 3 liters. Typically, the rotary evaporator comes with a water bath for indirect heating 

of the mixture to be evaporated and prevent it from freezing. The evaporation is performed 

under vacuum and its vapors are trapped in a condenser coil which collects it in a flask. A 

simple water aspirator can be used to create vacuum when the materials are not air or moisture 

sensitive. The purpose of using the vacuum is to significantly lower the boiling points of 

solvent. 

 

Figure 7: Labelled diagram of a rotary evaporator setup [1] 

The flask with the reaction mixture is rotated during the procedure to increase the surface area 

and hence the evaporation rate. The evaporated solvent is collected and can be either reused or 

disposed. Since lower temperatures are used, the method prevents the compound from 

overheating or oxidizing [2]. 
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3.2 Spin Coating 

Spin coating is a common deposition technique for thin film application. It is employed in a 

plethora of applications in many industries. The advantages of spin coating are that it is easy, 

quick and capable of producing uniform films of thickness ranging from nanometers to a few 

microns. [3] 

Working Principle 

The technique requires the deposition of a thin film on the substrate surface by casting a 

solution containing the compound dissolved in solvent and rotating it at low or high speeds. 

The step-by-step procedure is given as: 

1. Substrate is covered with the solution with the desired material dissolved in a 

compatible solvent 

2. High seed rotation of the substrate allows most of the solvent to fly off to the sides 

3. The substrate is dried to evaporate the remaining solvent and obtain a layer of the 

desired molecules.  

At high rotations seeds (up to 12,000 rpm) the centripetal force coupled with the surface tension 

associated with the solution and substrate interface pulls the coating to all sides resulting in 

even coverage. The solvent also evaporates during the sinning and the film is further annealed 

to completely dry it off. 

 

Figure 8: Spin coating mechanism [4] 
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Thickness Equation 

The thickness of the spin-coated film depends on the spin seed and angular velocity. The 

thickness is inversely proportional to the revolutions per minute at which the substrate is 

rotated. 

𝑡 ∝
1

√𝜔
 

where  

t is the layer’s thickness 

w is the angular velocity 

3.3 Glove Box 

Glove boxes are used by radiochemical, metallurgical and fabrication laboratories. It consists 

of a safety glass screen for visibility and vacuum sealed gloves for safe handling of materials 

inside the box. [5] 

 

Figure 9: Glove box 

A glove box can be compared to a fume hood except that it has an exhaust system, and the 

inside environment is strictly controlled. The box is completely closed to prevent air from 

entering and there are only arm-length gloves to allow experiments to be performed within the 

equipment. An inert gas like argon and nitrogen can be used to bring down the oxygen and 
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moisture level to less than 0.1 ppm A purifier or filter is fitted inside the glove box to recycle 

the gas maintain an inert environment [6]. 

3.4 UV-Visible Spectroscopy 

Ultraviolet visible spectroscopy (UV-Vis) is a very popular characterization technique because 

of its ability to detect almost every molecule. Light in the ultraviolet to visible region 

illuminates the sample and the amount of light passed through is recorded. This gives us the 

transmittance behavior of the material and by a simple calculation, the absorbance can also be 

analyzed. The amount of light absorbed or transmitted at a given wavelength gives us 

information about the chemical structure of the material under investigation [6].  

 

Figure 10: Instrumentation of a UV-Vis Spectrophotometer 

The technique is often used for general analysis because most elements and compounds can 

absorb light in that range. The wavelength range for the light used extends from 100 nm (deep 

UV) to 1000 nm (beyond visible). For this long range of light, typically two different sources 

are used. The deuterium lamp is for the UV light whereas a tungsten filament produces visible 

light.  

Working Principle 

A photon strikes the molecule and after being absorbed excites the molecule to a higher energy 

state. The UV-Visible light has high energy with the ability to transfer electrons from the 

highest occupied orbital to an excited state in the lowest unoccupied orbital. The different in 

energy between both states is the bandgap of the material. The bandgap is unique for each 

material therefore every crystal structure has its own characteristic absorption spectra.  
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3.5 Scanning Electron Microscopy 

The scanning electron microscope is an imaging technique that focuses a beam of electrons to 

produce signals from the surface of a solid sample. The way the electron interacts with the 

specimen reveals information about it including the texture, morphology, chemical 

composition, orientation and crystal structure of the materials resent in the sample [7].   

A 2-dimensional image of a selected area of the surface is generated using the camera. For 

conventional equipment, the area can vary from 1 cm to 5 µm width using the scanning mode. 

The magnification range is from 20x up to 30,000x.  

Working Principle 

The electrons are accelerated and the kinetic energy they possess is converted into signals when 

these electrons interact with the sample. The decelerated electrons generate secondary and 

backscattered electrons when they strike the solid sample. The electrons are responsible for 

producing the SEM images while the Bremsstrahlung X-rays provide crystal structure data.  

 

Figure 11: Electron-surface interaction within a SEM [8] 

The SEM can also give us information on the chemicals present in the sample by analyzing the 

x-rays produced due to inelastic collision of the electron with the element orbital. When the 

excited electron deexcites and returns to its orbital it releases an X-ray of characteristic 

wavelength that is useful for identifying the chemical composition of the sample. 
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3.6 X-ray Diffraction 

X-ray diffraction is a nondestructive characterization technique applied for the analysis of 

crystalline materials. XRD can give us information on the crystal structure, phases, orientations 

and other crystal lattice parameters. We can also determine the grain size, micro strain and 

presence of crystal defects. The diffraction peaks are generated due to constructive interference 

of the X-ray beams at particular angles from each lane of the crystal lattice in a sample [9].  

Working Principle 

X-ray diffraction is a result of the elastic scattering of photons by the periodic crystal lattice. 

The in-phase monochromatic X-rays constructively interfere after reflecting of the crystal 

plane. The lattice spacing is then derived using Bragg’s law. 

 

Figure 12:  Constructive interference on a crystal plane 

𝑛𝜆 = 2𝑑 sin 𝜃 

where  

n is the order of reflection 

λ is the x-ray light wavelength 

d is the spacing that separates two different planes in a crystal lattice  

θ is the angle difference between the incident ray and the plane normal 

 

The θ angles at which the x-rays are leaving the crystal plane are measured and the interplanar 

d-spacing can be determined from that. An unknown substance can also be identified using 

XRD, by matching the θ values at different intensities with standard patterns available in online 

databases.  
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3.7 Atomic Force Microscopy 

Atomic Force Microscopy or AFM is a surface analysis technique which is useful for studying 

coatings at a micro or nano scale. The microscopy can be used to obtain images at a nanoscale 

range to study the air or liquid sample. The AFM can be used for high resolution imaging of 

many different surfaces to determine surface morphology, roughness and texture. The tip 

senses the chemical atoms by forming chemical bonds with them. The interactions alter the 

vibrational frequency and these changes are mapped out by the program [10]. 

Working Principle 

AFM uses a sharp tip with a diameter of around 10 to 20 nm to measure the surface’s properties. 

A cantilever is attached to the tip which is made of silicon or silicon nitride. The movement of 

the tip is recorded by a laser beam emitted by a photodiode.  

 

Figure 13: An Atomic Force Microscope setup 

The equipment operates in two different modes i.e., the tapping and contact mode. The AFM 

tip and the surface are in constant contact during the contact mode. This measurement mode is 

only for specific applications such as that of the force curve. For the tapping mode, the 

cantilever moves to allow only brief contact of the tip with the sample. This process eliminates 

any shear forces associated with the moving tip. It is the recommended mode of operation for 

standard AFM imaging [11]. 
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3.8 Profilometry  

A profiler is an instrument which is to characterize the topography of the uppermost layers of 

a film and measure its overall thickness. It has multiple points which measure the variation in 

the texture of a surface at the sub-micron level. The analysis is used to determine the surface 

roughness and fractality [12]. 

Working Principle 

 

Figure 14: A non-contact profilometer 

Non-contact surface profilometers utilize a range of optical techniques to find out information 

about a surface’s topography. An incident light source illuminates the surface during scanning. 

It measures the reflective, refractive and emissive light to put together information about the 

surface topography. This method is preferred over the contact profilers because it is not 

invasive and offers faster measurement.  
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Summary 

Rotary evaporators are used to remove excess solvents from a solution, and they can effectively 

lower the boiling point of the liquid by creating a pressure. It reduces the boiling time and 

protects the solution from high temperatures.  

A spin coater is used to cast a solution on to a substrate for thin film deposition. It rotates at 

high speeds to allow the solution to fly off and spread evenly on the substrate. The layer 

thickness is dependent on the rotational speed. 

A glove box separates the user from the environment inside by a glass screen. The environment 

within the box is highly controlled and uses inert gases such as argon or nitrogen to remove the 

air particles.  

Ultraviolet-visible (UV-Vis) spectroscopy uses ultraviolet to visible light to determine the 

chemical makeup of the material being characterized. The amount of light that is transmitted 

or absorbed gives us information about the molecules in the sample.  

The scanning electron microscope is a powerful imaging tool that employs a beam of electron 

to produce signals from the surface of a sample. The electron interactions give us insight into 

the morphology, grain size, orientation and composition of the materials present in the sample. 

The X-ray diffraction uses X-rays at different angles and measures the diffraction peaks from 

constructive interference to determine information about the crystallinity of an object. It helps 

us find the crystal size, orientation, phases and lattice parameters along with other useful 

information. 

An atomic force microscope uses a silicon or silicon nitride tip to measure the surface 

topography and morphology. The tip is mostly used in the tapping mode where merely a brief 

contact with the surface determines the surface properties by reading the chemical bonds of the 

tip with the surface. 

A profilometer measures the surface roughness and thickness using an optical source to 

measure the reflective, refractive angles of light. It is a fast, non-contact procedure. 
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Chapter 4: Experimental Procedure 

4.1 Materials Used 

The formamidine acetate salt (CAS No. 3473-63-0), lead iodide salt (CAS No  10101-63-0), 

cesium bromide salt (CAS No. 7787-69-1),  formamidnium bromide salt ( CAS No. 146958-

06-7) and FTO coated glass (EC No. 242-159-0) were purchased from Sigma Aldrich. The 

hydroiodic acid was bought from Alfa Aesar (CAS No. 10034-85-2).   

4.2 Formamidinium Iodide Synthesis 

The formamidinium iodide was synthesized using a method adapted from the literature with 

modifications [1]. 2 molar excess of formamidine acetate salt was stirred into 10ml of methanol 

over an ice bath. 57% w/w hydroiodic acid was added into the flask drop-wise under constant 

stirring and then left to stir at 0°C for two hours. The solvents were carefully evaporated using 

a rotary evaporator at 75-80°C for five hours. After evaporation a precipitate was left behind 

which was then washed with excess amounts of diethyl ether until it was off-white in colour. 

We dehydrated the crystals in a vacuum oven at 60°C for 24 hours before using them.  

 

Figure 15: R to L: FAI crystals before washing and FAI crystals after washing with diethyl ether 
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4.3 Substrate Cleaning Procedure 

The glass and FTO-coated glass slides were kept in a mild detergent solution and then sonicated 

for 15 minutes. After rinsing with deionized water, the slides were sonicated in isopropyl 

alcohol, acetone then isopropyl alcohol sequentially for 15 minutes each. They were dried in 

air and heated on a hot plate at 70 degrees before spincoating. 

4.4 Perovskite Absorber Layer Deposition 

We prepared a 1M solution of PbI2 using 461 mg of PbI2 and mixing it in 1 ml of DMSO and 

DMF with a 2:3 ratio. The solution was stirred for 1 hour at 70 degrees and kept at that 

temperature during the spincoating procedure. The solution was spincoated onto the glass and 

FTO glass substrates at 2000 rpm for 25 s. The films were dried on a hot plate at 70 °C for 10 

mins.  

 

Figure 16 PbI2 films after deposition and annealing 

The slides were then shifted to a globebox and dip coated in a solution of CsBr, FAI and FABr 

in IPA to achieve varying ratios. For example 0.2 mM of CsBr, 0.5 mM of FAI and 0.5 mM of 

FABr was used for FA0.8Cs0.2PbI2.5Br0.5. The composition of Br was kept at 0, 0.3, 0.5, 0.7 and 

1. The table given below lists the quantities of precursor salts used to achieve each one of the 

compositions that were a part of this research. 
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Table 4: Quantities of salts used in dipping precursor solution 

Composition FAI (mg/10ml) CsBr (mg/10ml) FABr(mg/10ml) 

FAPbI3 16.00 0.00 0.00 

FA0.8Cs0.2PbI2.7Br0.3 11.20 4.26 1.13 

FA0.8Cs0.2PbI2.5Br0.5 8.00 4.26 3.39 

FA0.8Cs0.2PbI2.3Br0.7 4.80 4.26 5.65 

FA0.8Cs0.2PbI2Br 0.00 4.26 9.04 

 

4.4.1 Dipping Time 

Initially the PbI2 layers were dipped in the CsBr and FAI solution for only 60 seconds because 

the literature on sequentially deposited MAPbI3 films suggested longer dipping times can cause 

poorer film coverage and lead to the formation of shunt pathways in the absorber layer [2]. 

However, experiments involving Br required a longer dipping time for complete conversion of 

the perovskite layer [3] so it was increased to 15 mins. This was followed by drying on a hot 

plate at 120 °C for 30 minutes.  

4.5 Characterization 

4.5.1 X-ray Diffraction 

For the structural investigation and crystal size analysis of the perovskite films, the X-ray 

Diffraction (XRD) technique was used through the Bruker, D8 Advanced with a scanning rate 

of 1.2/min and 2θ in the range of 5° to 70°. The XRD used a CuKα radiation source (λ=1.54056 

Å) generated at an excitation voltage 40 kV and current 40 mA. MDI Jade 6.5 was used for the 

peak analysis, hkl determination and signal processing.  

4.5.2 Scanning Electron Microscopy 

The surface morphology of the layer was captured using the Scanning Electron Microscope 

(SEM). For the scanning a MIRA3 TESCAN was used. The images were recorded for 10.0 Kx 

magnification and a voltage of 10.0 KV was set for the scans.  

4.5.3 UV-Vis Spectrophotometry 

To study the film’s optical properties, the UV-Vis NIR Spectrophotometer UV-3600 Plus was 

used. The asborbance of the samples was measured in the range of 300 to 1100 nm with a slit 

width of 2.5 µm. 
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4.5.4 Atomic Force Microscopy 

The surface topography and roughness was investigated using the Atomic Force Microscopy 

technique. A Nanosurf FlexAFM Version 5 was used in static mode. The feature size was kept 

at 2.5 µm and the expected height was 1.5 µm. The images were analyzed and processed using 

the Gwyddion software.  

4.5.5 Non-contact Profilometer 

The film thickness was recorded using a 2D Optical Profilometer. It was a non-contact 

instrument PS-50 from Nanovea. A scanning length of 12 mm was used to measure the average 

height of the film.  

All measurements and characterizations were carried out ex-situ.  
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Summary 

The experimental procedure involved the synthesis of formamidinium iodide using 

formamidine acetate salt and hydrioiodic acid. The salt and acid were combined using methanol 

as a reagent and the resultant formaidnium iodide was recovered using a rotary evaporator. We 

performed the absorber layer deposition on a FTO coated glass substrate which was cleaned 

prior to spincoating using dish washing liquid, acetone and isopropanol. The substrates were 

preheated at 70°C before deposition. A 1M lead iodide solution was spincoated onto the 

substrate at 2000 rpm for 25 seconds. The films were heated on a hot plate at 70°C to evaporate 

the excess solvent. They were shifted into a glove box for the dip coating step. The substrates 

were dipped in a solution of formamidinium iodide, cesium bromide and cesium iodide in 

various ratios to achive the desired composition. A dipping time of 15 minutes was selected 

for complete layer formation and the substrates were dried at 120°C after it. The layers were 

characterized using XRD, SEM, AFM, UV-Vis Spectrophotometer and non-contact 

profilometer. 
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Chapter 5: Results and Discussion 

5.1 Dipping Time Effect 

The dipping time of the PbI2 films was varied from 60 seconds to 15 minutes because it was 

suggested in the literature that perovskite layers involving Br require longer dipping times [1]. 

According to the UV-Vis spectroscopy results shown in Fig. 17(a), a longer dipping time 

resulted in a higher absorbance of the film. This can be attributed to the complete conversion 

of the perovskite and improved crystallinity as shown in Fig. 17(b). The film prepared by 

dipping for 60 secs in the precursor solution shows a strong presence of PbI2 peaks. The 

suppression of these peaks and the larger perovskite phase peaks points towards a more 

crystalline perovskite structure with very little residual PbI2. The absorbance also increased as 

the CsBr content in the film is increased since the presence of Cs promotes the crystallization 

of the film [2]. The absorbance curves observed for these films tend to be flat which could also 

be due to the larger crystal size and higher thickness of the film [3]. All the following samples 

were fabricated using a dipping time of 15 minutes.  

 

Figure 17(a): Absorbance curves for the FA1-xCsxPbI3-xBrx perovskite layers where x represents the molar ratio of CsBr 

used.(b) XRD pattern for samples after increasing dipping time from 60 secs to 15 mins. 
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5.2 XRD Analysis 

 

Figure 18(a): XRD pattern for the FAPbI3 and FA0.8Cs0.2PbI3-xBrx perovskite layers labelled by the concentration of Br used. 

The hkl indices labelled in black correspond to the characteristic perovskite phase, while those in red are the CsPbBr3 

peaks.(b) XRD pattern magnified at the 28° peak. 

The XRD patterns for the different film compositions are shown in Fig. 18(a). The 

characteristic perovskite peaks at 14° (100), 20° (110), 28° (200), 40° (220) become more 

prominent and shift to larger angles as the Br content is gradually increased. However, the PbI2 

peak at 12° remains present throughout the different compositions showing the incomplete 

conversion of the perovskite layer and the presence of remnant PbI2 film. There is also the 

presence of another prominent phase in the Br 0.5, 0.7, and 1 film, which is visible at 24° (111), 

30° (210), and 34° (211). These values match with the CsPbBr3 perovskites, and it seems that 

only the CsBr is incorporating itself into the lattice while the FAI and FABr are being rejected. 

The ionic radius of Cs (179 pm) is smaller than that of FA (250 pm), which could be the reason 

it is easily inserted into the structure. 

Fig. 18(b) shows a magnification of the XRD peak around 28°. The signal has been processed, 

so the relative height of the peak does not depict the actual intensity. However, as it is visible 

from the graph, the peak shifts to a larger angle as the ratio of Br is increased. The peak observes 

a monotonic shift from 28.2° for FAPbI3 to 29.6° for Br-1. This is characteristic of shrinkage 

of the lattice and a reduction in crystal size. As more and more of Br is added to the ratio, the 

I is replaced. Since Br- has a smaller ionic radius than I- it causes the lattice to contract. These 

claims can be supported by what has already been reported in the literature [4], [5]. 
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Additionally, it is interesting to note that the relative intensity increases as more Br is added to 

the precursor, which shows a more ordered and crystalline perovskite phase [6].  

5.3 Optical Properties 

 

Figure 19: Absorbance curves for the FAPbI3 and FA0.8Cs0.2PbI3-xBrx perovskite layers 

The absorbance graph for the FAPbI3 sample has an absorption onset around 830 nm which 

corresponds to the bandgap of 1.49 eV as reported in the literature [7]. When the bandgap was 

calculated through a Tauc plot using the thickness of 1µm obtained from the profilometry, it 

was 1.52 eV. The same value was obtained for the Br-0.15 sample. The Br-0.3 absorbance is 

blue shifted and has a bandgap of 1.83 eV. However, as the percentage of Br is increased, the 

absorbance curves are greatly blue shifted. The bandgap increases to greater than 2eV for Br-

0.5 and Br-0.7. It is closer to a bandgap of CsPbBr3 which has been reported to be 2.3 eV. In 

the absorbance graph there is a distinct absorption edge around 500 nm which is characteristic 

of CsPbBr3 [8]. This corroborates the presence of the CsPbBr3 peaks in the XRD pattern and 

proves that the FA cation is not being included in all the perovskite crystal structure. The CsBr 

salt proves to be more dominant and the reason for that is the seven-times higher complexation 
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constant between the Pb-Br species [9], [10]. The higher affinity of Pb2+ towards Br- ion leads 

to the I- ion playing the role of a spectator. The Br-1 film, however, has a lower bandgap of 2 

eV and the absorption onset is also red-shifted because a higher concentration of FABr was 

used to achieve this composition and therefore FA was included in the perovskite structure. As 

inferred in the literature, the sharp increase in absorbance shows that the samples' crystallinity 

improves by adding more Br [2]. 

 

Figure 20: Relationship between the Br concentration, crystal size and bandgaps of the FA0.8Cs0.2PbI3-xBrx perovskites. The 

insets show photographs in top view of the films taken after deposition. 

The crystal size of the different layers was calculated by analyzing the peaks from the XRD 

pattern. The peaks were fitted using a Gaussian distribution, and the FWHWM was calculated. 

The size of the crystal was estimated using the Scherrer equation. 

B(2θ) = 
Kλ

Lcosθ
        [11]    

      

Where B is the FWHWM, K is the shape factor which and for simplicity assumed as 1, L is the 

crystallite size and θ is the peak angle in radians.  

The crystallite size steadily decreases as the Br content is because of a shrinking of the crystal 

lattice due to increasing concentration of the Br- ion. The bandgap increases with increasing Br 
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but because of the likely mixed CsPbBr3 phase it is much higher than what is reported in 

literature [3]. The insets show the color of the film also changed from black to red as the Br 

content was increased. This change in color indicates a phase shift as the composition becomes 

Br-rich [12].  

5.4 SEM and AFM Analysis 

 

Figure 21: SEM images for (a) FA0.8Cs0.2PbI2.5Br0.5   (b)FA0.8Cs0.2PbI2.3Br0.7  (c) FA0.8Cs0.2PbI2Br (d) FA0.8Cs0.2PbI2Br on 

glass substrate 

The SEM images in Fig. 21 are for four different film compositions. The Br-0.15 film shows 

small grains with few voids visible in the film. When the concentration of Br is increased to 

Br-0.5, the film shows more voids in between the grains which show uneven coverage. For the 

Br-0.7 the grains become non-existent and the film has a very rough appearance. The coverage 

has somewhat improved but there is no crystalline order which was confirmed by the presence 

of multiple phases in our XRD pattern. For the Br-1 sample there are larger grains visible in 

the image. The average grain size was estimated to be 500 nm. These bubble-like grains have 

agglomerated together however, there are still some voids visible in the film. 
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Figure 22: AFM images for (a) FA0.8Cs0.2PbI2.5Br0.5    (b)FA0.8Cs0.2PbI2.3Br0.7  (c) FA0.8Cs0.2PbI2Br 

To investigate the roughness of the films and get an accurate idea of the grain size distribution 

of the film, the samples were characterized using AFM. The Br-0.15 sample has an average 

grain size 92.9 nm which was calculated by edge detection. The Br-0.5 sample the value 

increased to 148.7 nm. The average roughness of the film was 110 nm. For the Br-0.7 

perovskite layer saw a decrease in the grain size to 118 nm which can be explained by a 

decrease in the crystallite size and is in good agreement with the SEM results. When the Br 

content was increased to Br-1, the average grain size also increased to 348 nm.  

The average roughness of the film for Br-0.15 was 68.7 nm and it increased to 110 nm for the 

Br-0.5 sample. Further increasing the Br content increased the roughness from 153 nm for Br-
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0.7 to 234 nm for Br-1 as it is evident by the non-homogenous topography. The AFM images 

show that the grain size increases by increasing the Br content of the film, and the roughness 

also varies in the same way. A rougher absorber layer helps trap more light and reduces 

reflectance losses [13], but due to the presence of voids it may also impact the device 

performance. 
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Summary 

 
The effect of dipping time on the absorbance of the perovskite layer was studied using UV-Vis 

spectroscopy. Increasing the time, the substrates were immersed lead to a complete conversion 

of the lead iodide film and improved the light absorbance. A dipping time of 15 minutes was 

selected and followed for the remaining samples. The XRD analysis showed that the 

crystallinity of the perovskite improved as the Br content was increased for the FA0.8Cs0.2PbI3-

xBrx film. There was also a presence of a CsPbBr3 phase detected for samples 0.5 and 0.7. The 

peak analysis showed that the peak around 28° shifted to a higher 2θ value as the Br was 

increased. This is due to a shrinking of the crystal lattice as more of the smaller Br ion is 

incorporated into the crystal structure. Similarly, the crystallite size also decreases but the 

decrease is not linear. The absorbance curves also blue shift and absorption increased in the 

UV-range with an increase in the Br content, but they do not follow the predicted trend. The 

calculated bandgap for samples 0.5 and 0.7 is greater than 2 eV which matches with CsPbBr3. 

This along with the XRD pattern confirms that the Pb prefers the Br ion over the I ion since 

their bond has a higher complexation constant. The SEM and AFM images show an increase 

in roughness and the presence of voids in the film.  
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Chapter 6: Conclusion and Future 

Recommendations 

6.1 Conclusion 

In this work, we studied the optical, morphological, and structural properties of mixed cation 

and mixed halide wide bandgap perovskite absorber layers fabricated through sequential 

deposition. The dipping time was increased from 60 s to 15 mins after observing an increase in 

absorbance. The composition was tuned by keeping the FA and Cs ratio constant while varying 

the Br and I ratio. The concentration of Br in FA0.8Cs0.2PbI3-xBrx was increased from 0 to 1.  

The structural properties showed that the samples had a perovskite crystal phase and the 

crystallinity of the layer improved as the Br concentration was increased. This was evident by 

the sharper peaks at the angles corresponding to a perovskite crystal lattice. The XRD pattern 

also matched peaks with a CsPbBr3 perovskite for samples with 0.5, 0.7 and 1 molar ratios of 

Br. This is attributed to the fact that the Br- ion is favored over the I- ion in lead halide 

perovskites. The structure was further analyzed, and a monotonic shift was observed for the 

perovskite peak at 28°. The shift to a higher angle showed that the crystal lattice has contracted 

due to the increase in Br concentration because it has a smaller ionic radius than I-. This was 

confirmed by the FWHWM and crystal size calculation and a decrease in crystallite size was 

observed when the Br concentration was increased. The crystal lattice of the perovskite retained 

its stability even after the crystal size decreased. 

The optical properties of the samples showed the absorbance blue-shifted when the Br 

concentration was increased however, the shift was non-linear due to the mixed-phase. Overall, 

the absorbance increased in the ultraviolet range which is ideal for wide bandgap top cells. The 

bandgap increased from 1.52 eV for the FAPbI3 film to 1.83 eV for FA0.8Cs0.2PbI2.7Br0.3 

although further increase shifted the absorption onset drastically and the bandgap for samples 

FA0.8Cs0.2PbI2.5Br0.5 and FA0.8Cs0.2PbI2.3Br0.7 was in the region of <2 eV which corresponds to 

that of CsPbBr3. This confirms the presence of a CsPbBr3 phase in the XRD pattern and implies 

that the I- ion is not incorporating itself into the perovskite crystal structure.  

The morphology of the film showed very rough films with the presence of voids. The grain 

size did increase as the Br concentration was increased. The roughness of the films can be 

attributed to the sequential deposition process which produces highly disordered layers. The 
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average grain size estimated from the SEM images for the Br-1 sample was 500 nm which is 

unusually large for a perovskite absorber layer.  

A more accurate calculation of the grain size was carried out using the AFM images. The grain 

size increased gradually from 148.7 nm to 348 nm. However, not all samples followed this 

trend and the Br-0.7 appeared to behave as an anomaly with non-existent grains in the SEM 

image and a smaller calculated grain size of 118 nm. As predicted, the roughness for these 

films was very high and increased from 110 nm to 253 nm as the Br concentration was 

increased.  

A sequential deposition process leads to a structurally stable absorber layer with increased 

crystallinity and more ordered smaller lattices as the Br concentration is increased. For a mixed-

halide perovskite, it favors the lead bromide perovskite layer because of the higher affinity of 

Pb towards Br. All the precursors in the dipping solution do not take part in the reaction equally 

leading to a mixed phase. Increasing the Br concentration widens the bandgap as predicted but 

the absorbance curves and XRD peaks show it leads to a non-stoichiometric composition with 

sequential deposition for x>0.3 in FA0.8Cs0.2PbI3-xBrx .  

6.2 Future Recommendations 

1. The number of observations can be increased by preparing more samples with varying 

compositions of the absorber layer. This will help determine at which exact value of Br 

does the perovskite layer begin to show anomalous behavior.  

2. A more detailed study of the chemical processes involved in the sequential deposition 

process is required. These can be carried through in-situ measurements of the chemical 

composition, bond energies and optical properties of the absorber layer.  

3. A photoluminescence spectroscopy study can help determine the number of defects 

present in the film. The recombination losses will give us a better idea on how the film 

will perform in ambient conditions.  

4. A solar cell can be fabricated using these absorber layers to determine their electrical 

properties. The IV-curve and EQE measurements will let us know whether the light 

absorbing layer is working as it should be. 

5. The deposition process can be modified to address the issues associated with the film. 

A different solvent can be used in the precursor to compare the results. 
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Summary 

The sequential deposition process gives us structurally stable wide bandgap perovskite 

absorber layers, but it is difficult to control the stoichiometric ratios for the reaction in the 

precursor dipping solution. For non-stoichiometric compositions, the Pb ion prefers the Br ion 

over I ion leading to the formation of a CsPbBr3 phase. This was confirmed in the XRD pattern 

as well as the absorbance measurements. The films were also very rough and had many voids. 

It is recommended that more variations of composition and tuning of the bandgap should be 

performed to determine the point at which the layer begins to show anomalous behavior. In-

situ characterization will also help us study the chemical processes involved. The solvent may 

be changed as a comparison study to see if the film quality improves. By fabricating a cell 

using these absorber layers we can study the electrical properties which would provide us with 

more useful information.  
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Chapter 7: Research Project at ASU 
 

As part of the Energy Materials Lab headed by Dr. Zachary Holman, I had the chance to work 

on their new joint collaboration with NREL to develop a solar thermophotovoltaic cell. This is 

a device that uses thermal radiation from a localized heat source and converts it into electricity 

through a two-step procedure. First, heat from the source is absorbed and remitted as thermal 

radiation from the selective emitter’s surface, then a photovoltaic diode absorbs the the high-

energy photons and converts them into electron-hole pairs, which make up the current [1].   

This thermophotovoltaic (TPV) cell has three main components: 

(i) a thermal radiative source which heats up the emitter 

(ii) an emitter that has spectral control and photon recycling capabilities 

(iii) a photovoltaic converter 

 
Figure 23: Cross-sectional view of a TPV device 

 

7.1 Background 

Ideally the TPV system should have a high spectral efficiency which can be achieved by 

matching the emitter’s radiative spectrum with the selected photocell’s optical sensitivity. The 

“selective emitter” is made of a material with a narrower thermal radiation range at equilibrium 

than that of a blackbody at the same temperature. 
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Since ideal emitters are a limited resource we can use selective filters to recycle the unabsorbed 

radiation and reflect it back to the emitter. The emitter absorbs the sub-bandgap photons and 

radiates them with the ideal energy, increasing the overall efficiency. The source of heat can 

act as a spectral filter itself if it offers low emissivity for a specific photon energy range. In this 

case, we match emissivity and absorptivity spectrums for the photovoltaic cell [2]. 

 

7.1.1 Silicon TPV 

Silicon has a bandgap of around 1.1 eV which is an appropriate value for TPV systems if we 

combine the photocells selective emitters designed to match the emitter’s radiation spectrum. 

Si photocells offers many advantages over other similar materials because of their low cost, 

abundant nature and non-toxic properties Durisch et al manufactured a TPV system using 

Silicon cells and Yb2O3 thermal emitter to achieve 4% efficiency [3]. 

 

7.1.2 GaSb TPV 

GaSb is another low bandgap material with a value of of 0.72 eV but it can function in high 

irradiation density environments, so it is an optimal choice for TPV systems. However, they 

come with some drawbacks like high costs and toxicity levels. Tang et al. used a simulation 

tool to model a GaSb thermophotovoltaic cell using a novel p-type doping technique and 

demonstrated 3.9% efficiency [4]. 

 

7.1.3 CIGS TPV 

CIGS has a tunable bandgap between 1.0 eV (no Ga) and 1.7 eV by varying the Ga content. 

CIGS is a popular choice for concentrator solar cells and have achieve efficiencies beyond 

20%. Even though the CIGS are toxic in nature, researchers rationalize that using a thin layer 

sandwiched by other films and sealing it through encapsulation can allow safe usage of the 

material. Calculations by Bitnar et al (2010) with a CIGS cell of 18.8% efficiency resulted in 

2.3–2.5% system efficiencies when used in conjunction with an SnO2 filter [5]. 

 

7.1.4 Germanium TPV 

Germanium also has a low bandgap of 0.66 eV that is useful for TPV applications as long as 

the emitter temperature is lower than 1800 K. However, the downside of Ge is that they exhibit 

lower efficiencies as compared to Si and GaSb. Ge cells are expensive compared to Si but still 

an affordable alternate to GaSb and other low bandgap III-V materials. Fraunhofer used a 

Germanium TPV cell with a Er2O3 selective emitter to achieve a 5.34% efficiency [3].  
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7.1.5 III-V Materials 

We can achieve considerable efficiencies using III-V materials and match ones shown by GaSb 

cells. These compounds also allow us to reach very low bandgaps and fabricate cells ideal for 

thermophotovoltaic applications. There are additional developments required to make 

fabrication cost-effective. Some examples of III-V materials used as solar TPV cells are 

InGaAsSb, InAsSb, AlGaAsSb, InGaSb, InGaAs and InAsSbP. 0.55 eV bandgap InGaAs 

exhibited a total power efficiency of 7.6% under 1500°C as demonstrated by Wojtczuk [6]. 

7.2 Objectives 

A thermophotovoltaic device is made up of many components each with their own efficiencies 

which combined together makeup the overall system efficiency. The limited output of the heat 

energy to radiation, spectral range limitations and low photovoltaic conversion rates are the 

biggest loss contributors for TPV systems. Due to the novel nature of the project, an extensive 

review of the literature was required. 

• Survey literature for previous solar thermophotovoltaic cells and their efficiencies 

• Characterize III-V solar cells to measure the reflectance of each layer 

• Model the cell using SunSolve to identify sources of reflectance losses 

• Identify suitable anti-reflective coating materials and simulate cells with reduced losses 

 

 

 

 

 

 

 

 

 

 

 

 



71 

 

7.3 Outcomes 

 
Figure 24: Summary of TPV efficiencies vs. active area of the cell [3,7–13] 

 

There have been some reports in the literature of thermophotovoltaic cells and a summary of 

their results was compiled in the figure above. The most commonly used materials for the TPV 

cell were silicon, germanium, and the III-V material InGaAs. The active area of the cell is the 

key characteristic controlling the efficiency and a large area translates into a lower efficiency. 

There is the prospect of improving the efficiency of large area TPV solar cells as it is evident 

in the large empty area of the graph. 
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Figure 25 (a): cross-sectional view of TPV cell, (b) Comparison of simulated and measured total reflectance data 

NREL fabricated sample solar cells with a GaAs active layer to measure the reflectance losses. 

The spectral reflectance of the cells was measured using FTIR. The cells were then modelled 

using SunSolve and the optical constants for each layer to compare the actual cell’s 

performance with the simulated cells. The simulated data is in good agreement with the 

measured data with the exception of a few fringes which might be due to the ellipsometry curve 

fitting errors. The actual cells are affected by many environmental factors which the 

simulations do not take into account, hence they had a noisier reflectance response.  

 

 

Figure 26 (a): Measured reflectance of each layer of the cell, (b) simulated reflectance using SunSolve 
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Table 5: Summary of measured and simulated reflectance loss within each layer 

Layer Measured Loss Simulated Loss 

GaInP BSF 1.26% 1.26% 

GaAs 2.8% 2.72% 

GaInP 3.57% 3.57% 
AlInP 

 

The reflectace of each layer was measured by etching off the subsequent film in order to 

identify source of optical losses. The simulated and measured data followed a similar trend and 

the percentage losses were almost identical. The GaInP back surface field accounted for 1.26% 

of the reflectance loss, while the GaAs absorber layer lowered the reflectance by 2.8%. The 

majority of the losses were due to the GaInP and AlInP layers which collectively resulted in a 

3.57% loss.  
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Table 6: Characteristics of possible materials for an antireflective coating 

Material n k %R %T A Spectral Range Deposition Thickness Substrate Application 

Polyvinylidene 

Fluoride  1.42   4% 95% 1% at 3 μm 1 to 7 μm laser irradiation  25 μm   Micro lenses 

BaF2 1.3 2.25x10-5  5% 94% 1% at 6 μm 1 to 11 μm ebeam evaporation 6.3 μm ZnSe CO2 laser 

CaF2  1.43 3.4x10-6 5% 94% 0.03% at 2.7 μm 3.5 to 10.5 μm 

ion-assisted laser 

deposition 1 mm GaAs 

IR transmitting 

filter 

LaF3 1.51 0.054 10% 90% N/A 0.2 to 11 μm ebeam evaporation 1 mm CaF2 ArF laser 

MgF2  1.41 0.014 at 2μm  2% 95% 3.3% at 2.7 μm 0.12 to 7 μm 

ion-assisted laser 

deposition 1 mm  glass CO2 laser 

NaF 1.32 2.3 at 9 μm  1% 96% 3% at 7 μm 0.14 to 11 μm Mo boat evaporation 2 mm CsI Photocathode 

PbF2 1.78 0.01 13% 83% 3.7% at 4 μm 0.25 to 11 μm ebeam evaporation 10 mm ZnSe DF laser 

SrF2 1.44 0.01 2% 95% 3% at 5 μm 0.15 to 11 μm ebeam evaporation 1 mm Silica IR ARC 

SiO2 (porous) 1.23   0.60% 99.40% 0.01% at 1 μm  7 to 25 μm PECVD 132 nm glass Si solar cells 

Ta2O5 2 0.001 3% 96% 0.02 at 10 μm 2.5 to 5.6 μm 

reactive magnetron 

sputtering 50nm Si AR on solar cells 

AlF3 1.31 0.001     1% at 8 μm  0 to 11 μm ebeam evaporation 1480 nm Ge, ZnSe Laser  
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Figure 27: TPV cell reflectance with antireflective coating 

The literature reported many promising options for an antireflective coating especially in the 

category of fluoride dielectrics. BaF2 and NaF showed exceptional antireflective properties but 

were not viable for thermophotovoltaics due to their water-soluble nature. CaF2, MgF2 and 

Ta2O5 emerged as possible candidates. An antireflective layer was added between the gold 

contacts and the back surface field using SunSolve. The obtained reflectance results show that 

an antireflective layer will help transmit more light into the cell. CaF2 improved the overall 

reflectance to 94.02% while Ta2O5 brought it up to 93.46% 

7.4 Conclusions and Future Recommendations 

Antireflective coatings offer a suitable amount of reflectance recovery and can help bring up 

the overall reflectance of the TPV by almost 3%. There is a lot more work to be done in the 

project to reduce the absorption losses and get reflectance up to 98%.  

1. A dielectric anti-reflection coating will be added to the cell structure to measure the 

reflectance and test the compatibility  

2. Possible texturing on the surface of the coating to allow useful light transmiton into the cell  

3. The measuring of the J-V characteristics of the curve to see if it behaves as predicted 
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Abstract 

Wide bandgap perovskite solar cells are emerging as the preferred choice for top cells in a 

tandem architecture with crystalline silicon solar cells. This is due to their bandgap tunability 

(1.6 to 3eV), low-temperature solution processing, fast charge carrier rate, long carrier 

diffusion length, and high absorbance in the visible region. Among the wide bandgaps 

perovskites, a mixed cation, mixed halide composition containing CsxFA1-xPbI3-yBry is a 

popular choice because the presence of Br widens the bandgap and the addition of Cs stabilizes 

the crystal structure. However, these perovskite layers were fabricated using a one-step spin-

coating technique even though sequential deposition offers more control over the 

crystallization process. In this paper, we have fabricated a Cs0.2FA0.8PbI3-xBrx perovskite 

absorber layer using sequential deposition. The concentration of Br was varied from 0 to 1, and 

the optical, structural and morphological properties of the film were studied. As the 

concentration of Br was increased, the perovskite showed better crystallinity with the presence 
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of another perovskite phase matching CsPbBr3 detected beyond Br-0.3 owing to a preference 

for the Pb-Br over the Pb-I complex. Optically, the perovskite films exhibited a higher 

absorbance in the ultraviolet range of 300-500 nm. The morphology showed the presence of 

large grains with high surface roughness. This study explores compositional tuning via the 

sequential deposition route for a wide bandgap perovskite absorber layer. 

Keywords: perovskite, sequential deposition, wide bandgap, absorber layer 

1. Introduction 

Perovskite materials (ABX3) have emerged as an effective light absorbing layer material for 

photovoltaic solar cells. They possess attractive properties such as high absorbance over the 

visible spectrum range, resistance to defect formation, fast carrier transport, and long 

electron/hole diffusion length [1]. Furthermore, the solutions are processed at low 

temperatures, the materials are abundantly available, and the material can be chemically tuned, 

making it a viable option for low-cost, large-scale production of flexible solar cells [2].  

All these advantages have led to rapid breakthroughs in the technology, and the power 

conversion efficiency has increased beyond 25% in the last decade [3–6]. The rapid success 

has made organic-inorganic lead halides a contender for the commercialized crystalline silicon, 

amorphous silicon thin film, and CdTe photovoltaic cells [7]. 

The compositions can be varied to form the perovskite crystal structure as long as the atomic 

size differences are within the tolerance factor [8]. This property can be used to tune the 

perovskite material's bandgap over a wide range of wavelengths, from 1.15 to 3 eV, i.e., 

infrared to ultraviolet [9].  Wide bandgap PSCs with Eg over 1.7 eV is ideal for the top subcell 

in tandem with both crystalline silicon and low bandgap PSC bottom sub cells [10]. The 

bandgap can be tuned by substituting the iodide anion with bromide. Increasing the Br- content 

can result in a wider bandgap for the perovskites [11]. The Cs-FA, mixed cation wide bandgap 
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perovskite, is also more thermally stable than MAPbI3 [12]. Many researchers have realized 

the importance of wide bandgap perovskites and dedicated their resources to improve 

efficiency and stability [13, 14].  

McMeekin et al. substituted the formamidinium cation with cesium to eliminate phase 

instability of the halide domains and achieve a wide bandgap absorber layer [15]. The addition 

of Cs also widens the bandgap, and they exploited that property to push the Br-to-I unstable 

phase to a higher energy space. The champion cell displayed a short current density equal to 

19.4 mA cm−2 with an open-circuit voltage of 1.2 V, and a PCE of 17.1%. .Lin et al. added Cs 

to the FA-based perovskites because it brings stability to the perovskite film [16]. They 

recorded a stabilized PCE of 18.5% for their solution-processed wide bandgap perovskite solar 

cell. 

However, both research groups use the one-step deposition technique. It has been suggested 

that the sequential deposition technique is far superior in terms of crystallization. The 

deposition technique makes all the difference in its performance. The film coverage, quality of 

the absorber layer, and its transport properties depend on it [17]. An efficient and stable 

perovskite layer was deposited using the two-step deposition technique by Gratzel and his team 

[18]. The sequential process allows better control over the crystallization because the 

perovskite is divided into two precursor solutions [19].  

Xie et al. used a sequential deposition process to fabricate a MAPbI3 solar cell by introducing 

a small amount of MAI to the PbI2 solution [20]. The additive improved the absorption of the 

films due to enhanced crystallization and a reduction in carrier recombination rate. Their 

method introduced a new route for efficient sequential deposition of the MAPbI3 absorber 

layer. Koh et al. used a sequential deposition technique to fabricate the FAPbI3 perovskite layer 
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[21]. Another research group Kulkarni et al., utilized the sequential deposition procedure to 

tune the bandgap of a MAPb(I1-xBrx)3 perovskite solar cell [22].  

To the best of our knowledge, there is no research on FA-based wide bandgap perovskites 

fabricated using the sequential deposition technique even though it offers better transport 

properties and film coverage [17]. This research aims to demonstrate whether a sequential 

deposition is a viable technique for perovskite containing Cs and FA cations. We have explored 

the optical, structural and morphological properties of a wide range of compositions for a full 

exhaustive study sequential deposition for wide bandgap deposition. In the absorber layer, PbI2 

was spincoated on FTO substrates and then substrates were dipped into the CsBr, FABr/ FAI 

solutions with varying ratios, resulting in a homogeneous film with good surface coverage.  

 

2. Experimental Methodology 

2.1 Film Deposition  

The formamidine acetate salt (CAS No. 3473-63-0), lead iodide salt (CAS No  10101-63-0), 

cesium bromide salt (CAS No. 7787-69-1),  formamidnium bromide salt ( CAS No. 146958-

06-7) and FTO coated glass (EC No. 242-159-0) were purchased from Sigma Aldrich. The 

hydroiodic acid was bought from Alfa Aesar (CAS No. 10034-85-2).   

The formamidinium iodide was synthesized using a method adapted from the literature with 

modifications [23]. 2 molar excess of formamidine acetate salt was stirred into 10ml of 

methanol over an ice bath. 57% w/w hydroiodic acid was added into the flask drop-wise under 

constant stirring and then left to stir at 0°C for two hours. The solvents were carefully 

evaporated using a rotary evaporator at 75-80°C for five hours. After evaporation a precipitate 
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was left behind which was then washed with excess amounts of diethyl ether until it was off-

white in colour. The crystals were dried at 60°C in a vacuum oven for 24 hours before use.  

The glass and FTO-coated glass slides were kept in a mild detergent solution and then sonicated 

for 15 minutes. After rinsing with deionized water, the slides were sonicated in isopropyl 

alcohol, acetone then isopropyl alcohol sequentially for 15 minutes each. They were dried in 

air and heated on a hot plate at 70 degrees before spincoating. 

A 1M solution of PbI2 was prepared by mixing 461 mg of PbI2 in 1 ml of DMSO and DMF 

with a 2:3 ratio. The solution was stirred for 1 hour at 70 degrees and kept at that temperature 

during the spincoating procedure. The solution was spincoated onto the glass and FTO glass 

substrates at 2000 rpm for 25 s. The films were dried on a hot plate at 70 °C for 10 mins.  

The slides were then shifted to a globebox and dip coated in a solution of CsBr, FAI and FABr 

in IPA to achieve varying ratios. For example 0.2 mM of CsBr, 0.5 mM of FAI and 0.5 mM of 

FABr was used for FA0.8Cs0.2PbI2.5Br0.5. The composition of Br was kept at 0, 0.3, 0.5, 0.7 and 

1.   

Initially the PbI2 films were dipped in the CsBr and FAI solution for only 60 seconds because 

the literature on sequentially deposited MAPbI3 films suggested longer dipping times can 

cause poorer film coverage and lead to the formation of shunt pathways in the absorber layer 

[24]. However, experiments involving Br required a longer dipping time for complete 

conversion of the perovskite layer [22] so it was increased to 15 mins. This was followed by 

drying on a hot plate at 120 °C for 30 minutes.  

2.2 Characterization 

For the structural investigation and crystal size analysis of the perovskite films, the X-ray 

Diffraction (XRD) technique was used through the Bruker, D8 Advanced with a scanning rate 

of 1.2/min and 2θ in the range of 5° to 70°. The XRD used a CuKα radiation source (λ=1.54056 
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Å) generated at an excitation voltage 40 kV and current 40 mA. MDI Jade 6.5 was used for the 

peak analysis, hkl determination and signal processing.  

The surface morphology of the films was captured using the Scanning Electron Microscope 

(SEM). For the scanning a MIRA3 TESCAN was used. The images were recorded for 10.0 Kx 

magnification and a voltage of 10.0 KV was set for the scans.  

To study the optical properties of the perovskite, the UV-Vis NIR Spectrophotometer UV-3600 

Plus was used. The asborbance of the samples was measured in the range of 300 to 1100 nm 

with a slit width of 2.5 µm. 

The surface topography and roughness was investigated using the Atomic Force Microscopy 

technique. A Nanosurf FlexAFM Version 5 was used in static mode. The feature size was kept 

at 2.5 µm and the expected height was 1.5 µm. The images were analyzed and processed using 

the Gwyddion software.  

The film thickness was recorded using a 2D Optical Profilometer. It was a non-contact 

instrument PS-50 from Nanovea. A scanning length of 12 mm was used to measure the average 

height of the film.  

All measurements and characterizations were carried out ex-situ.  
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3. Results and Discussion 

3.1 Dipping Time Effect 

The dipping time of the PbI2 films was varied from 60 seconds to 15 minutes because it was 

suggested in the literature that perovskite layers involving Br require longer dipping times [22]. 

According to the UV-Vis spectroscopy results shown in Fig. 1(a), a longer dipping time 

resulted in a higher absorbance of the film. This can be attributed to complete conversion of 

the perovskite and increased crystallinity as shown in Fig. 1(b). The film prepared by dipping 

for 60 secs in the precursor solution shows a strong presence of PbI2 peaks labelled with an 

ampersand sign. The suppression of these peaks and the larger perovskite phase peaks point 

towards a more crystalline perovskite structure with very little residual PbI2 [25]. The 

absorbance also increased as the CsBr content in the film is increased since the presence of Cs 

promotes the crystallization of the film [15]. The absorbance curves observed for these films 

tend to be flat which could also be due to the larger crystal size and higher thickness of the film 

[26]. All the following samples were fabricated using a dipping time of 15 minutes. 

 

Figure 28(a) Absorbance curves for the FA1-xCsxPbI3-xBrx perovskite layers where x represents the molar ratio 

of CsBr used.(b) XRD pattern for one sample after increasing dipping time from 60 secs to 15 mins. The red 

ampersand denotes a perovskite peak and the black asterisk is a label for PbI2 peaks. 
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3.2 XRD Analysis 

Figure 29(a) XRD pattern for the FAPbI3 and FA0.8Cs0.2PbI3-xBrx perovskite layers labelled by the concentration 

of Br used. The red asterisk corresponds to the CsPbBr3 peaks.(b) XRD pattern magnified at the 28° peak 

The XRD patterns for the different film compositions are shown in Fig. 2(a). The characteristic 

perovskite peaks at 14° (100), 20° (110), 28° (200), 40° (220) become more prominent and 

shift to larger angles as the Br content is gradually increased. However, the PbI2 peak at 12° 

remains present throughout the different compositions showing the presence of remnant PbI2 

film. There is also the existence of another prominent phase in the Br 0.5, 0.7, and 1 films, 

which is visible at 24° (111), 30° (210), and 34° (211). These values match with the CsPbBr3 

perovskites, and it seems that only the CsBr is incorporating itself into the lattice while the FAI 

and FABr are being rejected. The ionic radius of Cs (179 pm) is smaller than that of FA (250 

pm), which could be the reason it is easily inserted into the structure. 

Fig. 2(b) shows a magnification of the XRD peak around 28°. The signal has been processed, 

so the relative height of the peak does not depict the actual intensity. However, as it is visible 

from the graph, the peak shifts to a larger angle as the ratio of Br is increased. The peak observes 

a monotonic shift from 28.2° for FAPbI3 to 29.6° for Br-1. This is characteristic of shrinkage 
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of the lattice and a reduction in crystal size. As more and more of Br is added to the ratio, the 

I is replaced. Since Br- has a smaller ionic radius than I- it causes the lattice to contract. These 

claims can be supported by what has already been reported in the literature [27, 28]. 

Additionally, it is interesting to note that the relative intensity increases as more Br is added to 

the precursor, which shows a more ordered and crystalline perovskite phase [29].  

3.3 Optical Properties 

 

The absorbance graph for the FAPbI3 sample has an absorption onset around 830 nm which 

corresponds to the bandgap of 1.49 eV as reported in the literature [30]. When the bandgap was 

calculated through a Tauc plot using the thickness of 5µm obtained from the profilometry, it 

was 1.52 eV. The same value was obtained for the Br-0.15 sample. The Br-0.3 absorbance is 

blue shifted and has a bandgap of 1.83 eV. However, as the percentage of Br is increased, the 

absorbance curves are greatly blue shifted. The bandgap increases to greater than 2eV for Br-

Figure 3 Absorbance curves for the FAPbI3 and FA0.8Cs0.2PbI3-xBrx perovskite layers 
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0.5 and Br-0.7. It is closer to a bandgap of CsPbBr3 which has been reported to be 2.3 eV. In 

the absorbance graph there is a distinct absorption edge around 500 nm which is characteristic 

of CsPbBr3 [31]. This corroborates the presence of the CsPbBr3 peaks in the XRD pattern and 

proves that the FA cation is not being included in all the perovskite crystal structure. The CsBr 

salt proves to be more dominant and the reason for that is the seven-times higher complexation 

constant between the Pb-Br species [32, 33]. The higher affinity of Pb2+ towards Br- ion leads 

to the I- ion playing the role of a spectator. The Br-1 film, however, has a lower bandgap of 2 

eV and the absorption onset is also red-shifted because a higher concentration of FABr was 

used to achieve this composition and therefore FA was included in the perovskite structure. 

The overall absorbance increased in the ultraviolet range i.e. 300-500 nm which ideal for wide 

bandgap materials. As inferred in the literature, the sharp increase in absorbance shows that the 

samples' crystallinity improves by adding more Br [15]. 
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Figure 4 Relationship between the Br concentration, crystal size and bandgaps of the FA0.8Cs0.2PbI3-xBrx 

perovskites. The insets show photographs in top view of the films taken after deposition 

The crystal size of the different layers was calculated by analyzing the peaks from the XRD 

pattern. The peaks were fitted using a Gaussian distribution, and the full-width at half 

maximum (FWHM) was calculated. The size of the crystal was estimated using the Scherrer 

equation. 

B(2θ) = 
𝐾λ

𝐿cos𝜃
              [34] 

Where B is the FWHM, K is the shape factor which and for simplicity assumed as 1, L is the 

crystallite size and θ is the peak angle in radians.  

The crystallite size steadily decreases as the Br content is increased because of shrinking of the 

crystal lattice due to increasing concentration of the smaller Br- ion. The bandgap increases 

with increasing Br but because of the likely mixed CsPbBr3 phase it is much higher than what 

is reported in literature [15]. The insets show the color of the film also changed from black to 

red as the Br content was increased. This change in color indicates a phase shift as the 

composition becomes Br-rich [35].  
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3.4 SEM and AFM Analysis 

The SEM images in Fig. 5 are for four different film compositions. The Br-0.15 sample has 

smaller grains than the wide bandgap absorber layers reported in literature [14, 36] with a few 

voids visible in the film. As the concentration of Br is increased the Br-0.5 film shows more 

voids in between the grains which means there is uneven coverage. For Br-0.7, the grains 

become non-existent and the film has a very rough appearance. The coverage has somewhat 

improved but there is no crystalline order which was confirmed by the presence of multiple 

phases in our XRD pattern. For the Br-1 sample there are larger grains visible in the image. 

The average grain size was estimated to be 500 nm. These bubble-like grains have 

agglomerated together however, there are still some voids visible in the film. 

Figure 5 SEM images for (a) FA0.8Cs0.2PbI2.85Br0.15 (b) FA0.8Cs0.2PbI2.5Br0.5 (c)FA0.8Cs0.2PbI2.3Br0.7  (d) 

FA0.8Cs0.2PbI2Br on glass substrate 
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To investigate the roughness of the films and get an accurate idea of the grain size distribution 

of the film, the samples were characterized using AFM and the obtained images are reported 

in Figure 6. The Br-0.15 sample has an average grain size of 92.9 nm which was calculated by 

edge detection. For the Br-0.5 sample the value increased to 148.7 nm. The Br-0.7 perovskite 

layer saw a decrease in the grain size to 118 nm which can be explained by a decrease in the 

Figure 6 AFM 2D images and 3D topography for (a, b) FA0.8Cs0.2PbI2.85Br0.15, (c, d) FA0.8Cs0.2PbI2.5Br0.5 , ((e, 

f)FA0.8Cs0.2PbI2.3Br0.7, (g, h) FA0.8Cs0.2PbI2Br on FTO substrate. The scale bar shown is 5 μm 
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crystallite size and is in agreement with the SEM results. When the Br content was increased 

to Br-1, the average grain size also increased to 348 nm.  

The average roughness of the film for Br-0.15 was 68.7 nm and it increased to 110 nm for the 

Br-0.5 sample. Further increasing the Br content increased the roughness from 153 nm for Br-

0.7 to 234 nm for Br-1 as it is evident by the non-homogenous topography. The AFM images 

show that the grain size increases by increasing the Br content of the film, and the roughness 

also varies in the same way. A rougher absorber layer helps trap more light and reduces 

reflectance losses [22], but due to the presence of voids, it may also affect device performance. 

Conclusion 

In conclusion, we studied the optical, morphological, and structural properties of mixed cation 

and mixed halide wide bandgap perovskite absorber layers fabricated through sequential 

deposition. The composition was tuned by keeping the FA and Cs ratio constant while varying 

the Br and I ratio. The samples exhibited a perovskite crystal phase and the crystallinity of the 

layer improved as the Br concentration was increased up to Br-0.3 as seen in the absorbance 

curves and XRD peaks. As the concentration was increased, a CsPbBr3 perovskite phase 

emerged because the Br- ion is favored over the I- ion by the Pb atom. The absorption improves 

in the 300-500 nm range by increasing Br ratio which is encouraging for wide bandgap 

applications. The bandgap increased from 1.52 eV for the FAPbI3 film to 1.83 eV for 

FA0.8Cs0.2PbI2.7Br0.3 however, further increase shifted the absorption onset drastically and the 

bandgap corresponds to that of CsPbBr3. This confirms the presence of a CsPbBr3 phase in the 

XRD pattern and implies that the I- ion is not incorporating itself into the perovskite crystal 

structure for samples with Br>0.3. The sequential deposition favors the lead bromide 

perovskite layer for a higher Br concentration because of the higher affinity for Pb towards Br. 

Increasing Br concentration increases the bandgap as predicted and improves crystallinity up 

to x = 0.3 for FA0.8Cs0.2PbI3-xBrx in a two-step deposition procedure. Such wide bandgap 
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perovskite absorber layers are suitable as top cell for tandem solar cell applications and the 

bandgap can be further tuned according to the solar spectrum absorption window of the bottom 

cell. 
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