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ABSTRACT 

Ink-based semiconductors that come to mind today include conjugated molecules and polymers, 

colloidal quantum dots, metal halide hybrid perovskites, and transition metal oxides. These 

materials form an ink (solution/ suspension/ sol-gel) that can be applied and dried in ambient air 

to form high-quality films for optoelectronic devices. In this study, we will introduce the current 

understanding of ink-based lead and lead-free hybrid perovskite and perovskite-inspired thin films. 

Examples will be presented through time-resolved studies of the solidification to link the solid-

state microstructure and device figures of merit to the ink’s formulation, drying, and solidification 

process. The perovskite crystallization kinetics characterized in situ during the solution process 

indicates an essential role by the inclusion of Cs+ and K+ alkali metal cations in perovskite inks. 

The film and device characterizations indicate the functions of mixed cation and halides in 

determining the optoelectronic properties. The further sophisticated design of perovskite inks 

enables significantly optimized charge dynamics, including exciton separation, inter-grain charge 

transfer, trap density, charge mobility, and charge collection efficiency. The considerably 

improved optoelectronic properties lead to higher charge collection efficiency and, therefore, 

better open-circuit voltage and fill factor for the Cs+-containing 3D perovskite devices in contrast 

to the control FAPbI3 one. Recent developments in ink formulation and processing that enable 

scalable ambient fabrication of high-quality perovskite semiconductor films will also be presented. 

These findings raise the possibility of developing more controlled perovskites for systematically 

addressing both charge dynamics and degradation mechanisms in concert for the timely 

commercialization of perovskite solar cells.  
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Chapter 1 Introduction 

Introduction 

Researchers are eager to solve critical issues about increasing energy demand and global climate 

change in green and lasting approaches. An excess of energy demand (15 terawatts) by 2050 is 

needed based on growth prediction of energy consumption now, originating mainly from large-

scale industrialization and enhancing the population. Moreover, CO2 levels are escalating in the 

atmosphere by using fossil fuels as an energy source, causing an increase in global temperatures, 

extinction of species, and natural disasters.1-3 Therefore, a long-lasting and clean energy source is 

the key to solve these problems, requiring collaborative efforts from academia, industry, and 

government all over the world. Renewable energy sources gradually have become a widely used 

approach for green energy generation. Prediction of energy consumption on various kinds of 

renewable and clean energy sources such as wind energy, biomass energy, and solar energy at 

2050 is in Figure 1.1.4  

 
Figure 1. 1 Breakdown of renewable energy usage in total energy consumption.4 

 

Among all these energy sources, solar cell technology is the one that can fulfill increasing 

energy demands with almost infinite energy supply from natural sunlight. Solar energy has the 

highest theoretical potential (≈ 89000 terawatts) for power production, but only a few thousand 

terawatts are converted into practical geographical accessibility. Even though the actual power 
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production lower than the theoretical value, but solar energy is still enough to satisfy the prediction 

of energy demand in the future. Therefore, solar energy is a clean, lasting, and reliable energy 

resource to face the issue of increasing energy demand and escalating CO2 level. 

Generally, solar cell technology can be classified into three generations.5 The first and 

second generations of photovoltaics have evolved from lab to industry due to its high efficiency 

and stability. Primarily, silicon wafer-based photovoltaics have dominated more than 80 % of the 

commercial market due to high stability (25 years warranty for the modules) and high efficiency.6, 

7 However, these silicon solar cells are manufactured through high vacuum facility and high 

temperature with complicated preparation procedures. Besides, thin-film based photovoltaics are 

considered as the second generation, comprising amorphous silicon, cadmium telluride, copper 

indium gallium sulfide, and copper zinc tin sulfide as sunlight absorbers. These thin-film based 

technologies utilize less material (≈ 10 times less) than the first-generation solar cells, directly 

influencing the cost of mass production. The second-generation solar cells have also demonstrated 

high efficiency and stability, but the use of expensive, scarce, and toxic materials makes them a 

controversial energy resource for the long-term future. Therefore, third-generation solar cells take 

advantage of low fabrication costs while being able to be solution-processed with inexpensive raw 

materials, including organic8, quantum dots9, and organic-inorganic hybrid perovskite solar cells10. 

To understand the progress of various solar cell technologies, a chart of best research photovoltaics 

efficiency of different generations and technologies (Figure 1.2).11 
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Figure 1. 2 Best research photovoltaics efficiency on various generation technologies.11 

 

Not only using these semiconductors as solar cells, but also employing in optoelectronic 

applications such as light-emitting diodes, photodetectors, and transistors.12-17 Among all these 

emerging photovoltaics, perovskite solar cells have impressed the semiconductor community by 

their remarkable intrinsic optoelectronic properties, including a sharp absorption onset, a small 

Urbach energy, high absorption coefficient, high charge carrier mobility, low recombination rate, 

long charge-carrier diffusion length, and a low exciton binding energy, despite being prepared via 

low-cost solution-processing approaches18-21, making it a promising candidate for future energy 

generation. Perovskite semiconductors demonstrate natural crystal structure as ABX3 formulation, 

comprising organic cations (A) including methylammonium (MA), formamidinium (FA), 

potassium (K), and cesium (Cs), B is a metal, such as lead (Pb) or tin (Sn), and halides (X) include 

chloride (Cl), bromide (Br), iodide (I), and the mixture.22, 23 Through varying the ratio of iodide to 

bromide or chloride, tunable and wide-bandgap perovskite thin films can be prepared via solution 

process.24-34 This vital property expands the promising potential of wide-bandgap perovskites 

employed as a front cell in the tandem application or as a light absorber in semi-transparent to 

transparent perovskite solar cells.35-37 
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These perovskite thin films can be prepared through multiple methods including spin 

coating, blade coating, wire-bar coating, dip coating, and co-evaporation.10, 38-44 Among all these 

preparation routes, one-step spin coating technique with antisolvent dripping during the solution 

process remains the most prominent method in the literature, achieving high efficiency through 

high-quality perovskite thin films. Recently, a certified power conversion efficiency of over 25 % 

has been reported.11 However, the issues of reproducibility, scalability, and stability are still 

challenging to conquer. Currently, the main ink used in perovskite solar cells is MAPbI3 precursor 

solution, but MAPbI3 perovskite is unstable when exposed to the humid atmosphere, transforming 

perovskite ABX3 crystal structure into non-perovskite phases. This paved the way for research into 

mixed cations and halides perovskites, where the crystal structure is delicately engineered by 

mixing different ratios of cations and halides to stabilize perovskite crystal structure and prevent 

perovskite phase degradation into an inactive phase. For example, Hoke et al. showed that 

MAPbI3-xBrx perovskites under simulated sunlight might cause halide segregation in the perovskite 

layer and form a lower bandgap in iodide-rich domains inducing sub-bandgap absorption and 

redshift in the photoluminescence spectrum.45 However, McMeekin et al. revealed that 

incorporating mixed cations in a specific ratio may solve the problem of photo-instability and 

phase segregation, resulting in stable and efficient performance as wide-bandgap perovskite solar 

cells.46 Therefore, fundamental investigations of wide bandgap hybrid perovskites are critical to 

understand the effects of mixed cations and halides on bandgap evolution, microstructure evolution, 

and perovskite formation mechanism. In this thesis, we aim to study the solution process, from 

lab-scale spin coating to scalable blade coating technique, through in situ diagnostics. For this 

purpose, in situ time-resolved grazing incidence wide-angle X-ray scattering (GIWAXS) has 

emerged as an effective method to monitor solid-state thin film formation and microstructure 

evolution during solution casting of ink-based semiconductors.47-53 More recently, it has also been 

used successfully to investigate crystallization behavior for 3D and reduced dimensional 

perovskites using spin-coating and blade-coating.10, 54-64 We studied the microstructure evolution 
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of the lead-free MA3Bi2I9 perovskite-inspired semiconductors from precursor inks to solid-state 

thin films using time-resolved GIWAXS and UV-Vis absorption spectroscopy and compared it 

against the prototypical lead-based MAPbI3 system. Contrary to MAPbI3, which tends to form 

ordered solvates in DMSO or direct perovskite phase in GBL, the MA3Bi2I9 phase tends to form 

directly from the precursor solution without any intermediate ordered phases, irrespective of the 

solvent used. This unusual behavior makes the deposition of uniform and pinhole-free MA3Bi2I9 

layers extremely challenging and requires the use of quenching intervention, such as antisolvent 

dripping. The latter was successfully applied at 40 s and triggered the immediate and rapid 

nucleation of the crystals from the surface and the bulk. Instead of its purpose of preventing solvate 

formation in DMF or DMSO-based inks of MAPbI3, the antisolvent drip fulfilled a different 

purpose: to promote the formation of compact and pinhole-free films. This comes at the cost of 

the [001] preferential texture, which becomes a 3D powder texture. Nevertheless, the films were 

used to fabricate functional MA3Bi2I9-based solar cells. Although the achieved PCE is low, our in-

situ studies provide new and unique insights into the layer formation and the role of antisolvent 

dripping. The present work highlights how simple solvent engineering approaches can be adjusted 

to help optimize the performance of the solar cell, of which MA3Bi2I9 is just one example in chapter 

4. Moreover, we reveal that the tunable and wide-bandgap MAPbBr3-xClx perovskite solid-state 

phase forms directly from disordered solvate phase during solution processing, while MAPbI3 ink 

tends to form stable intermediate ordered sol-gel phases requiring further thermal annealing to 

form MAPbI3 perovskite phase. Furthermore, we disclose the role of antisolvent dripping is to not 

only benefit the morphology of perovskite thin-film but also pre-nucleate and promote wide-

bandgap MAPbBr3-xClx perovskite phase formation. Inspired by all these results, we develop a 

solvent engineering protocol suitable for depositing pin-hole-free high-quality MAPbBr3-xClx 

hybrid perovskite thin films and present working single-junction photovoltaics with high open-

circuit voltage > 1.6 V. (in chapter 5). In the last research part of this dissertation (chapter 6), 

starting from studying the FAPbI3 precursor, it tends to form the non-perovskite yellow δ phase 
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from a disordered solvate. After adding a small amount of Br, FAPbI2.55Br0.45 precursor, it tends 

to heavily suppress the δ phase and generate the desired α perovskite phase together with the non-

perovskite PbI2 phase. However, incorporating mixed triple cations, FA0.8MA0.15Cs0.05PbI2.55Br0.45 

ink further eliminates the intermediate non-perovskite δ phase and promotes more perovskite phase 

formation. Detailed analysis exhibits the effect on the solidification process of Br and Cs separately 

and the synergetic effect of Br and Cs to suppress the intermediate phase and promote perovskite 

phase. Through SCLC measurements, the introduction of Cs and Br simultaneously in the 

perovskite structure remediates trap state defects and enhances carrier mobility in the perovskite 

thin films. Inspired by all this result, we showed that blade-coated solar cell performance is 

susceptible to the initial design of perovskite inks and the performance results match with in situ 

GIWAXS predication on the microstructure evolution. Using blade-coated 

FA0.8MA0.15Cs0.05PbI2.55Br0.45 with 0.09-cm2 device area yields peak efficiencies of 18.20 %. This 

provides an in-depth understanding of perovskite ink evolution in the blade coating perovskite 

community, which is critical and very meaningful for perovskite ink design in the future to achieve 

better reproducibility, low-cost and large-scale manufacturing of hybrid perovskite photovoltaics. 

Inspired by all these efforts, we tried to answer how these wide bandgap hybrid perovskites 

and perovskite-inspired semiconductors, including lead-based perovskites and lead-free 

perovskite-inspired materials, formation from precursor ink to solid-state thin films using multi-

probe in situ diagnostics and ex situ characterization.65-68 The stark feature of these materials is 

likely to form directly from precursor solution without forming intermediate ordered phases, which 

are known as solvate phases in MAPbI3 case.69-72 However, it is challenging to develop high-

quality polycrystalline wide-bandgap hybrid perovskite thin films in solar cells. Therefore, we 

engineer the solution process protocols to optimize the performance of perovskite solar cells. This 

thesis provides valuable insights linking the solid-state microstructure of the thin film and solar 

cell performance to the ink formulation and the solidification pathway. 
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1.1 Objectives and Contributions 

The main objectives of this dissertation are summarized below: 

• To develop tunable and wide bandgap hybrid perovskite films for emerging photovoltaic 

applications. 

• Investigate the crystallization and nucleation pathway of solution-processed wide and 

tunable bandgap hybrid perovskite thin-film semiconductors. 

• Identify processing routes that yield high-quality lead and lead-free hybrid halide 

perovskite and perovskite-inspired thin films. 

• Process knowledge transfer from lab-scale spin coating to scalable blade coating technique. 

• Demonstrate high efficiency and stable hybrid perovskite thin-film solar cell devices. 
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Chapter 2 Perovskite Solar Cells: Background and Literature Review 

2.1 Basic Operation Principles of Solar Cells 

Photovoltaics are generally comprised of several layers of semiconductors that convert solar 

energy into electricity. Among all these semiconductors, a key material in a solar cell is the 

absorber layer that absorbs the incident sunlight and generates an electron-hole pair. These 

electrons and holes are separated within the semiconductor or at a PN junction. Moreover, all these 

charge carriers are collected at the respective electrodes. The general schematic representation of 

solar cells is shown in Figure 2.1 a. For the basic working principles of a perovskite solar cell 

(shown in Figure 2.1 b), the initial process is the absorption of photon and free charges generation 

and then charge transport in transporting layers. Eventually, these charges can be extracted at 

respective electrodes. 

 
Figure 2. 1 (a) Schematic representation of a single junction solar cell.73 (b) Band diagram and 

main processes in perovskite solar cells.74 

 

Regarding the critical parameters of device performance, power conversion efficiency 

(PCE) is defined as the ratio of output power to input power of a solar cell (PCE = Pout/ Pin). 

Moreover, short circuit current density (JSC), open-circuit voltage (VOC) and fill factor (FF) will 

primarily determine the PCE, in which all these parameters will be discussed in detail in this 

chapter. In principle, the performance of a solar cell can be evaluated by its PCE and stability75, 

a b

VB

CB

CB
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indicating these two factors are essential for any photovoltaic technology. Moreover, examples of 

spectral response spectrum and J-V curves of silicon and perovskite solar cells are demonstrated 

in Figure 2.2. 

 
Figure 2. 2 Simulated EQE spectrum (a) and J-V curve with performance parameters (b) of 

perovskite and silicon photovoltaics. Table of optimized layer thicknesses (inset).76 

 

The simulated spectral power density concerning the wavelength for Si bottom cell and 

perovskite top cell was shown in Figure 2.2 a. The absorption of light employing perovskite solar 

cell, indicating in green dashed line, which is mostly in the visible range and near-infrared light is 

absorbed by silicon solar cells as shown via a blue dashed line.76 In general, the absorption range 

of a specific semiconductor mainly depends on its bandgap, indicating when a material harvest 

more sunlight irradiance, better performance photovoltaics could obtain. However, it is difficult to 

harvest the complete range of sunlight through a single material, which paves the way for two or 

more solar cells could be used in a combination, i.e., tandem device, to absorb a different range of 

incoming simulated sunlight. For evaluating a photovoltaic device, standard measurement is a J-

V curve (Figure 2.2 b), which y-axis is JSC (mA/ cm2) and the x-axis is VOC (V). Specifically, JSC 

depends on the charge carrier generation in the active layer and charge collection at respective 

electrodes, showing the importance of sunlight absorption from a specific semiconductor for 

charge generation. Through appropriate active semiconductor bandgap, absorbance, and carrier 

mobility are the critical parameters for tuning the JSC of a solar cell. Moreover, VOC significantly 
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depends on the bandgap of the active semiconductor and VOC loss that means the difference 

between the VOC of a device and the optical bandgap of the absorber layer. Theoretically, the VOC 

increases with an enhanced bandgap and the bandgaps of absorber materials used for photovoltaics 

are listed in Table 2.1. Furthermore, FF is the maximum square under the J-V curve, which 

quantitatively defined as the maximum power to the theoretical power.77-79  

Solar cells based on silicon, copper indium gallium selenide (CIGS), and cadmium telluride 

(CdTe) as active materials have been commercialized in the market.80-83 Among all these 

photovoltaic technologies, silicon-based solar cells are the most commonly employed in rooftop 

applications and GaAs-based solar cells are expensive with high PCE that makes it suitable for 

space applications. However, these solar cells are using materials that require high vacuum and 

high temperature, which consumes enormous energy. Besides, the scarcity of chemical elements 

such as indium, gallium, and tellurium that are used heavily in these technologies makes them 

expensive. Therefore, employing earth-abundant elements in solar cells might be the key to large-

scale fabrication. 

Absorbers Bandgap (eV) 

Silicon 1.10 

CIGS 1.12 

CdTe 1.45 

MAPbI3 1.54 

Table 2. 1 Bandgap of silicon, CIGS, CdTe, and classic perovskite (MAPbI3) absorbers. 

 

Emerging optoelectronic technologies including organic, colloidal quantum dots (CQDs), 

and organic-inorganic hybrid lead halide perovskite might be the solution for future lighting, 

display, and energy source.12-17, 84, 85 Among these emerging technologies, perovskites have been 
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shown the highest PCE in solar cells because of excellent optoelectronic properties, including a 

small Urbach energy and a low exciton binding energy.18-21, 86, 87 The organic-inorganic hybrid 

lead halide perovskite was almost unknown to the solar cell community until 2009. There were 

only 18 research articles based on the topic of perovskite with around 10 % PCE reported in 2012. 

However, more than 5000 research articles related to perovskite were published in the year 2018 

with the highest PCE over 23 %.44, 88-90 This exponential growth represents the importance of 

organic-inorganic hybrid lead halide perovskite is not only in the field of solar cells but also in 

light-emitting diodes, lasers, and photodetectors. Moreover, perovskite thin films can be a low-

temperature solution processed91-96, which is suitable for flexible electronics. 

 

2.2 Perovskite Crystal Structure 

The mineral CaTiO3 perovskite, named after Russian mineralogist Lev Perovski, was first 

discovered in the Ural Mountains in 1839 by German mineralogist Gustav Rose. A new series of 

perovskite crystals were subsequently derived from CaTiO3, organic-inorganic hybrid lead halide 

perovskite is generally presented as an AMX3 compound. Notably, A is a cation, including 

methylammonium (MA+), formamidinium (FA+), cesium (Cs+), or rubidium (Rb+), M is a metal, 

such as lead (Pb), germanium (Ge), or tin (Sn), and X is a monovalent anion, such as iodine (I), 

bromine (Br), chlorine (Cl), and the mixture.97 A representation of the perovskite crystal structure 

comprising of potential chemical elements is shown in Figure 2.3.98 The ideal perovskite crystal 

structure is in cubic symmetry99, consisting of a corner-sharing MX6
– octahedral backbone with 

cuboctahedra voids occupied by the A cations. However, various possible structures other than 

cubic structure exist through changing the tolerance factor. For instance, perovskite crystals can 

transform from cubic structure to orthorhombic, tetragonal, or rhombohedral structures if the size 

of the cation (A) is small or the M metal is large. 



29 

 

 

 
Figure 2. 3 Crystal structure of perovskite where A is the organic cation, B is the metal cation, and 

X is a halogen anion.98 

 

Regarding perovskite thin-film solar cells, MAPbI3 is the earliest and commonly 

investigated perovskite semiconductor. The tetragonal structure is the typical structure of MAPbI3 

due to the ionic radii of Pb2+ (0.132 nm), I- (0.206 nm), and MA+ (0.18 nm) and PbI6
- octahedral 

is the backbone of this tetragonal structure with MA+ occupy cuboctahedra spaces.97 The scientific 

studies of single crystal related to MAPbI3 confirm its tetragonal (space group, I4cm) at room 

temperature (25 ℃). However, at 54 ℃, the tetragonal structure of MAPbI3 will transform into the 

cubic structure (space group, Pm3m) due to thermal energy increment. When the temperature 

decreases to -113 ℃, the tetragonal phase of MAPbI3 will transform into the orthorhombic phase 

(space group, Pnma). This phase transition does not affect a perovskite solar cell because the 

operating conditions of a device are not under -113 ℃. Nevertheless, the phase transition from 

tetragonal to cubic at 54 ℃ is under the limits of operation conditions, but this transition behavior 

does not affect the device performance negatively.24, 100, 101 Furthermore, mixed cations such as 

mixing MA+, FA+, and Cs+ have been studied and the highest PCE of a perovskite solar cell in the 

literature also based on a combination of mixed cations on A site together with mixed iodide and 



30 

 

 

bromide as halides on X site. Other lead-free perovskite and perovskite-inspired research, such as 

tin and bismuth, has also been put efforts and shown promising results for the solution of toxic 

lead.97 

 

2.3 History of Perovskite Solar Cells 

These perovskite structure materials have been known for years, but Miyasaka et al. reported the 

first application into an organic-inorganic hybrid lead halide perovskite solar cell in 2009, which 

the device was based on a dye-sensitized solar cell (DSSC) architecture and generated only 3.8 % 

PCE on mesoporous titanium dioxide (TiO2) as an electron collector. The full historical evolution 

of perovskite solar cells has been shown in Figure 2.4.102 Moreover, the solar cell was only stable 

for a few minutes because a liquid corrosive electrolyte was used.103 In 2011, Park et al. improved 

the device performance to 6.5 % PCE by using the same DSSC concept.104 It was a huge jump 

forward in the perovskite solar cells, indicating that the light absorption by perovskite is larger 

than the state of the art N719 dye. Even though a significant improvement in PCE was 

demonstrated, but the perovskite solar cells were not stable because of their solubility in the 

electrolyte.  

A breakthrough came in 2012, Snaith et al. realized that the perovskite semiconductor was 

stable if contacted with a solid-state hole transporting layer, the introduction of 2,2′,7,7′-

tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (spiro-MeOTAD), showing that 

almost 10 % of PCEs devices were achievable using the TiO2 architecture with the solid-state hole 

transporting layer.105 The spiro-MeOTAD was initially developed and used successfully for 

OLEDs and then was implemented in DSSC that in turn made the success of ssDSSC. Spiro-

MeOTAD dissolves in organic solvents, such as chlorobenzene (CB), which makes Spiro-

MeOTAD easier to deposit on top of perovskites because this organic solvent does not dissolve 

the perovskite. Further research in replacing the mesoporous TiO2 scaffolds with insulating 

https://en.wikipedia.org/wiki/Dye-sensitized_solar_cell
https://en.wikipedia.org/wiki/Henry_Snaith
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mesoporous Al2O3, resulting in increased VOC and a relative higher PCE around 14 % with 

Al2O3.
106 This led to the hypothesis that a scaffold is not needed for electron extraction, which 

proved a thin-film perovskite solar cell, without mesoporous scaffold, achieved more than 10 % 

PCE.107 This article demonstrated that perovskite solar cells with the non-conductive Al2O3 that 

could be attributed to the perovskites are capable of transporting electrons and holes, indicating 

perovskite is an ambipolar semiconductor. This article raised a question about the need for a 

mesoporous layer, as the whole purpose of the mesoporous layer is to collect more electrons by 

increasing more interfaces between the metal oxide and perovskite.103, 108-110 These perovskite 

absorber layers could be used as thin films in n-i-p and p-i-n structures.  

A range of new deposition techniques, including thermal co-evaporation, doctor blade 

coating, and spray coating for preparation perovskites were reported in 2014. Solar cells fabricated 

by researchers from KRICT achieved a record with the certification of a non-stabilized PCE of 

20.1 % in 2014.11 In 2016, researchers from KRICT and UNIST hold the highest certified PCE for 

a single-junction perovskite solar cell with 22.1 %.11 Gratzel et al. incorporated the cations of 

rubidium into perovskite structure to improve the solar cell performance. Stabilized PCEs up to 

21.6% and 19% have been achieved on small (0.1 cm2) and large area (0.5 cm2) devices, 

respectively. Although with rubidium incorporation, the perovskite structure becomes more 

complicated with the other three cations (Cs+, MA+, and FA+), but the stability and PCE grew 

better due to this complex incorporation.111 In 2018, a new record was set by researchers at 

the Chinese Academy of Sciences with a certified PCE of 23.3 %.11  

https://en.wikipedia.org/wiki/Korea_University_of_Science_and_Technology
https://en.wikipedia.org/wiki/Korea_University_of_Science_and_Technology
https://en.wikipedia.org/wiki/Ulsan_National_Institute_of_Science_and_Technology
https://en.wikipedia.org/wiki/Chinese_Academy_of_Sciences


32 

 

 

 
Figure 2. 4 Historical development of the perovskite solar cell technology.102 

 

Within these few years, perovskite solar cells PCE quickly reached over 23 % from 4 % in 

the beginning. This remarkable jump in PCEs and the number of publications prove the interests 

of the semiconductor research community in perovskite. 

 

2.4 Perovskite Bandgap Engineering and Efficiency Limits 

Organic-inorganic hybrid lead halide perovskite bandgaps are tunable and can be optimized for 

the solar spectrum by altering the halide substitution and mixing Br and I in the perovskite thin 

films. The Shockley–Queisser limit radiative efficiency limit is about 31 % under an AM1.5G 

solar spectrum at 1000 W/m2 for a perovskite bandgap of 1.55 eV112, which is slightly smaller than 

the radiative limit of GaAs (bandgap of 1.42 eV) that can reach a PCE of 33 %. Based on various 

applications of perovskite semiconductor require different bandgap accordingly, one of the major 

applications where bandgap engineering is crucial is perovskite-silicon tandem photovoltaics. In 

https://en.wikipedia.org/wiki/Shockley%E2%80%93Queisser_limit
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recent literature, theoretical and experimental utilization of perovskite semiconductor in a tandem 

solar cell with other commercialized photovoltaic technologies together with the perovskite-

perovskite tandem device has been shown successfully. Theoretically, a triple-junction solar cell 

could reach around 46 % of PCE.113  

Regarding perovskite bandgap engineering, the iodide of MAPbI3 perovskite can be 

replaced with bromide and chloride. In the literature, bandgap engineering from MAPbI3 to 

MAPbBr3 perovskite thin films has been shown in Figure 2.5.24 The bandgap of every perovskite 

thin film depends on the size of the halide in the perovskite structure, indicating perovskite 

semiconductor bandgap increases when bromide substitutes iodide (absorbance spectra are shown 

in Figure 2.5 a). Photographs of three-dimensional MAPb(I1−XBrX)3 thin films demonstrate the 

color variation based on the content of bromide (Figure 2.5 b). A bandgap from 1.55 to 2.30 eV 

has been reported from MAPbI3 to MAPbBr3 polycrystalline perovskite thin films. Moreover, 

MAPbBr3 perovskite thin film is more stable in an ambient environment than MAPbI3 perovskite 

thin film as MAPbBr3 perovskite is more resistant to moisture. Therefore, halide substitution helps 

in tuning the bandgap of perovskite as well as improving the stability of the perovskite thin films.37, 

111, 114, 115 

 
Figure 2. 5 Photographs and UV–Vis absorption spectra of MAPb(I1−XBrX)3. (a) UV–Vis 

absorption spectra of mp-TiO2/ MAPb(I1−XBrX)3 films measured using an integrating sphere. (b) 

Photographs of three-dimensional TiO2/ MAPb(I1−XBrX)3 bilayer nanocomposites.24 

 

The bandgaps of perovskites can also be slightly controlled through the substitution of 

various cations. For instance, the classic cation (MA+) can be replaced with other organic or 
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inorganic cations to tune the bandgap, such as larger FA+ cation, resulting in bandgap decrease 

from 1.55 eV to 1.45-1.50 eV. This bandgap decrease is not directly related to the interaction of 

FA+ cation, but the cation size of FA+ is bigger than MA+ which results in lattice expansion and 

causes the tilt of PbI6-octahedra.116 Other cations, such as Cs+, Rb+, and K+, have also been 

explored in the perovskite community. 

Regarding the impacts of lead-free perovskite-inspired metals, such as tin and bismuth, on 

bandgaps, Snaith et al. developed near-infrared absorbing semiconductor through the 

incorporation of Sn metal into the perovskite structure mixing with Pb metal. They demonstrated 

mixed metals low-bandgap (1.2 eV) perovskite semiconductors and the fabrication of efficient 

single-junction solar cells (14.8 %) based on these enabled a new concept: all-perovskite tandem 

photovoltaics, where two perovskite semiconductors with different bandgaps are stacked on top of 

each other to obtain 20.3 % PCE. The structure of this tandem solar cell developed following layer 

configuration: indium-doped tin oxide (ITO)/ nickel oxide (NiO)/ 1.8 eV Perovskite/ zinc tin oxide 

(ZTO)/ tin oxide (SnO2)/ phenyl-C61-butyric acid methyl ester (PCBM)/ ITO/ poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/ 1.2 eV Perovskite/ C60/ 

bathocuproine (BCP)/ silver (Ag). All-perovskite tandem solar cells illustrate the prospect of being 

a fully solution-processable architecture that has a clear route to exceeding not only the PCEs of 

silicon but also other expensive III-V semiconductor solar cells.117 

Giustino et al. reported the bandgap engineering of lead-free double perovskite-inspired 

materials, such as Cs2BiAgCl6 and Cs2BiAgBr6, showing that the bandgaps of these perovskite 

semiconductors can be easily tuned in the visible range. These lead-free double perovskite-inspired 

materials have indirect bandgaps of 2.4 eV and 1.8 eV for chloride- and bromide-based perovskites, 

respectively.118 The ease of bandgap engineering is one of the major advantages in various 

optoelectronic applications employing organic-inorganic hybrid lead halide perovskite 

semiconductors. 

https://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
https://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
https://en.wikipedia.org/wiki/Polystyrene_sulfonate
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2.5 The Architectures of Perovskite Solar Cells  

Perovskite solar cells function efficiently in some different designs depending either on the role of 

the perovskite semiconductor in the device or the nature of top and bottom electrodes, as previously 

discussed in the brief history of hybrid perovskite solar cells evolved from solid-state DSSC. In 

the perovskite solar cells, positive charges are extracted by the transparent bottom electrode, which 

predominantly the perovskite functions mainly as a light absorber, where most electron or hole 

transport occurs in the bulk of perovskite layer. Thus, similar to the sensitization in DSSCs, first 

perovskite solar cells naturally took the n-i-p structure where the light entered through the 

transparent n-type semiconductor, typically a charge-conducting mesoporous TiO2 coated on top 

of the patterned fluorine-doped tin oxide (FTO)-coated glass. The hybrid perovskite layer is coated 

on top of the mesoporous TiO2 structure, acting as a light absorber and 

the photogenerated electrons are transferred from the perovskite layer to the mesoporous TiO2 

layer and then extracted into the circuit through the electrode. A series of p-type materials such as 

nickel oxide (NiOx), Spiro-MeOTAD, or poly(triarylamine) (PTAA) is deposited on top of the 

hybrid perovskite layer and completed with the evaporation of selected conductive metal 

electrodes.58 Recently, the frequent use of mesoporous n-type TiO2 layer was decreased as the 

perovskite community moved toward thin-film solar cell structure, the planar heterojunction n-i-p 

or p-i-n photovoltaics, which is based on the finding that perovskite semiconductors can also act 

as highly efficient and ambipolar charge-conductor.119 In short, common possible architectures of 

perovskite solar cells are shown in Figure 2.6.120 Conventional n-i-p Structure, the mesoscopic n-

i-p structure is the original architecture of the perovskite solar cells and is still widely utilized to 

fabricate high-performance photovoltaics. The mesoscopic layer is considered to enhance charge 

collection through decreasing distance of carrier transport, preventing direct contact between two 

electrodes, and increasing sunlight photon absorption due to light scattering. In Figure 2.6 a, the 

https://en.wikipedia.org/wiki/Dye-sensitized_solar_cell
https://en.wikipedia.org/wiki/Theory_of_solar_cells#Photogeneration_of_charge_carriers
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structure consists of a FTO as transparent conducting oxide cathode, a typically 50-70 nm thick 

compact TiO2 as electron transporting material, a 150-300 nm thick mesoporous TiO2 or Al2O3 

that is filled with perovskite materials, followed by an up to 300-500 nm thick perovskite capping 

layer, a 150-200 nm layer of spiro-MeOTAD, which is a hole transporting material, and around 

100 nm of a metal anode (Au or Ag). The original mesoporous n-i-p perovskite solar cells used a 

thick porous layer, which is > 500 nm, to efficiently absorb the incident sunlight. However, the 

significant amount of the perovskites are present in disordered and amorphous phases, leading to 

low VOC and JSC, because the pores in the structure confine the perovskite grains growth. 

Surprisingly, applying a thinner mesoporous layer to ≈150-200 nm results in improved device 

performance due to enhanced crystallinity in the perovskite semiconductor. Besides, the pore-

filling fraction and morphology of the perovskites are critically dependent upon the thickness of 

mp-TiO2. When the thickness of the mesoporous layer is reduced below 300 nm, the pore-filling 

fraction is enhanced, and a perovskite layer forms on top of the mesoporous layer, which results 

in high charge transport rates and high charge collection efficiencies at the interface of mesoporous 

TiO2. Therefore, in the literature, the mesoporous n-i-p architecture is the most frequently used. 

Through delicately controlling the formation of the perovskite layer and the interfaces between the 

perovskite and carrier transport layers, high PCE devices can be achieved without a mesoporous 

layer now in plana n-i-p structure (Figure 2.6 b). To date, although the planar n-i-p perovskite solar 

cell usually shows enhanced VOC and JSC comparing to mesoporous device processed, the planar 

n-i-p device sometimes demonstrates more severe J−V hysteresis.  

In the inverted p-i-n structure, the hole transporting material is deposited first, as shown in 

Figure 2.6 c. In the p-i-n type, perovskite solar cell is usually built on a 50-80 nm p-type conducting 

polymer, such as PEDOT:PSS. After depositing a 300-500 nm intrinsic perovskite layer, the device 

is completed with a 10-60 nm organic hole blocking layer, such as PCBM and a metal cathode (Al 

or Au).121 The perovskite layer can be sandwiched between two opposite organic charge 
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transporting semiconductors as the perovskite field moving forward.122 In Figure 2.6 d, further 

development of more selective contact options from organic to inorganic semiconductors, such as 

NiO and ZnO/ TiO2 layers have recently been utilized for the hole and electron selective contacts, 

respectively.89, 123 The using of oxide hole-transporting materials also allows for the construction 

of the mesoscopic p-i-n device structure, in which NiO/ mp-Al2O3 or c-NiO/ mp-NiO are used as 

the hole transporting material.124, 125 In these days, researchers also successfully demonstrated the 

fabricating of flexible perovskite solar cells, leading it more promising for flexible 

optoelectronics.126, 127 

 
Figure 2. 6 Schematic diagrams of perovskite solar cells in the (a) mesoporous n-i-p, (b) planar n-

i-p, (c) planar p-i-n, and (d) mesoporous p-i-n architectures.120 

 

Another alternative design where light enters through the p-type semiconductor materials 

has also been fabricated successfully (p-i-n or inverted structure), where p-type semiconductors 

include such as NiOX, copper thiocyanate (CuSCN), or PEDOT:PSS. After depositing p-type 

layers, the perovskite solution is then coated on top of these p-type layers, then forming the 

perovskite layer. The n-type layer, such as zinc oxide (ZnO), PCBM, or TiO2, is deposited on top 

of the perovskite layer to complete the p-i-n structure perovskite solar cells.128 A diagram for the 

energy levels of commonly used charge-extraction interlayers in the literature are shown in Figure 

2.7.129  
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Interlayers are important to optoelectronic devices due to interlayers are utilized in almost 

all the applications and selected to match the perovskite bandgap for fast charge carrier extraction 

in perovskite solar cells. In 2016, tremendous efforts were achieved on optimizing the interlayers 

through the low-temperature process, resulting in high-performance devices. In perovskite solar 

cells, n-type TiO2 is usually used as an electron transport layer (ETL) that is needed a high-energy 

cost process at around 500 ℃ and the doped Spiro-MeOTAD is used as a hole transport layer (HTL) 

that is expensive and not stable in ambient air. Therefore, the research for both interlayers of ETL 

and HTL are still essential, creating the opportunity for the stable and low-temperature process 

with decent charge transport of interlayers. 

There are many publications in the interlayer research database and here are some examples 

below. For HTL-related interlayers in perovskite solar cells, Nazeeruddin et al. explored four 

different fluorene-dithiophene derivatives based HTLs, employed in the wide bandgap FAPbBr3 

perovskite solar cells. Using classic Spiro-MeOTAD as a HTL, PCE of 6.9 % was achieved with 

Voc of 1.47 V, but employing S07 as one of the mentioned HTLs, PCE of 7.1 % was obtained with 

the Voc of 1.50 V.130 Nazeeruddin et al. studied the use of branched methoxydiphenylamine-

substituted fluorene derivatives as HTLs comparing with Spiro-MeOTAD for perovskite solar 

cells and this new HTL has a fivefold reduction in the cost of the final product. In detail, the cost 

of Spiro-MeOTAD is estimated to be 91.67 $/g, but the value of these synthesized compounds is 

15.67 $/g and 23.11 $/g for V859 and V862 respectively. PCE of 19.96 % has been achieved 

through these branched methoxydiphenylamine-substituted fluorene derivatives.131 Moreover, 

Snaith et al. used CuSCN as HTL in perovskite solar cells and obtained lower PCE than Spiro-

MeOTAD, but the long-term stability of these devices showed remarkable improvement with 

CuSCN.132 Chen et al. replaced Spiro-MeOTAD with Trux-MeOTAD, consisting of C3h Truxene-

core with arylamine terminals and hexyl side chains, in the p-i-n perovskite device structure, that 

fullerenes and ZnO nanoparticles were employed as ETLs. Unlike Spiro-MeOTAD, Trux-
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MeOTAD does not require any further doping and high PCE of 18.6 % was obtained with this new 

p-type material.133 Jen et al. employed an inorganic HTL for perovskite solar cells, through 

solution-processed Copper Gallium Oxide (CuGaO2) nanoplates with the wide bandgap of 3.58 

eV, in n-i-p structure and resulted in PCE of 18.51 % with long-term stability.134 Wu et al. used 

ultra-thin CuO2 as HTL in p-i-n structure perovskite solar cells, reporting that 5 nm of CuO2 is 

enough to extract holes efficiently and 11.03 % PCE perovskite solar cells were achieved.135 

 

 
Figure 2. 7 A summarized the energy level diagram of representative hybrid perovskites and 

charge-extraction interlayers, including HTL and ETL materials. The dotted lines represent the 

work function of the materials.129 

 

Moreover, in ETL related research, we utilized a mesostructured fullerene layer on top of 

compact TiO2 to replace mesoporous TiO2, leading to better charge transport and different 

perovskite orientation.43 Snaith et al. proposed the usage of cross-linkable fullerenes in n-i-p 

structure, resulting in fullerene insoluble in the aprotic solvents and PCE of 17.9 % was achieved 

with sol-gel C60 containing perovskite solar cells.136 Jaramillo et al. utilized ZrO2/ TiO2 bi-layer 

ETL to extract electrons from the perovskite layer in the n-i-p structure devices, resulting in PCE 

of 17.9 % perovskite solar cells.137 Jen et al. used inorganic Tin Oxide (SnO2) nanocrystals as ETL 
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in p-i-n architecture with NiOx as HTL. These SnO2 nanocrystals prepared through the 

hydrothermal method, leading to PCE of 18.8 % for perovskite solar cells and these devices were 

stable up to 30 days in 70 % relative humidity conditions because of inorganic metal oxides as 

HTL and ETL preventing humidity from perovskite layer.128 

Interlayers are one of the central topics in the perovskite community; especially charge 

extraction is a crucial factor in perovskite solar cell performance. Therefore, further studies and 

understanding are required to design and improve hybrid perovskite-based photovoltaics. 

 

2.6 Preparation Routes of Perovskite Thin Films  

There are a variety of routes to prepare organic-inorganic hybrid lead halide perovskite layer, 

including a two-step spin coating, one-step spin coating, blade coating, wire bar coating, and co-

evaporation. In the beginning, most of the literature of hybrid perovskite solar cells using a two-

step spin coating process to deposit perovskite layers (similar to Figure 2.8 b). In the two-step spin 

coating process, the lead halide, mostly PbI2, is initially deposited on either n-type or p-type 

interlayer. Secondly, MAI powder dissolving in isopropanol (IPA) loaded on the substrate and 

then spun coated after waiting for a usually 10 to 30 seconds optimized time. Subsequently, the 

sample is put on a hot plate for thermal annealing at 100 ℃ for a generally 10 minutes optimized 

time.138 Schematic image of most common perovskite processing techniques is shown in Figure 

2.8. 
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Figure 2. 8 Processing routes possible for hybrid perovskite coating. (a) One step spin coating 

method in which all the precursors are dissolved in one or mixed solvents. (b) Lead halide spin 

coating and dipping into an organic cation solution for full conversion. (c) Lead halide spin coating 

similar to the process (b) and then MAI is evaporated on the surface of the substrate. (d) Co-

evaporation of lead halide and organic salt.120 

 

However, the one-step spin-coating approach (Figure 2.8 a) is more straightforward than 

the two-step spin coating method, which all the precursors, including lead halides and various 

organic or inorganic halides, are dissolved in a single solvent or mixed solvents in a one-step 

approach. These perovskite inks are stirred overnight at 60 ℃ usually and then spin coated on the 

substrate for around 1 minute and subjected to similar thermal annealing process afterward. 

Furthermore, perovskite layers can be prepared through half solution with partial evaporation 

(Figure 2.8 c) and co-evaporation (Figure 2.8 d) techniques. In the co-evaporation approach, lead 

halide and organic salt are evaporated simultaneously, which is not usually employed due to the 

requirement of high vacuum and damage to the evaporator chamber. Among these preparation 

routes, solvent engineering is the most prominent topic of optimizing the device performance in 

the literature, which using an antisolvent, does not dissolve the perovskite, including CB or 

Toluene to drip on the rotating sample during the solution process. The function of antisolvent is 

to remove the precursor solvents from the sample, inducing more nucleation sites and resulting in 

smooth and pinhole-free surface morphology.139 By far, the world-record PCE of perovskite solar 

cells reported in the literature takes advantage of a solvent engineering approach. The schematic 
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image of the most common perovskite processing technique with antisolvent dripping is shown in 

Figure 2.9. 

 
Figure 2. 9 Solvent engineering approach that is similar to the one-step spin coating and an 

antisolvent is dripped during the coating process.42 

 

Regarding the scalable techniques, blade coating is one of the prominent methods to 

deposit hybrid perovskite layers, in which the perovskite ink is initially dropped at the gap between 

blade and substrate and then the blade is moved along the substrate to spread out the perovskite 

ink (Figure 2.10 a). In the blade coating, the substrate can be placed on the hot plate at a desirable 

temperature, resulting in different microstructure evolution. Schematic image of the blade-coating 

perovskite sample is shown in Figure 2.10 b.140 

 
Figure 2. 10 (a) Blade coating approach where the solution is dropped between the blade and the 

substrate and the blade is moved along the substrate. (b) A picture of the large area thin film formed 

by blade coating.140 

 

In detail, the distance from the blade to the substrate, blade angle concerning the substrate, 

temperature of the hot plate, and sheer speed are the critical parameters for the performance of 

blade coating perovskite solar cells. Spin coating is limited to the lab-scale fabrication compared 
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to blade coating technique, but these scalable coating methods open the pathway towards 

commercialization through less amount of perovskite ink usage and large area devices.40 

 

2.7 Advantages and Disadvantages of Perovskite Semiconductors 

The properties of hybrid lead halide perovskites including strong light absorption, solution 

processing, tunable bandgap, a small Urbach energy, high absorption coefficient, low 

recombination rate, long charge-carrier diffusion length, a low exciton binding energy, and high 

charge carrier mobility, leading perovskite semiconductor as an ideal candidate for photovoltaics 

and other optoelectronic applications. However, perovskite materials suffer from severe 

degradation in the ambient environment due to humidity and oxygen. Perovskite semiconductors 

also degrade at high temperature or the exposure of high-intensity sunlight. Other issues with 

perovskite materials are lead toxicity and hysteresis in solar cells. These advantages and 

disadvantages will be discussed in detail below. 

 

2.7.1 Advantages 

Organic-inorganic hybrid lead halide perovskites possess unique features that make them suitable 

for solar cell applications. The raw materials and the various printing approaches are both low-

cost. The property of high absorption coefficient enables thin films (around 500 nm) to absorb the 

complete visible solar spectrum.141 The MAPbI3 absorption coefficient is 4.3 x 105 cm-1 at 360 nm 

and 1.5 × 104 cm−1 at 550 nm, which is close to the inorganic semiconductors including Cu2ZnSnS4 

(α ≈ 6.1 × 104 cm−1 at 650 nm) or CuInSe2 (α ≈ 6 × 105 cm−1 at 690 nm).142 These critical features 

combined result in the possibility to fabricate low cost, high PCE, thin-film, lightweight, and 

flexible solar cells. As the perovskite thin-film semiconductors can be used in tandem solar cells, 

the absorption edge of MAPbI3 is 790 nm and MAPbI3 absorption extends throughout the visible 
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region. The perovskite semiconductor mobility of electrons is in the range of 5-10 cm2V−1s−1 and 

the mobility of holes is in the range of 1-5 cm2V−1s−1 have been reported.143 

 

2.7.2 Disadvantages  

Challenges with hybrid lead halide perovskite are pressing to be a hurdle for commercialization, 

indicating one major issue for perovskite solar cells is the aspect of long-term stability, suggesting 

the instability of perovskite solar cells is mainly related to environmental influence (moisture and 

oxygen),144, 145 thermal influence (intrinsic stability),146 and photo influence (ultraviolet light and 

visible light)147. In detail, the desired black perovskite phase transforms into a yellow PbI2 phase, 

which can be attributed to the initial perovskite phase degradation to precursor state, showing PbI2 

and MA+ ions react with water molecules and detach MA+ ions from the perovskite crystal 

structure. Regarding the possible perovskite decomposition mechanism, MAPbI3 decomposes into 

PbI2 and liquid MAI initially and the reaction decomposes MAI liquid into the organic component 

and HI. Moreover, HI and oxygen react to form I2 and water, or HI could also decompose further 

into H2 gas and solid I2.
148 Several studies about perovskite solar cells stability have been 

performed and proven some chemical elements to be essential to the device stability.149 

The water-solubility of the organic cations of the perovskite semiconductors makes devices 

highly prone to rapid degradation in moist environments. For instance, Zhou et al. have reported 

the formation of (di)hydrate compounds of perovskite (MAPbI3∙2H2O and MAPbI3∙H2O) in the 

presence of water.150 The degradation that is caused by moisture can be reduced by optimizing the 

components of perovskite materials, the architecture of the perovskite solar cells, the interfaces 

and the environmental conditions during the fabrication steps.151 Perovskite material is also known 

to degrade through corroding from the cathode metal on the top of the perovskite solar cell, 

including silver and aluminum become a target for perovskite to erode and result in a decrease in 

the performance of perovskite photovoltaics.  
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Besides moisture degradation, it has also been shown that the perovskite solar cells in 

which a mesoporous TiO2 layer is sensitized with the perovskite absorber exhibit UV light-induced 

intrinsic degradation.152 For example, Huang et al. reported that laser illumination, laser intensity 

in these experiments was seven times higher than the intensity of AM 1.5 simulated sunlight, on 

MAPbI3 thin films by the blue light (wavelength of 408 nm) started the degradation process. 

During the perovskite degradation process, the lead starts to show on the surface of the perovskite 

thin film. The proposed perovskite degradation mechanism is demonstrated in the equations 

below.153 

MAPbI3(s)
Light
→    (−CH2 −) + NH3 +HI + PbI2     (2.1) 

PbI2
Light
→    Pb + I2     (2.2) 

 

Equation 2.1 indicates the decomposition of the perovskite MAPbI3 semiconductor under 

continuous simulated sunlight irradiation. As perovskite starts to decompose, the volatile 

compounds such as NH3 and HI leave the surface of perovskite thin film. However, PbI2 and 

carbon hydro-carbonaceous species are left on the surface. PbI2 is a photosensitive material and it 

goes through further decomposition due to constant irradiation as illustrated in equation 2.2, 

indicating metallic Pb remains on the surface while I2 leaves. These equations reveal a significant 

need for stabilization of perovskite semiconductor because the degradation under light limits the 

possibility of mass production in solar cells. Therefore, many research groups have conducted 

thermodynamic studies for a stable form of perovskite materials and multiple organic cations have 

been studied theoretically for improvement in the inherent stability of perovskites. Table 2.2 shows 

the list of compounds with their respective bandgaps that could be suitable as absorber material 

for perovskites.154 

 

https://en.wikipedia.org/wiki/Ultraviolet


46 

 

 

Absorber materials Bandgap (eV) 

NH3OHPbI3 1.89 

NH3NH2PbI3 1.80 

PH4PbI3 1.60 

SbH4PbI3 1.53 

𝛽-CH3NH3PbI3 1.67 

𝛿-CsPbBr3 2.10 

Table 2. 2 List of the possible alternatives for stable perovskite absorbers.154 
 

The issues of hysteresis in perovskite solar cells were not being noticed initially. Hysteresis 

is the difference in performance while sweeping a perovskite solar cell from open-circuit voltage 

to short circuit current (reverse sweep) and the from short circuit current to open-circuit voltage 

(forward sweep).155 The significant factors that are affecting the performance of a perovskite solar 

cell made the perovskite community realize the importance of studying this phenomenon (Figure 

2.11).156 Some theories emerged and defined the reasons for hysteresis as ferroelectricity, charge 

accumulation, band mismatch, lattice mismatch, a defect in perovskite crystals, PbI2 phase 

formation, and ion migration. Most researchers have reached a consensus and reported the iodide 

ion migration is the primary reason for the hysteresis phenomenon in perovskite solar cells. 

 
Figure 2. 11 Simplest band diagram showing the screening effect of mobile ions and how charge 

extraction toward the contact is hindered in the case of a fast-forward sweep. Note that, if there 

were no built-in electronic potential, the forward bias would quickly result in the accumulation of 

the reverse ionic charge at the contacts compared to what is shown here.156 
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However, the studies of iodide ion migration show the central pathway to create low-

hysteresis or hysteresis-free perovskite solar cells, indicating that the intrinsic defects in perovskite 

crystals are resulting in ion migration. These perovskite crystal defects include interstitial of Pb, 

the vacancy of I, and interstitial I. If the defect concentration is too high, the hysteresis will be 

prominent. It is highly possible to obtain a higher equilibrium concentration of thermally generated 

defects when the formation energy is lower. Low formation energy (0.1 to 0.2 eV) and migration 

energy (0.1 to 0.6 eV) for halide vacancies have been reported in the literature.157 

Moreover, hysteresis is dependent on the rate of sweep scan while measuring a perovskite 

solar cell and the developed pre-bias conditions indicating it is governed by the voltage rather than 

simulated sunlight, which is due to its transient response. Hysteresis is found to exist in all the 

types of perovskite solar cells but in some cases are negligible when perovskite solar cells are 

equipped with either n-type or p-type mesoporous interlayers. In the p-i-n architecture of hybrid 

perovskite solar cell, the hysteresis is reported to be minimal, suggesting that the interfaces might 

play a crucial role concerning the hysteretic IV behavior since the significant difference of the 

inverted architecture to the conventional architectures is that an organic n-type contact is used 

instead of a metal oxide. 

 

2.8 Scalability and Stability in Blade Coating Perovskite Solar Cells 

Perovskite semiconductors being integrated into a variety of optoelectronic applications at lab 

scale and, there is an urgent need to commercialize perovskite materials. To realize the 

commercialization of perovskite semiconductors, fabricating perovskite materials through scalable 

techniques and low-temperature processes with high stability should be investigated. Therefore, 

studying scalable methods for perovskite research always get tremendous attention from the 

community and many groups put enormous efforts into scalable technologies for perovskite 

commercialization.61, 158 For example, scalable techniques as blade coated perovskite solar cells 
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have been reported in 2016, including Mohite et al. achieved 7.32 % perovskite solar cells were 

fabricated under ambient conditions and Huang et al. reported 18.3 % perovskite photovoltaics 

were conducted in a nitrogen-purged glovebox.159 Furthermore, Watson et al. have extensively 

studied the slot-die coating method and they reported the best performance of 8.1 % PCE 

perovskite solar cells.39 Other than solar cell application, Bakr et al. conducted extensive research 

on field-effect transistors of blade-coated perovskites.100 Schematic view of blade coating 

perovskite solar cells is shown in Figure 2.12 a, indicating the precursor solution is spread along 

the substrate that is placed on the hot plate and coating at different temperatures and coating speed 

is possible.160 Figure 2.12 b shows cross-section SEM images of perovskite film at various blading 

temperatures. 

 
Figure 2. 12 (a) Schematic illustration of the blade coating setup. (b) Cross-section SEM images 

of perovskite film.160 

 

Moreover, Poortmans et al. proposed that using the nonhazardous solvent systems for 

fabricating perovskite solar cells. In general, the prominent solvents including DMF and DMSO 

are hazardous, dissolving the precursors of perovskite materials. This literature provided 

nonhazardous solvent systems to deposit the perovskite thin films with a combination of GBL, 

alcohol, and acid.161  
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2.9 Microstructure Studies of Perovskites via Grazing Incidence Wide Angle X-ray 

Scattering (GIWAXS) 

Recently, grazing incidence wide-angle x-ray scattering (GIWAXS) approach draws more 

attention in perovskite community due to robust conclusions and detailed analysis of perovskite 

microstructure evolution and crystal orientation. Hybrid perovskite semiconductors are crystalline 

materials and GIWAXS is an ideal tool not only to understand the crystallization pathway of 

perovskites but also to the orientation of perovskite crystal growth. This technique has been 

extensively used for organic semiconductors before, but the GIWAXS method found to be very 

useful and scientific in the field of perovskite recently. A schematic image of a typical GIWAXS 

setup is shown in Figure 2.13, demonstrating the detector is placed close to the sample (10 – 40 

cm) for wide-angle measurements. However, the detector is situated far from the sample (100 – 

500 cm).162 

 
Figure 2. 13 Schematic illustrations of grazing incidence x-ray scattering experiments.162 

 

Numerous reports have shown the importance of GIWAXS analysis for perovskite 

microstructure and crystal orientation. In 2015, one of the early studies shows the in situ time-

resolved GIWAXS measurements of perovskites during thermal annealing (Figure 2.14), including 
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2D ex situ GIWAXS data and corresponding SEM images of as-cast MAI:PbCl2 (3:1) thin films 

after thermal annealing.163 In this publication, they report the desired perovskite phase at q = 10 

nm-1 and undesired non-perovskite PbI2 phase at q = 9 nm-1 (Figure 2.14 b).163 Moreover, peaks 

below these q values correspond to the sol-gel precursor solvate phases (Figure 2.14 a) that vanish 

after the thermal annealing (100 ℃ for 100 minutes) and the decomposition of the perovskite phase 

into PbI2 phase if the sample is kept at 100 ℃ for 150 minutes (Figure 2.14 c). In Figure 2.14 d, 

1D plots of x-ray scattering intensity versus q are shown at critical timing. For instance, after 5 

minutes of thermal annealing, a scattering of the perovskite phase at q = 10 nm-1 is not observed, 

indicating slow perovskite phase conversion during thermal annealing. 

 
Figure 2. 14 GIWAXS images of thin films formed through the solution containing MAI: PbCl2 

in 3:1 molar ratio. (a) Precursor phase at 35 °C. (b) Annealing at 100 °C for 100 minutes results in 

a pure perovskite phase. (c) Further annealing results in decomposition of the perovskite phase 

into lead iodide. (d) 1D plots of intensity vs. q to illustrate the formation of the perovskite phase 

from precursor state and decomposition when annealed for more than 100 minutes.163 
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Although the perovskite solution ink formulation is MAI:PbCl2 (3:1), the final perovskite 

structure and composition after thermal annealing is MAPbI3, indicating the conversion of MAPbI3 

perovskite occurs as PbCl2 is converted to PbI2 and MA+ bonds with Cl- to form MACl, which is 

left from the surface during the thermal annealing process as vapor. These results lead them to the 

conclusion that the existence of a sol-gel precursor solvate state, which is an unstable state at high 

temperature and can be converted to desired perovskite phase when thermally annealed at the 

appropriate temperature for an optimized time. Schematic image of this conversion process is 

shown in Figure 2.15, indicating that excess MAX in the film leaves the thin film and perovskite 

phase is formed..163 

 
Figure 2. 15 Schematic images of showing precursor state converting to perovskite phase upon 

thermal annealing.163 

 

In 2015, Snaith et al. published the results of ultra-smooth perovskite thin films through 

acetate (Ac)-based solution inks and measured in situ GIWAXS during thermal annealing. Figure 

2.16 a-c shows the 1D plots of intensity versus q for Cl-, I-, and Ac-based perovskite precursor 

inks respectively.164 
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Figure 2. 16 1D plots at crucial times of annealing of thin films deposited through 3:1 MAI: PbX2, 

where x is (a) Cl, (b) I, and (c) Ac. Red dashed lines in each case indicates the completion of the 

conversion process of precursor solvates to the immaculate perovskite phase and its corresponding 

2D GIWAXS images are shown (d) PbCl2, (e)PbI2 and (f) PbAc2.
164 

 

At the beginning of the thermal annealing procedure, all these three precursor inks show 

the desired perovskite peak, but the precursor solvate phases also existed. The red dotted line in 

each graph shows the complete perovskite conversion time, which are 43.8, 17.8 and 2.5 minutes 

for Cl-, I-, and Ac-based perovskite inks, respectively. The corresponding 2D GIWAXS images 

of the complete perovskite phase converted thin films are shown in Figure 2.16 d-f, which the red 

dotted line in these 2D images indicates (110) plane of perovskite phase and the red cross markings 

are indicating the scattering signal from the ETL layer (TiO2). Moreover, Cl- and Ac-based 

perovskite thin films were thermally annealed at 100 ℃, but I-based thin films were thermally 

annealed at 150 ℃. Ac-based perovskite thin films show a fast conversion to the desired perovskite 

phase from the precursor solvates (less than 3 minutes), indicating methylammonium acetate is a 
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volatile compound and leaves the surface quickly. In the case of the I-based perovskite precursor, 

the higher annealing temperature is necessary due to the higher stability of MAI. 

Moreover, in the method of two-step spin coating for depositing perovskite thin films 

described earlier has also been investigated through GIWAXS measurements. The PbI2 thin film 

is exposed to the solution, which MAI dissolved in IPA solvent. In Figure 2.17 a, 2D GIWAXS 

image of 100 nm thick PbI2 thin film is shown, which is out-of-plane ordering.86 After 1.1 s of 

exposure to MAI solution, scattering signal from the desired perovskite phase can be observed, 

indicating fast conversion of PbI2 into perovskite phase in the presence of excess MAI in solution 

(Figure 2.17 b). However, weak PbI2 peak can still be seen (1.1 s). After 75.9 s of exposure to MAI 

solution, the perovskite conversion is complete as scattering signals merely from the perovskite 

phase.86 Therefore, GIWAXS data helps understand the mechanism of perovskite phase formation 

and find critical timing when non-perovskite phases are showing (Figure 2.17 c). 

 
Figure 2. 17 2D GIWAXS images of (a) annealed 100 nm lead iodide film and (b) 1.1 seconds and 

(c) 75.9 seconds after the addition of MAI solution on the lead iodide film.86 

 

GIWAXS diffraction patterns collected at the beginning of the thermal annealing only 

show the characteristic ordered precursor phase, which reaches a maximum intensity after around 

15 min (Figure 2.18).165 The (100) perovskite peak, indicating he pseudo-cubic α-phase, gradually 

increases in intensity after ∼10 min and reaches a maximum value after ∼62 min. The primary 
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product of the perovskite phase degradation, PbI2, appears after ∼70 min and increases throughout 

the thermal annealing process.  

 
Figure 2. 18 Diffraction pattern after ∼3 min ∼189 min and from the beginning of thermal 

annealing exclusively showing the precursor phase and the perovskite and the lead iodide phases, 

respectively.165 
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Chapter 3: Materials, Methodology, and Experimental Section 

3.1 Materials 

Almost all the raw materials employed in this thesis were purchased from Sigma Aldrich. Lead 

iodide (PbI2), lead bromide (PbBr2), bismuth iodide (BiI3), and lead chloride (PbCl2) powder and 

respective beads were purchased from Alfa Aesar. Methylammonium iodide (MAI), 

formamidinium iodide (FAI), cesium iodide (CsI), methylammonium bromide (MABr), 

formamidinium bromide (FABr), cesium bromide (CsBr), methylammonium chloride (MACl), 

and formamidinium chloride (FACl) were purchased from Dyesol. All the solvents such as N, N-

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), γ-butyrolactone (GBL), chlorobenzene 

(CB) were purchased from Sigma Aldrich.  

 

3.2 Organic-Inorganic Hybrid Lead Halide Perovskite Solar Cell Fabrication 

Hybrid perovskite thin-film attracts the research community for its application in solar cells. Even 

though many other forms are emerging, such as transistors and light-emitting diodes, perovskite 

solar cells remain one of the top applications frequently reported in the literature. In this thesis, we 

fabricated the n-i-p structure for perovskite solar cell applications due to its stability and high PCE. 

 

3.2.1 Substrate Cleaning 

We employed indium doped tin oxide (ITO) on top of 1.1 mm thick glass from Xinyan 

Technologies in China. This ITO is patterned according to the solar cell testing setup in our lab. 

ITO substrates were carefully marked on the glass side to distinguish the electrode side. Each 

substrate was thoroughly cleaned with the pressurized nitrogen flow to remove the dust particles. 

Substrates were loaded in the tray to be immersed in soapy water in a beaker. Beaker was placed 

in the sonicator for ultrasonic cleaning. Similarly, the substrates were cleaned through DI Water, 

acetone, and isopropanol for 10 minutes each. Substrates are then dried through pressurized 
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nitrogen flow. Substrates were kept in UV-Ozone to perform ozone treatment for 10 minutes. It is 

highly pivotal to utilize these substrates immediately after the ozone treatment.  

 

3.2.2 Electron Transporting Layer Deposition 

High-temperature titanium dioxide (TiO2) and low-temperature Cl-capped titanium dioxide (Cl-

TiO2) were selected as an electron-transporting layer in our solar cell architecture. For the 

preparation of TiO2, Titanium isopropoxide was diluted in ethanol with a small amount of 2M 

hydrochloric acid. The solution was prepared inside the nitrogen-purged glove box and stirred for 

an hour at room temperature. Before the spin coating, the titanium isopropoxide solution was 

filtered using 0.2 𝜇𝑚 size PTFE filter. The solution was spin coated on the freshly cleaned FTO at 

2500 rpm for 45 seconds and then dried at 120 ℃ for 10 minutes. Subsequently, the substrates 

were annealed at 500 ℃ with a slow ramp rate for 30 minutes. After the high-temperature annealing, 

the substrates were left to cool down naturally to room temperature. The next step is to deposit the 

mesoporous TiO2 layer. 18NR-T transparent titania paste (from Dyesol) is diluted in ethanol with 

a ratio of 2 to 7 by weight. The solution is kept on stirring at room temperature for a couple of 

hours. When the solution is thoroughly mixed, it is then spin-coated on the compact TiO2 layer for 

50 seconds at 5000 rpm. This results in approximately 350 nm of the mesoporous TiO2 layer.  

For low-temperature Cl-TiO2, we applied 90 µL of synthesized Cl-TiO2 Nanocrystal 

Solution22 on patterned ITO with the spin coating at 3000 rpm for 30 seconds for twice and thermal 

annealing at 150 ℃ for 30 minutes in the fume hood. After that, wait until the substrates cooling 

down and transfer them into the nitrogen-purged glove box for depositing perovskite layers.  

The compact TiO2 for blade coating solar cell was prepared by chemical bath deposition with the 

clean substrate immersed in a TiCl4 (CP, Sinopharm Chemical Reagent Co., Ltd) aqueous solution 

with the volume ratio of TiCl4:H2O equal to 9:400 at 70 ℃ for 1 hour, its thickness is around 65 

nm.54, 64 
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3.2.3 Organic-Inorganic Hybrid Lead Halide Perovskite Thin Films Deposition 

There are different recipes of hybrid perovskite for thin film deposition, and we choose the “one-

step” spin coating technique because it is simple and most commonly reported in the literature. 

Furthermore, we adopt the evolved one-step spin coating technique where anti-solvent is dripped 

during spin coating. Moving on from lab-scale spin coating to the scalable coating technique, we 

choose the blade coating method to deposit the perovskite layer. 

In the simple one-step spin coating method, for mixed triple cations and mixed halides 

solution preparation, the FA0.85MA0.15Cs0.05PbI2.55Br0.45 precursor solution (1.2 M) was prepared 

in a mixed solvent of DMF and DMSO with a volume ratio of 4:1.22 This whole process of 

precursor preparation can be simply calculated the weight to each material as the Table 3.1 shown 

below.  

Chemical Materials Purity Supplier Amount (g) 

Lead (II) Iodide 99.999% Alfa Aesar 0.4700 

Lead (II) Bromide 99.999% Alfa Aesar 0.0660 

Cesium Iodide 99.999% Sigma Aldrich 0.0157 

Methylammonium Bromide - Dyesol 0.0188 

Formamidinium Iodide - Dyesol 0.1672 

Table 3. 1 The exact amount of each material for Cs0.05FA0.81MA0.14PbI2.55Br0.45 precursor ink 

preparation. 

 

Prepare perovskite solution ink one day before the process day and it is advised to stir the 

solution on a hot plate at 60 ℃ for overnight. For the recipe of spin coating this 
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Cs0.05FA0.81MA0.14PbI2.55Br0.45 precursor ink, we applied 70 µL on 2cm×2cm substrate with 2000 

rpm for 10 s (acceleration of 200 rpm/s) and 4000 rpm for 20 s (ramp-up of 1000 rpm/s) spin 

coating condition. Also, CB anti-solvent was dripped on the spinning substrate during the second 

spin-coating step at 10 s before the end of the procedure, as shown in Figure 3.1. To form a thick 

and smooth perovskite film, chlorobenzene was slowly dropped on the precursor film to allow 

sufficient extraction of extra DMSO through the entire precursor film.22 After the spin coating 

process completion, the substrate transferred then immediately on a hot plate and heated at 100 ℃ 

for 10 minutes.  

 
 Figure 3. 1 The exact condition of ink spin coating with CB anti-solvent drip. 

 

In chapter 4, we explore the solvent engineering approach. Precursor (0.825M) solution 

was prepared by dissolving methylammonium iodide (MAI), purchased from Dyesol, and bismuth 

iodide (BiI3) (3:2 ratio) in dimethyl sulfoxide (DMSO) or γ-butyrolactone (GBL) or mixed solvent 

(GBL: DMSO) (6:4 ratio) and kept precursors overnight at 60 ℃ with stirring. Thin films of 

perovskites were deposited by spin coating at 1000 rpm for 10s and 5000 rpm for the 40s while 

dripping CB anti-solvent at different timing to optimize the device performance. Moreover, we 

take the learnings from the spin coating and apply it to the more scalable process of blade coating. 

The solution was prepared by mixed triple cations and mixed halides solution preparation, the 

FA0.85MA0.15PbI2.55Br0.45 perovskite precursor solution (1.2 M) was made in a mixed solvent of 
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DMF and DMSO (volume ratio of 4:1). The substrate was kept at various temperatures for blade 

coating. The solution was dropped at the interface of the blade and the substrate; the blade was 

moved along the substrate to coat the thin film uniformly. We used the silicon with a hydrophobic 

coating as the blade. The speed of the blade is computer-controlled outside the hutch. Schematic 

view of the blade coating setup is shown in Figure 3.2.166 In chapter 6, the perovskite precursor 

solution (6 µL) was blade-coated onto the substrate with a coating speed of 1000 mm/min and the 

blade gap of 15 µm at 150 ℃, followed by annealing at 100 °C for 10 min. 

 
Figure 3. 2 Schematic diagram of the blade coating setup used in the lab. It is currently installed 

in an ambient environment.166 
 

3.2.4 Hole Transporting Layer Deposition 

Hole transporting layer (HTL) is an essential part of hybrid perovskite solar cells. Most of the 

high-performance perovskite solar cells in the literature, Spiro-OMeTAD is employed as an HTL. 

In this thesis, we utilize this HTL material in all our solar cells. In Spiro-OMeTAD solution 

preparation, the preparation steps: (1.) Purge the vial with nitrogen (2.) Weigh 80 mg spiro for 1 

ml solution in the glove box. (Spiro-OMeTAD, Lumtec) (3.) Add 1 ml chlorobenzene (CB) using 

a micropipette. (Anhydrous CB – Sigma Aldrich) (4.) Add 30 µl TBP (Sigma Aldrich) (5.) Add 

18 µl lithium from the salt solution. This solution should be 520 mg of the lithium salt in 1 ml 

ACN. (Li salt – 1-material, Anhydrous ACN – Sigma Aldrich) (6.) Add 30 µl cobalt dopant in 
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spiro solution. The dopant solution should be 300 mg cobalt 3 in 1 ml ACN. (Co TFSI salt – 1-

material, Anhydrous ACN – Sigma Aldrich) (7.) Stir at room temperature for 1 hour. (8.) Put the 

perovskite coated samples on spin coater just after the end of perovskite deposition. (9.) Use a 

micropipette to drop the solution onto substrates and the solution should be 70 µl.167 For the recipe 

of spin coating this Spiro-OMeTAD, we applied 60 µL on 2cm×2cm substrate sample with 2200 

rpm for 30 s (acceleration of 1000 rpm/s).  

 

3.2.5 Electrode Deposition 

A perovskite solar cell can be completed with the top metal electrode deposition. In this thesis, all 

the top metal electrode deposition is conducted through thermal evaporation. Angstrom thermal 

evaporator installed in nitrogen-purged glovebox was utilized to evaporate metals on the spiro-

OMeTAD coated samples thermally. The substrates were loaded on the tray with the custom-

designed a mask to work with our solar simulator for device testing. A 20 nm of gold and 100 nm 

of silver were thermally evaporated sequentially under high vacuum conditions in the chamber. 

 

3.3 Solar Cell Testing System 

Completed perovskite solar cells were tested under one sun conditions by solar simulator from 

ABET technologies. It is installed in the nitrogen-purged glove box, which provides the freedom 

to test the solar cells in the oxygen, and moisture restricted environment. A 300 W xenon arc 

source was used as the light source to generate an electron-hole pair in the absorber layer. Keithley 

2400 under a simulated AM 1.5G solar irradiation at 100 mW cm-2 was used. To ensure the correct 

measurement, the solar simulator is calibrated with the help of as received silicon solar cells with 

the notified parameters. After that, each perovskite solar cell is measured individually. A 3M clip 

with a gold-coated clip is placed on the electrodes of the device to ensure an ideal connection with 

the simulator. The shutter is removed from the light source, and the bright light shines on the 
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substrate entering from the glass side in the substrate. The primary solar cell parameters such as 

open-circuit voltage, short circuit current and fill factor could be easily obtained through the J-V 

curves appear in the Tracer software. The extraction of such parameters is based on various 

electrical models and equivalent circuits. An idealized electrical model to extract the parameters 

consists of electrical components including in series, a light-induced source (IL), series resistance 

(RS) and shunt resistance (RSH). For a high-performance spin-coated perovskite solar cell, the 

series resistance is small with less loss of VOC while the shunt resistance is enormous with 

negligible loss of JSC. The current-density–voltage (J–V) curves were measured using a solar 

simulator (Newport, Oriel Class A, 91195A) with a source meter (Keithley 2420) at 100 mA cm−2 

illumination (AM 1.5G) and a calibrated Si-reference cell certificated by NREL. All the solar cells 

were masked during the J–V measurements to define the active area of about 0.1 cm2. For blade 

coated solar cells, the J-V performance of the perovskites solar cells was analyzed by Keithley 

2400 source under an ambient condition at room temperature, and the illumination intensity was 

100 mW cm-2 (AM 1.5G Oriel solar simulator). The scan rate was 0.1 V s-1. The delay time was 

10 ms and the scan step was 0.02 V. The device testing voltage range was -0.1V to 1.2V. The 

power output of the lamp was calibrated by an NREL-traceable KG5 filtered silicon reference cell. 

A metal aperture to avoiding light scattering from the metal electrode into the device during the 

measurement defines the device area of 0.09 cm2. 

 

3.4 Hybrid Perovskite Thin Film Characterization 

Perovskite thin film characterization is vital to optimize the coating process. Characterizing the 

perovskite thin film can reveal the issues with the perovskite solar cell and quality of the perovskite 

thin film. 
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3.4.1 Scanning Electron Microscope (SEM) 

All the SEM images included in the thesis are measured with Quanta 200FEG, and 600FEG 

scanning electron microscope provided by FEI was used to observe the morphology of annealed 

perovskite films in the core labs of KAUST. Samples were placed on the carbon tape and utilized 

silver tape as an electron bridge.  

 

3.4.2 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) was measured at the core lab of KAUST. Bruker D8 Advance, with 

copper Kalpha radiations, was utilized for the XRD measurements. Investigation of as-cast, CB 

dripped, and annealed perovskite thin films were performed. XRD patterns via Bruker D8 advance 

A25 diffractometer in the Bragg–Brentano geometry equipped with a Cu tube (Cu Kα; 𝜆 = 0.15418 

nm) operating at 40 kV and 40 mA using a linear position sensitive detector (opening 2.9o). 

 

3.4.3 Attenuated Total Reflectance–Fourier Transform Infrared Spectroscopy (FTIR) 

Perovskite solutions were dropped cast onto the substrates and were left to dry for 45 minutes, 

followed by nitrogen flow for ≈ 2-4 minutes until a solid powder was obtained. The resulting films 

were scratched out through a blade in a vial for both as-cast and annealed materials measurement. 

Powders were pressed tightly in the FTIR spectrometer to obtain spectra for all. A Bruker Tensor 

27 FTIR spectrometer with the attenuated total reflectance (ATR) configuration was used.  

 

3.4.4 Thermogravimetric Analysis (TGA) 

A Netzsch thermogravimetric analyzer (TG 209 F1) was used to track the mass loss of the solvates. 

Processing was the same as for FTIR measurements. An alumina crucible was used to contain the 

powder. Constant nitrogen flow was maintained during the whole process. As-cast hybrid 
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perovskite thin films were prepared in a nitrogen glove box with moisture and oxygen level below 

0.1 ppm.  

 

3.4.5 Profilometry 

A KLA Tencor profilometer was used to measure the thickness of as-cast, CB dripped, and thermal 

annealed hybrid perovskite thin films. Also, all the measurements were conducted in an ambient 

atmosphere.  

 

3.4.6 Optical Microscopy 

All the optical microscopy images were imaged through a Nikon LV-100 optical microscope. 

Moreover, all the measurements were conducted in an ambient atmosphere.  

 

3.4.7 Photoelectron Spectroscopy in Air (PESA) 

All the energy level (HOMO) for each semiconductor used in this thesis is measured from PESA 

(AC-2 model). This setup is in atmospheric pressure operation and estimate work function, 

ionization potential, and density of states (DOS).  

 

3.4.8 Space Charge Limited Current (SCLC) for mobility measurement 

Electron-only devices (FTO/ c-TiO2/ perovskites/ PCBM/ Ag) were fabricated to calculate the 

electron mobility of the devices. The dark J-V characteristics of the electron-only devices were 

measured by a Keithley 2400 source. The mobility is extracted by fitting the J-V curves using the 

Child’s law given by 𝐽 =  
9

8
휀0휀𝑟𝜇𝑆𝐶𝐿

𝑉2

𝑑3
, where J is the current density, V is the applied voltage, ε0 

is the vacuum permittivity, εr is the relative dielectric constant, and d is the thickness of the film.168 

The trap state density was determined by the trap-filled limit voltage using the equation: 𝑁𝑡 =
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2𝜀0𝜀𝑟𝑉𝑇𝐹𝐿

𝑞𝐿2
 , where ε0 is the vacuum permittivity, εr is the relative dielectric constant, VTFL is the 

onset voltage of the trap-filled limit region, q is the elemental charge, and L is the thickness of the 

film.169 

 

3.4.9 Optical Metrology 

UV−visible absorption spectra were acquired on a PerkinElmer UV-Lambda 950 instrument. 

Steady-state photoluminescence (PL) (excitation at 510 nm, front-side excitation) and time-

resolved photoluminescence (TRPL) (excitation at 510 nm and emission at 806 nm, front-side 

excitation) were measured with a PicoQuant FT-300. 

 

3.5 In Situ Time-Resolved Diagnostics 

To understand the hybrid perovskite inks drying kinetics and crystallization behavior during the 

spin coating process, it is highly pivotal to probe the transformation from perovskite precursor ink 

to solid-state thin film formation during the spin coating process. In situ time-resolved 

measurements not only help us to understand the process better but also provide us the power to 

predict the precursor thinning behavior and crystallization evolution in similar systems. 

 

3.5.1 In situ UV-Vis Transmission/Reflection Measurements during Spin Coating 

UV-Vis transmission/reflection measurements were performed using an F20-UVX spectrometer 

with a tungsten halogen light source (Filmetrics, Inc.) with a repetition rate of 10 Hz and an 

integration time of 0.1 s for each spectrum during spin coating. The schematic view of the setup is 

shown in Figure 3.3. These in situ UV-Vis transmission/ reflection measurements were conducted 

in a nitrogen-purged glovebox with both oxygen and moisture level below 0.1 ppm.  

In the reflection mode, it is utilized to probe the evolution of thickness during the spin 

coating and the thinning behavior could be measured until the bulk liquid vanishes. In the 
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transmission mode, we can investigate the formation of various phases with different absorption 

on-set during the spin coating. The measured transmittance using Beer-Lambert law (𝐴𝜆= −𝑙𝑜𝑔10𝑇; 

where 𝐴𝜆 is the absorbance at a certain wavelength (λ), T is the transmittance at the corresponding 

wavelength). Moreover, we calculate the thickness during solution process by analyzing the 

spectrum at a specific timing as reported previously,170 which shows a way to simulate the 

thickness at any timing during spin coating and the equations behind the thickness evolution 

measurement are shown in equation 3.1. 

Δ = 2𝑑√𝑛2 − ((sin(𝜃))2          (3.1) 

Δ𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑣𝑒 = 𝑚λ    and   Δ𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑣𝑒 = (𝑚 −
1

2
)λ     

where 𝜃 is the incidence angle (the angle between the incident beam and the normal), n is a 

reflective index, d is thickness and m = 1, 2, 3,…… 

 
Figure 3. 3 Schematic view of the UV-Vis absorption/ transmission setup.171 

3.5.2 In Situ Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) Measurements 

during Spin- and Blade-Coating 

In situ and ex situ grazing-incidence wide-angle x-ray scattering (GIWAXS) measurements were 

conducted in Cornell High Energy Synchrotron Source (CHESS) at the D1 beamline station. Spin 
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coating experiments were performed at a custom-built spin-coating stage with the splashing of 

solvent protected using kapton tape and controlled from the computer outside the hutch. Moreover, 

the exposure time was kept at 0.1 s for both spin coating and blade coating to obtain the complete 

information of the solution process.172, 173 The image of the spin-coating setup at CHESS is shown 

in Figure 3.4. 

 
Figure 3. 4 Photo of the spin coating setup for in situ time-resolved GIWAXS measurements at 

CHESS. 

 

There is a delay (around 15 s) between ink dropping and the start of GIWAXS 

measurements. Schematic illustration of GIWAXS geometry has been shown below in Figure 

3.5.68 The incident beam is represented as a wave vector (ki) and the angle between the incident 

beam and sample (αi). The scattered wave vector (kf) is composed of in-plane scattering with the 

angle (ψ) and out-of-plane scattering with the angle (αf).
174 A pixel area detector captures the 2D 

scattering signal. 
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Figure 3. 5 Schematic illustrations showing the scattering geometry of GIWAXS and GISAXS.68  

 

The incident beam ki hits the sample under a shallow angle αi and the scattered wave kf is 

described by the in-plane exit angle αf, the out-of-plane angle ψ, and the azimuthal angle χ. 

Moreover, the sequence of data analysis is shown in Figure 3.6. Initially, scattering signal is shown 

as 2D GIWAXS image in Figure 3.6 a and these images are converted into the 1D plot of intensity 

versus q (Figure 3.6 b) by azimuthal integration (through “fit2D” software). When conducting in 

situ time-resolved GIWAXS measurements during spin coating, we collect from hundreds to 

thousands of 2D images and convert all these 2D images with integration into 1D plots, which are 

converted into in situ time-resolved 2D intensity map (Figure 3.6 c). Time (s) is plotted on the x-

axis, and q (nm-1) is plotted on the y-axis to observe the evolution of microstructure during the 

spin coating process. 
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Figure 3. 6 Process of converting (a) 2D GIWAXS image into (b) 1D plots of intensity versus q. 

The combination from hundreds to thousands of these 1D graphs is combined into (c) in situ time-

resolved intensity GIWAXS map. 

 

The detector for GIWAXS measurements is placed with a distance of 10 to 40 cm away 

from the sample. However, for grazing incidence small angle X-ray scattering (GISAXS), the 

detector is placed further away from the sample with a distance of 100 to 500 cm. The angle of the 

incident x-ray beam, which is generally selected slightly above or below the critical angle, is 

usually shallow (less than 1 degree) concerning the substrate sample. Mathematically, q is equal 

to 4πsinθ/λ, where 𝜃 denotes the total scattering angle multiplied by 0.5 and λ is the wavelength 

of the x-rays used for the measurement. The detector employed for the measurement was a 

combination of two 100 K detectors. The high-energy X-ray beam penetrates the sample and 

diffuse scattering signals from a large volume of the thin film. To reveal all the microstructural 

information, these GIWAXS measurements take a short exposure time of 0.1 to 1 s due to the high 

flux X-ray at the synchrotron. In theory, the X-ray scattering from the sample is probed as a 

function of exit angle, in which there are two types of exit angle: out-of-plane and in-plane 

scattering angle. The out-of-plane exit angle is in the z-axis, which is oriented perpendicular to the 

substrate, and the in-plane exit angle is in the y-axis, which is parallel to the surface. The crystal 

orientation is analyzed through azimuthal integration in a particular direction, showing a Debye-

Scherrer ring can be observed with homogenous intensity distribution for the random orientation 

of perovskite crystals. 
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All the experiments were conducted in an ambient atmosphere where the relative humidity 

was 20 to 25 %. Thus, time-resolved GIWAXS analysis plays a critical role in studying 

microstructure evolution behaviors. In Figure 3.7, the schematic illustration explains the relation 

between crystal orientation and GIWAXS pattern, showing a complete ring (crystals is in random 

orientation).162 

 
Figure 3. 7 Schematic diagrams of crystallinity and its corresponding 2D GIWAXS data. (a) 

Vertical lamellar stacking, (b) crystallites with a vertical and horizontal orientation, (c) oriented 

domains and (d) full rotational disorder of crystallites.162 
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Chapter 4: Bismuth-based Perovskite-Inspired Solar Cells: In situ Diagnostics 

Reveal Similarities and Differences in the Film Formation of Bismuth- and 

Lead-based Films 

(Paper published in Solar RRL)175 

Abstract 

Here, we compare the solidification and growth behaviors of Bi and Pb precursor inks based on 

the same solvents using multi-probe characterization methods. In both instances, we see evidence 

of the sol-gel process whereby solvent-metal complexes form and lead to a colloidal solution that 

solidifies. We show that the Bi-based compound crystallizes directly and rapidly into a textured 

polycrystalline microstructure from disordered precursor solution without evolving through the 

intermediate crystalline solvated phase, in contrast to MAPbI3. This solidification process 

challenges the growth of continuous and crystalline films required for application in solar cells. 

We reveal that solvent engineering in combination with antisolvent dripping are necessary to 

address this limitation and enable the formation of continuous polycrystalline films of Pb-free 

MA3Bi2I9 and functional solar cells. The work provides valuable insights linking the solid-state 

microstructure of the film and solar cell performance to the ink formulation and the solidification 

pathway.  

 

4.1 Introduction 

Organic-inorganic hybrid perovskite-based solar cells have been attracting enormous attention in 

recent years because of their exceptionally high power conversion efficiency (PCE) that has lately 

surpassed 23%.11, 27, 88, 90, 176-178 In addition to the high PCE, hybrid perovskite materials offer a 

unique combination of advantageous characteristics that include low exciton binding energy, 

earth-abundant elements, and solution processability, hence making them particularly attractive 
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amongst emerging photovoltaic technologies.18-21, 86, 87 Hybrid perovskite compounds based on 

metal halides are represented as AMX3 perovskite composition, where A is an organic or inorganic 

cation, most often methylammonium (CH3NH3
+, MA+) or formamidinium (HC(NH2)2

+, FA+), M 

is a metal cation, such as Pb2+ or Sn2+, and X is a monovalent anion (halide ion Cl-, Br-, or I-).20, 43, 

57, 179 However, one major disadvantage of the MAPbX3 perovskite is the presence of lead (Pb), 

which is rather toxic.180 An important task is, therefore, to replace Pb with the less toxic element(s) 

while preserving the perovskite structure and its functionality. It has previously been shown that 

tin (Sn) can be used to replace Pb to form the less toxic MASnI3 perovskite as an active layer for 

solar cells.181-183 However, the assumed lower toxicity of the Sn-based compound has recently 

been challenged by Conings et al., which claimed that the Sn compound exhibits similar toxicity 

levels to Pb-based systems.184 Alternative non-toxic elements, such as bismuth (Bi), is now widely 

viewed as a potential candidate to replace Pb. For this reason, the significant recent effort has been 

focused on the development of lead-free compounds185, 186, including Bi-based systems and their 

application in functional optoelectronic devices. Unfortunately, most of the Bi-based systems 

continue to severely underperform when employed in solar cells as compared to their Pb-based 

counterparts.187-190 Bismuth-based hybrid metal halide compounds have shown excellent stability 

in ambient air, but their solar cell device performance is comparatively low. This may be attributed 

to a number of factors, including higher exciton binding energy (around 400 meV), low and 

anisotropic carrier mobility, large optical band gap, lower absorption and an energy level mismatch 

between the lead-free MA3Bi2I9 and hole/electron extraction layers, as well as to thin film 

microstructure and morphology.188, 191,192 One of the solutions proposed has been to replace the 

organic cation (MA+) with Ag+ (AgBi2I7), which has yielded a more promising PCE of 1.2 %.193 

This successful employment of monovalent metal cation (Ag+) in the bismuth halide may open up 

future directions. Nevertheless, a potential current limitation to the development of these materials 

is that solution-processing approaches used to fabricate Bi-based films have typically relied on the 
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same formulations and coating approaches and conditions optimized for Pb-based perovskites in 

an Edisonian fashion. We take the view that understanding the differences and similarities between 

Pb-based and Bi-based compounds in terms of their solidification and crystallization pathways 

from similar ink formulations (solvent, halide, cation) and processing conditions will expand our 

understanding of metal halide thin film formation and point the community toward the most 

suitable and successful processing routes for making high quality Bi-based hybrid metal halide 

semiconductor films and devices. 

A wide range of thin film deposition techniques are available to make MAPbI3 hybrid 

perovskite films, including spin coating43, dip coating194, blade coating10, and vacuum 

deposition195 and different protocols have been developed for many of these techniques. To date, 

the one-step spin coating process incorporating an antisolvent drip remains the most popular and 

facile implementation for fabricating high-quality MAPbI3 hybrid perovskite thin films on the 

laboratory scale42 and has been used for a wide range of other lead-based perovskite 

formulations.22 In recent years, in situ time-resolved grazing incidence wide-angle X-ray scattering 

(GIWAXS) has emerged as an effective method to monitor solid-state thin film formation and 

microstructure evolution during solution casting of ink-based semiconductors.47-52 More recently, 

it has also been used successfully to investigate crystallization behavior for 3D and reduced 

dimensional perovskites solution-cast using spin-coating and blade-coating.10, 53-64 Chen et al. 

found the coexistence of dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) in the 

intermediate phase of MAPbI3 perovskite and accordingly fine-tuned the quality of films by 

adjusting DMSO concentration to further improve solar cell performance.60 We previously 

reported that solution-processed MAPbI3 and PbI2 have a propensity to form intermediate ordered 

precursor phases57, which can fully solidify into solvate co-crystals during solution processing, as 

revealed by in situ diagnostics.10, 54, 56, 58, 59 By contrast, the addition of significant amounts of Br 

and Cl significantly inhibited solvate co-crystallization, pointing to the importance of halide-
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mediation in Pb-solvent complexation.56 While Pb-based perovskites have been studied 

intensively, lead-free methylammonium bismuth iodide (MA3Bi2I9) ink solidification has not been 

investigated in situ. Therefore, the impact of substituting Pb with Bi on the solidification pathway 

of these hybrid metal halides is not well understood. Furthermore, it is not known whether 

processing routes developed for lead-based perovskites inks work well with bismuth-based 

compounds to produce high-quality compact films. 

Herein, we compare the solidification and growth behavior of Pb-based and Bi-based inks 

(cation: MA+; halide: I-) using complimentary multi-probe in situ diagnostics and ex situ 

characterization techniques. We show the hexagonal (P63/mmc) MA3Bi2I9 compound forms easily 

and directly from the solution phase without the presence of intermediate crystalline solvated 

phases typically formed in DMSO-based inks of MAPbI3. Using these early studies as a guide and 

with the aid of in situ thickness, thermogravimetric and Fourier transform infrared spectroscopy 

measurements, we show that the solvent choice for MA3Bi2I9 also plays a critical role. In particular, 

we show that DMSO solvent retention within MA3Bi2I9 layers during processing is significantly 

higher compared to GBL, a behavior also noted in MAPbI3 and linked to solvent-metal interaction 

strengths.196 Use of DMSO:GBL solvent blends is then exploited to better control the 

crystallization and growth dynamics of the MA3Bi2I9 layer, albeit with limited success. Additional 

control is achieved by using an antisolvent dripping step in combination with an optimized 

DMSO:GBL solvent mixture. With the aid of the in situ diagnostic tools, we show that dripping at 

the appropriate time can help nucleate crystalline MA3Bi2I9 as well as change its crystalline texture, 

leading to a dramatically enhanced light absorbance and improved solar cell power conversion 

efficiency. The present work provides unique insights into the inner workings of the solvent 

engineering approach that is widely used to address the limitation of layer morphology and help 

optimize the performance of the bismuth-based MA3Bi2I9 layers and solar cells.  
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4.2 Results & Discussion 

4.2.1 Natural Microstructure Evolution from Inks to Solid-State Thin Films 

In situ time-resolved grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements 

were performed during spin-coating using a custom-built miniature spin-coating stage controlled 

by a PC located outside the D1 beam station at the Cornell High Energy Synchrotron Source 

(CHESS).48, 50, 56 All the GIWAXS experiments were performed in the ambient atmosphere at T ≈ 

25 C with relative humidity (RH) between 30-40 %. The impact of the processing atmospheric, 

i.e. relative humidity environment and inert atmosphere (glove box), to Bi-based microstructure 

will be discussed later. A measurement repetition rate of 5 Hz and a measurement duration of 120 

s were deemed sufficient to monitor all relevant processes. We begin by monitoring the time-

evolution of different ink formulations ranging from classical MAPbI3 ink to MA3Bi2I9 ink in two 

solvents, namely dimethyl sulfoxide (DMSO) and γ-butyrolactone (GBL). Representative 2D 

GIWAXS snapshots taken at various stages of spin coating of MA3Bi2I9 inks are shown in Figure 

4.1.  



75 

 

 

 
Figure 4. 1 In situ GIWAXS 2D snapshots taken during spin coating at 10, 60, and 120 s of the 

perovskite-inspired MA3Bi2I9 precursor inks without any antisolvent dripping. (a, d, g) show the 

snapshots taken for DMSO, (b, e, h) for GBL, and (c, f, i) for GBL:DMSO solvent mixture (6:4). 

 

In the early stages of spin coating (≈10 s; Figure 4.1a-c), two halo rings dominate the 

scattering features for all three solvents formulations: the halo at high q is associated with the 

liquid solvent;49 the halo at low q is associated with the colloidal sol-gel precursor.65 This indicates 

that at ≈10 s the as-cast film is still in a wet, colloidal state. The peak position at low q indicates 

the dominant spacing between precursor colloids is approximately 1.25 nm at ≈10 s. It is 

noteworthy that the DMSO solution is still in a wet colloidal state after 60 s, with a colloidal 

spacing reduced to around 0.9 nm, whereas the other formulations have already dried and solidified 

entirely or nearly so at ≈60 s (Figure 4.1d-f). We will later ascribe this to the stronger DMSO-Bi 
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interactions, which retains the solvent longer, delays crystallization and frustrates the 

crystallization process of the Bi-based compound. 

Reasonably well-defined diffraction features can be seen in the pure GBL and GBL:DMSO 

(6:4) mixture cases at ≈60 s (Figure 4.1e, f) and later in the DMSO case (Figure 4.1g). All the 

patterns show the diffraction features at q ≈ 5.8 and 11.5 nm-1 in qz direction, related to Bi-based 

compound, and several in-plane peaks. The perovskite-inspired MA3Bi2I9 compound is known to 

form into the Laue class 6/mmm with P63/mmc space group (a = 8.5821 (3) Å and c = 21.7678 (8) 

Å).187 The indexing of the patterns in Figure 4.2 indicates a 2D powder texture formation, whereby 

the a (and b) axes of the hexagonal phase crystals are randomly oriented in-plane, but their c axis 

is perpendicular to the substrate plane. It is noteworthy that the formation of these two peaks is 

accompanied by additional in-plane diffraction features indexed to the same phase. The sharp 

diffraction features are consistent with a 2D powder texture (recalling that the sample is spinning 

16.7 revolutions per GIWAXS snapshot). The 2D powder texture of Bi-based compound is in stark 

contrast with the 3D powder usually formed with lead-based perovskite films, including MAPbI3, 

as indicated by the appearance of isotropic rings rather than peaks.10, 43, 59 To this end, we note that 

the presence of DMSO in the ink formulation (i.e., DMSO only or DMSO:GBL blend) introduces 

broader in-plane diffraction peaks in the angular direction, which suggests an increase in the film’s 

mosaicity and suppression of the growth of the oriented crystallites.  
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Figure 4. 2 An example of indexing GIWAXS 2D snapshots taken during spin coating of MA3Bi2I9 

precursor inks at 120 s in mixture solvent GBL:DMSO (6:4) without dripping CB antisolvent. 

Indexing of the various features confirms the 2D powder texture, with the c-axis perpendicular to 

the substrate plane.  

 

Figure 4.3 shows the integrated 2D maps of scattering intensity with respect to time 

(abscissa; 0 < t < 120 s) and q (ordinate; 4 < q < 12 nm-1) for spin coating of bismuth- or lead-

based inks (MA3Bi2I9 and MAPbI3, respectively) prepared in GBL and DMSO. The length of the 

scattering vector (q) was determined using: 𝑞 = √𝑞𝑧
2 + 𝑞𝑥𝑦

2 , where 𝑞𝑧 =
4𝜋𝑠𝑖𝑛𝛼𝑓

𝜆
, 𝑞𝑥𝑦 =

4𝜋𝑠𝑖𝑛𝜃𝑓

𝜆
, 

and  is the wavelength.49 The emergent waves with the momentum can be described by the in-

plane exit angle αf and the out-of-plane angle θf (with respect to the scattering plane).174 Solution-

casting was performed onto TiO2-coated glass substrates using the same processing conditions, 

namely the common one-step recipe used for the fabrication of lead-based hybrid perovskite solar 

cells (1000 rpm for 10 s followed by 5000 rpm for 110 s) at room temperature.  
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Figure 4. 3 In situ 2D GIWAXS intensity map of the various precursor inks showing ink-to-solid 

transformation during spin coating up to 120 s. MA3Bi2I9 in DMSO (a), and GBL (b). MAPbI3 in 

DMSO (c), and GBL (d). Time evolution of the diffraction intensities related to MA3Bi2I9 (q ≈ 

8.50 and 8.68 nm-1) (e), and MAPbI3 (q = 10 nm-1) (g), for GBL and DMSO based inks. Scattering 

vector q versus intensity distribution of these inks at the final stage of spin coating (120 s) for (f) 

MA3Bi2I9, and (h) MAPbI3. 

 

Figures 4.3a and 4.3b summarize the time-evolution of scattering for MA3Bi2I9 inks using 

DMSO and GBL, respectively. A hexagonal MA3Bi2I9 phase emerges in layer processed from 

GBL inks as indicated by the presence of sharp diffraction features at q ≈ 5.91, 8.50 and 9.41 nm-

1, respectively. For the case of DMSO, the diffraction features appear at q ≈ 5.86, 8.68 and 9.94 

nm-1, respectively. The observed shift from the theoretical positions is most likely attributed to the 

fact that all GIWAXS measurements were performed in the ambient atmosphere at T ≈ 25 C with 

RH between 30-40 %, and not under inert atmosphere. As a result there is a possibility for bismuth 

metal cation (Bi+3) to form crystallites and solvated complexes with both DMSO and water similar 

to those reported previously (i.e. [Bi(DMSO)8(ClO4)3, [Bi(H2O)9](CF3SO3)3, BiI3(DMSO)3).
197, 198 

Our hypothesis is partly supported by the solvent retention seen in the TGA data in Figure 4.6e, 

indicating that a substantial volume of volatile species (DMSO) is entrapped within the as-cast 

film and gradually released as evident by the decrease in mass with increasing temperature.  
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Figure 4.3e compares the time evolution of the diffraction feature related to Bi-based 

compounds in both solvents. The longevity of the colloidal scattering features at low q in 4.3a and 

4.3b is significantly more extended in DMSO (≈80-90 s) compared to GBL (≈30-35 s), delaying 

the onset of crystallization (2e) in DMSO (≈70 s) and GBL (≈30 s) based inks. The crystallization 

of Bi-based compounds completed within ≈30 s for GBL, whereas it needed ≈70 s for DMSO case 

(based on the in-situ experiments). Conversion of the colloidal ink into the 2D powder-textured 

polycrystalline phase is direct, as indicated by the commensurate disappearance of the colloidal 

scattering halo10, 56 and appearance of the diffraction features of the crystalline phase. The texture 

of the 2D powder-textured polycrystalline films was determined by indexing the GIWAXS data in 

Figure 4.1, indicating Bi-based grains predominantly grow along the c axis perpendicular to the 

substrate. The kinetics of film formation is counterintuitive from the perspective of solvent 

evaporation rates, as the boiling point/vapor pressure (20 ℃) of GBL and DMSO are 204℃/2.0hPa 

and 189℃/0.56hPa, respectively, very much in favour of faster drying and solidification of the 

DMSO-based ink as compared to GBL-based one. Instead, the effective evaporation rate appears 

to be linked to other aspects of the solvent, such as the strength of complexation bonds between 

the solvents and Bi ions, which appears to be very much in favour of DMSO retention, just like 

the case of lead.196 Figure 4.3f compares the diffraction features of the as-cast DMSO and GBL 

inks. The data show that; (i) the various diffraction peaks are not located at the same q values for 

GBL and DMSO, and (ii) the intensity distribution of the peaks is not identical, pointing to 

potential differences in texture, structure, or stoichiometry. In line with our discussion above, 

earlier studies have demonstrated the tendency of the bismuth cation (Bi+3) to form crystalline 

complexes [i.e. Bi(DMSO)8(ClO4)3, [Bi(H2O)9](CF3SO3)3 and BiI3(DMSO)3,] with various 

solvents, including water, DMSO and DMF, in which the molecules were coordinating through 

the oxygen.197, 198 It is thus plausible that GBL coordinates with Bi+3 through a similar mechanism 
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leading to the formation of crystalline complexes, which are in turn responsible for the observed 

shift in the diffraction peaks for the various solvents.  

To study the possible influence of the humid atmosphere under which the GIWAXS 

measurements being conducted, we measured the XRD patterns of MA3Bi2I9 films prepared in 

ambient air (RH ≈ 50-60 %) and inside a nitrogen-filled glove box (H2O < 1 ppm) and compared 

them against the simulated diffraction data (Figure 4.4). Interestingly, for MA3Bi2I9 layers 

processed in humid air a new peak at ≈10.2°  emerges irrespective of the solvent employed. 

Although preliminary, the findings correlate with results reported in the literature, which show that 

bismuth solvates with water forming ordered complexes.197 This new peak is absent from all 

samples prepared inside the glovebox, suggesting that the presence of water in ambient air affects 

the structure of MA3Bi2I9 through the formation of crystalline solvates between bismuth and water 

e.g. [Bi(H2O)9](CF3SO3)3.
197 Importantly, thermal annealing of ambient air-processed layers in 

nitrogen at 110 C for 1 h causes the (002) diffraction peak to shift back to its theoretical position 

for MA3Bi2I9, while the new peak at ≈10.2°, completely vanishes.  

 
Figure 4. 4 XRD spectra of lead-free MA3Bi2I9 thin films prepared inside a nitrogen-filled glove 

box, in ambient air (RH ≈ 50-60 %), and after thermal annealing (TA) of the ambient-spun layers 

in nitrogen at 110 ℃ for 1 h. All films prepared from the inks in (a) GBL, (b) DMSO, (c) 
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GBL:DMSO (6:4). The simulated XRD patterns of the MA3Bi2I9
187

 is also plotted for comparison. 

In this plot the green asterisks (*) indicate the position of the extra peak at ≈10.2°.  
 

We attribute this to dissociation of the Bi-metal/water complex and its removal from the 

MA3Bi2I9 lattice. Besides, the XRD data in Figure 4.5 shows that the crystal structure of MA3Bi2I9 

films deposited inside the glove box using CB antisolvent (at 40 s), remain the same before and 

after thermal annealing in nitrogen. These findings highlight that the in-situ GIWAXS 

measurements in ambient air is more complicated to interpret especially in the context of probing 

the microstructure evolution, mosaicity, crystal orientation, and layer texture, but never the less 

provide highly valuable insights on the materials selections (solvents) and processing conditions 

(atmosphere) for the synthesis of MA3Bi2I9. To this end, the ex-situ XRD measurements performed 

inside and outside the glovebox help to bridge the gap between the real device processing 

conditions and the in-situ GIWAXS data.  

 
Figure 4. 5 XRD spectra of MA3Bi2I9 layers without and with CB drip at 40 s and after thermal 

annealing (After TA) at 100 ℃ for 10 min, inside the glovebox. The various layers were prepared 

from inks of GBL (a), DMSO (b), and GBL:DMSO (6:4) (c).  

 

Based on the experimental evidence and discussion above, the plausible reasons for causing 

a smaller in-plane lattice constant (a = b) in as-cast films prepared from different solvents (with a 

difference on the order of 0.5 Å), include strong coordination of Bi with DMSO and complex 
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formation of Bi+3 cations with water. Indeed, the incorporation of solvent and water molecules into 

the as-cast film structure is in line with the TGA (Figures 4.6e) and XRD (Figure 4.4) analysis 

which will be discussed later. To summarize, the deformation of the Bi-based compound seen in 

the in-situ GIWAXS measurements is most likely attributed to the complexation of DMSO and 

water with the Bi+3 cation.  

Figure 4.3c illustrates the representative time evolution of the scattering features during 

spin coating with respect to the scattering vector q and time for the MAPbI3 ink in DMSO. During 

the first 50 s, we observe a wet, gel-like precursor indicated by the formation of a scattering halo 

at low q values (4–5 nm−1) which is assigned to the disordered precursor colloidal gel.59 The 

features of PbI2 crystals located at q = 9.0 nm−1 and intermediate MAPbI3⋅DMSO solvate situated 

at q = 4.4, 4.8, 6.3, and 8.1 nm−1 are observed after around 50 s without the formation of perovskite 

phase during spin coating. Interestingly, the MAPbI3 ink prepared using GBL exhibit an initial 

broad scattering halo at low q range followed by the formation of the MAPbI3 phase after 

approximately 20 s without being mediated by any solvate phase (Figure 4.3d). It is worth noting 

that once the MAPbI3 precursor ink forms the stable and ordered MAPbI3⋅DMSO solvate phase, 

it is hard to be converted to the perovskite phase during spin coating. Thus, if the intermediate 

ordered MAPbI3⋅DMSO solvate phase could be removed via simple ink engineering (e.g., by 

replacing DMSO with GBL), then it should be straightforward to form the MAPbI3 perovskite 

phase directly even during spin coating. Indeed, Figure 4.3g (black line) reveals that MAPbI3 

layers processed from GBL exhibit characteristic diffraction (q ≈ 10 nm-1) associated with the 

MAPbI3 perovskite phase that forms at around 20 s. In contrast, no such diffraction feature is 

observed in MAPbI3 layers spin-cast from DMSO (Figure 4.3g, red line).  

At the final stage of the spin coating (≈120 s) step from DMSO (Figure 4.3h, red line), both 

the ordered precursor solvate (q = 4.4, 4.8, 6.3, and 8.1 nm−1) and the crystalline PbI2 phases (q = 
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9.0 nm−1) are present without any traces of the perovskite phase. The latter phase is only found in 

layers processed from GBL (Figure 4.3h, black line) after 120 s. Therefore, it is evident that in the 

case of MAPbI3 the choice of the solvent plays a significant role as it determines whether the 

solvate phases or the perovskite phase forms. This is not the case for the Bi-based precursor ink 

for which the Bi-compound phase is found to form directly without being mediated by a crystalline 

solvate phase. To conclude, the in situ GIWAXS study (Table 4.1) revealed that the MA3Bi2I9 

precursor ink tends to convert from an initially disordered solvate state directly to a highly textured 

Bi-compound phase during the spin coating from both DMSO and GBL. In contrast, for DMSO-

based MAPbI3 precursor inks, a transformation from disordered colloids to ordered solvate co-

crystal phase and crystalline PbI2 phase occurs without the perovskite phase being present. Only 

when DMSO is replaced with GBL, the MAPbI3 inks appear to undergo a direct transformation 

from the disordered colloids phase to the desired perovskite phase without any traces of the PbI2 

phase.  

 MA3Bi2I9 MAPbI3 

DMSO GBL DMSO GBL 

Solvate co-crystal Disordered Disordered Ordered Disordered 

PbI2 n/a n/a √ × 

Bi-compound/ MAPbI3 √ √ × √ 

Table 4. 1 Summary of the phases formed in as-cast films prepared by spin coating lead-free 

MA3Bi2I9 and conventional lead-based MAPbI3 perovskites in DMSO and GBL.  
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4.2.2 Bismuth- and Lead-based Inks Thinning Behaviors 

 
Figure 4. 6 (a-b) Layer thinning behaviors of spin-cast MA3Bi2I9 inks based on GBL and DMSO 

as the solvents, respectively. The thinning behavior of the blank GBL and DMSO solvents are also 

shown for comparison. (c-d) Thinning behavior of spin-cast MAPbI3 inks based on GBL and 

DMSO, respectively. The thinning behavior of the blank GBL and DMSO solvents are also shown 

for comparison. (e) TGA measurements of mass loss during heating of as-cast films of lead-free 

MA3Bi2I9 in GBL and DMSO. (f) Infrared spectral showing substantial solvent retention by as-

cast films especially in DMSO. FTIR absorption spectra of DMSO and GBL solvents and powders 

from as-cast films for different lead-free MA3Bi2I9 ink.  

 

We have conducted in situ time-resolved optical reflectometry measurements to monitor 

the ink thinning behavior for both Bi and Pb-based inks in DMSO and GBL and shed more light 

into the comparative roles of evaporation and complexation with the metal ions. These experiments 

were performed under inert nitrogen atmosphere. Figure 4.6a and 4.6b reveal rapid thinning 

behavior for the blank GBL and DMSO solvent from an initial thickness of ≈ 20 m within ≈15 s. 

The time needed for the MA3Bi2I9 ink in GBL to dry is significantly longer (≈ 25 s) and leaves a 

5-6 m solvated film on the surface. When MA3Bi2I9 is cast from DMSO, the solvent retention 

appears to be significantly exacerbated. The initial thickness of the solution is considerably higher 
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than the blank solvent, likely due to differences in the viscosity of the solution due to the presence 

of significant solvent-solute interactions.10 The time it takes the blank DMSO to dry is similar to 

GBL (15 s), but the DMSO-based ink thins much slower with a highly solvated layer ≈10 𝜇𝑚 thick 

remaining after 25 s. This explains why the crystallization of the Bi-based compound is not 

detected in DMSO even after 60 s (Figure 4.6b). The differences in the strength of solvent-metal 

interactions evident in bismuth-based inks are also observed in lead-based inks. DMSO-based inks 

dry slower than GBL-based ones, as demonstrated in Figures 4.6c and d.  Comparing between 

MA3Bi2I9 and MAPbI3 inks, either in DMSO or in GBL, the significant difference in thinning 

behavior is Bi-based precursors take more time to dry, indicating the presence of stronger solvent-

solute interactions in the Bi-based inks, which leads to higher solvent retention in the as-cast films.  

We further confirm the differences in solvent retention by performing thermogravimetric 

analysis (TGA) on as-cast films scraped from the sample substrate (Figure 4.6e). A much smaller 

overall amount of solvent is removed from the as-cast MA3Bi2I9 film spun from GBL when 

compared to layers spun from DMSO. Specifically, the sample exhibits a total loss of ≈5 wt % 

when GBL was used, whereas layers spun from DMSO lose ≈18 wt % in total when heated to 110 

°C. Overall, the TGA analysis demonstrates that a substantial volume of volatile species is 

entrapped in the as-cast film, which can be attributed to the significantly higher retention of DMSO 

as compared to GBL. The entrapment of DMSO and GBL molecules in as-cast films is further 

confirmed by Fourier transform infrared (FTIR) absorption spectroscopy performed on the same 

samples, as shown in Figure 4.6f. The FTIR spectra of the liquid solvents DMSO and GBL are 

also shown at the bottom of Figure 4.6f for reference. In the 600–1800 cm−1 spectral region, the 

FTIR spectrum of DMSO exhibits several different absorption bands at 1309 cm−1 (DMSO1), 1042 

cm−1 (DMSO2), and 952 cm−1 (DMSO3) that could be assigned, respectively, to symmetric 

deformation of CH3 (δs CH3) group, and S=O stretching (νSO) modes.199 These characteristic 

bands are also present in the as-cast layer spun from DMSO. However, a detailed comparison of 
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the absorbance bands of liquid DMSO with the as-cast perovskite films reveals significant 

frequency shifts. In particular, some of the absorption bands redshift (DMSO2, DMSO3), a 

phenomenon that could be attributed to the interaction and coordination of the DMSO molecule 

with the MA3Bi2I9 perovskite structure. Similar behavior was also found by the interaction of DMF 

with lead in MAPbI3 and PbI2.
200 For the spun layers of MA3Bi2I9 prepared from GBL inks, these 

characteristic absorption bands are significantly weaker, indicating the presence of substantially 

less GBL within the as-cast perovskite film, hence further supporting our earlier findings.  

 

4.2.3 Time-Resolved GIWAXS Highlights the Direct Bismuth Compound Formation during 

Spin Coating 

A commonly used procedure in the one-step processing of lead-based perovskites is the dripping 

of a so-called antisolvent at an optimized time during spin coating of the perovskite ink.22, 201 The 

schematic representation of the one-step spin-coating MA3Bi2I9 perovskite inks is shown in Figure 

4.7.  

 
Figure 4. 7 Schematic representation of the one-step spin-coating MA3Bi2I9 perovskite precursor 

inks process. 

   

We have investigated via in situ GIWAXS the impact of antisolvent dripping during spin 

coating of a Bi-based ink using the DMSO:GBL (6:4) solvent mixture. Figure 4.8 summarizes the 

time evolutions of in situ GIWAXS data in ambient air and in situ time-resolved UV-Vis 

absorbance measurements in inert glove box without and with (at 40 s) CB dripping. Just as in the 

cases of pure DMSO and GBL, the ink in GBL:DMSO mixture also transforms directly from the 
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colloidal sol-gel state to the Bi-compound phase (Figure 4.8a). The onset of crystallization occurs 

at an intermediate time (≈50 s) in DMSO:GBL mixture, i.e. later than pure GBL but earlier than 

pure DMSO. Based on the in situ GIWAXS snapshots of MA3Bi2I9 inks with CB drip at 40 s 

(Figure 4.8g-i), Bi-based compound tends to form 3D powder films from pure DMSO solvent and 

DMSO:GBL mixture, rather than 2D powder texture from pure GBL solvent. Antisolvent dripping 

at 40 s initiates the early nucleation and growth of the Bi-compound phase, as shown in Figure 

4.8b. These results indicate that antisolvent dripping at 40 s not only pre-nucleate the solid-state 

Bi-compound phase but also changes the overall texture of the Bi-compound crystallites in the 

film.  

 
Figure 4. 8 In situ 2D GIWAXS intensity map of the lead-free MA3Bi2I9 precursor inks in 

GBL:DMSO (6:4), showing ink-to-solid transformation with (a), and without (b), CB drip at 40 s 

during spin coating up to 120 s. (c) Diffraction intensity distribution comparison between w/o and 

w/ CB drip at final state (at 120 s) for lead-free MA3Bi2I9 precursor inks. In situ 2D absorbance 

intensity map of the lead-free MA3Bi2I9 precursor inks in GBL:DMSO (6:4), during spin coating 

(d) without, and (e) with CB antisolvent drip. (f) Time evolution of absorbance at 590 nm during 
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spin coating w/ and w/o CB antisolvent drip for MA3Bi2I9 ink. In situ GIWAXS 2D snapshots 

taken during spin coating of Bi-based precursor inks at 120 s in DMSO (g), in GBL (h), and in the 

GBL:DMSO (6:4) blend (i), with dripping CB antisolvent applied at 40 s.  

 

The static XRD measurements also confirmed that CB dripping at 20 s changes the 

dominant MA3Bi2I9 growth direction from (002) diffraction plane to (011) diffraction plane in all 

three solvent systems (Figure 4.9). The change in texture from 2D powder to 3D powder may be 

due to differences in the growth mechanism; as-cast films are likely to nucleation and grow from 

the substrate, whereas CB dripping from the top changes nucleation position toward the bulk and 

the surface of the sol-gel film, reducing the templating benefits of the substrate in the cases of pure 

DMSO and DMSO:GBL mixture. To conclude, the CB dripping triggers the nucleation of the Bi-

compound phase. Antisolvent dripping, which extracts the solvent from the film during spinning 

within seconds, can induce rapid and uniform nucleation of the grains, hence preventing large 

grains from forming.202 In GBL solvent, the textured film has started to form before dripping at 

40s. Thus, dripping at this specific time does not alter the crystalline texture. However, in DMSO 

and mixed solvent cases, the phase transition has not started before dripping. Therefore, the CB 

drip triggers the nucleation and crystallization much earlier, promotes their formation from the top 

and results in the loss of crystalline texture in the film.  

 
Figure 4. 9 XRD spectra of lead-free MA3Bi2I9 layers deposited inside the glovebox without (no 

drip CB), and with CB drip at 20, 40, and 70 s. The films prepared from inks based on GBL (a), 

DMSO (b), and GBL:DMSO (6:4) (c). For comparison, the simulated diffractogram (Simulation) 

for the MA3Bi2I9 crystal,187 is also shown.   
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The evolution of the UV-Vis absorbance spectra during spin coating of the inks without 

(Figure 4.8d) and with (Figure 4.8e) antisolvent CB drip, were measured in situ and shown in 

Figure 4.8d-e. The results reveal a significant increase in absorbance upon antisolvent dripping 

consistent with very rapid transformation of the ink to the crystalline MA3Bi2I9 phase. The 

transition is slower and the absorbance weaker for the no-drip case, as confirmed by comparing 

the absorbance vs. time at 590 nm Figure 4.8f. Based on these results, we conclude that the major 

effect of CB dripping is to induce the nucleation of the MA3Bi2I9 phase directly from the ink, 

which in turn solidifies the MA3Bi2I9 layer during solution casting. This is due to the solubility of 

GBL and DMSO solvents in CB, which helps their rapid extraction from the solution-cast film.139 

In contrast, the as-cast film remains partially solvated with DMSO and GBL, which take much 

longer to leave, thanks in part to interactions with the solute and their low vapour pressure.  

 

4.2.4 Morphology Analysis 

To gain more insights of the relationship between dripping time and MA3Bi2I9 perovskite layer 

morphology evolution, we conducted scanning electron microscope (SEM) measurements on as-

cast films from MA3Bi2I9 inks in GBL, DMSO, and GBL:DMSO (6:4) and films subjected to 

antisolvent drip at 40 s (regular dripping), and after 70 s (late dripping). Obtained results are shown 

in Figure 4.10.  
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Figure 4. 10 SEM images of as-cast, CB drip at 40 s, and 70 s drip thin films for lead-free MA3Bi2I9 

precursor dissolved in (a, d, g) GBL, (b, e, h) DMSO, and (c, f, i) mixture of GBL and DMSO 

(6:4).  

 

In the natural evolution behavior (no dripping), the MA3Bi2I9 inks in all different solvents, 

form isolated large hexagonal crystals (signature for textured growth with c-axis normal to the 

substrate plane, in agreement with GIWAXS analysis) distributed on the surface of the perovskite 

layer (Figure 4.10a-c). The effect of antisolvent dripping, on the other hand, is dramatic, especially 

if timed correctly, and for GBL-based inks (Figure 4.10d) results in a smoother perovskite layer 

the surface of which contains hexagonal-shaped domains with similarly shaped cracks. MA3Bi2I9 

layers processed from DMSO (Figure 4.10e), on the other hand, exhibit much smaller grain size 

with insufficient surface coverage manifested as large pinholes. Interestingly, the surface of 

MA3Bi2I9 layers processed from GBL:DMSO (6:4) solvent mixtures (Figure 4.10f) appears more 

continuous and smooth without apparent pinholes. The impact of CB dripping time on morphology 

as seen through SEM images indicates morphology evolution from isolated crystals to pinhole-

free thin films is very sensitive to the timing of CB dripping during spin coating MA3Bi2I9 

perovskite ink (Figure 4.11). These results also demonstrate that significant kinetic quenching is 

needed to achieve continuous and pinhole-free films by suppressing the thermodynamically 
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preferred state of large, isolated crystals formed on the substrate surface. The change in texture is 

commensurate with the nucleation and growth of a much finer microstructure of the MA3Bi2I9 

phase due to the drip. 

 
Figure 4. 11 SEM images of lead-free MA3Bi2I9 thin films with anti-solvent CB extraction at; (a) 

20 s, (b) 25 s, (c) 30 s, (d) 35 s, (e) 40 s, (f) 80 s.  

 

To understand the relationship between dripping time and morphology, we have also 

obtained SEM images for the MA3Bi2I9 layers where the antisolvent dripping step has been applied 

after 70 s (late dripping) during spin coating. From the in situ GIWAXS data shown in Figures 4.3 

and 4.8, it is known that in the absent of antisolvent dripping the solid-state MA3Bi2I9 phase forms 

before 70 s. For this reason, we have chosen to apply the late dripping step in combination with 

all these three inks investigated in order to study its effect. Indeed, the surface of the films prepared 

using GBL and late dripping exhibit isolated sizeable hexagonal crystals with non-uniform 

surfaces (Figure 4.10g), features quite similar to as-cast layers shown in Figure 4.10a. We attribute 

this to the existence of an already formed MA3Bi2I9 layer where the application of the antisolvent 

dripping step has hardly any effect. In the case of DMSO-based inks (Figure 4.10h), the resulting 

layers exhibit similar surface characteristics with those produced by regular dripping shown in 

Figure 4.10e. The main features of such layers include significantly smaller size gains and 

incomplete surface coverage that is manifested as large pinholes. Finally, Figure 4.10i shows the 

surface morphology of the MA3Bi2I9 layers processed from the solvent mixtures in combination 
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with the late dripping step. As can be seen, the resulting layers are featuring numerous non-ideal 

characteristics the most prominent of which include the small size grains and the presence of large 

cracks.  

 

4.2.5 Lead-Free Bismuth-Based Compound Solar Cells and Stability Test 

Using the knowledge gained by the in situ and ex situ studies, we fabricated planar n-i-p type 

MA3Bi2I9 solar cells using the solvent mixture following layer configuration (Figure 4.12a): glass/ 

fluorine-doped tin oxide (FTO)/ titanium dioxide (TiO2)/ MA3Bi2I9/ 2,2′,7,7′-tetrakis-(N,N-di-

pmethoxyphenylamine) 9,9′-spirobifluorene (Sprio-MeOTAD)/ gold (Au)/ silver (Ag). Dripping 

of the CB antisolvent during MA3Bi2I9 deposition was performed at the optimized time of 40 s. 

Figure 4.12a shows the energy levels of the various materials employed and includes the 

conductive transparent electrode FTO, the electron transport layer  TiO2, the lead-free MA3Bi2I9, 

and the hole transport material Spiro-MeOTAD, as determined by UV-Vis absorbance and 

ultraviolet photoelectron spectroscopy (UPS).22, 178, 185, 186 The valence bands of lead-free 

MA3Bi2I9 semiconductors prepared from different inks demonstrate similar results (6.0 eV) in 

Figure 4.13c. In this particular device configuration, the bottom TiO2 layer combines a suitable 

conduction band (4.0 eV) with a large valence band (6.9 eV). These features are expected to 

facilitate efficient electron transfer from the MA3Bi2I9 later to TiO2 while blocking any hole 

transfer to the FTO electrode.  
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Figure 4. 12 (a) Energy diagram and photovoltaic structure of relevant materials used in n−i−p 

solar cell devices. (b) J−V curves of devices based on glass/ TiO2/ MA3Bi2I9 perovskite/ Sprio-

MeOTAD/ Au/ Ag (reverse and forward scan). Stability of MA3Bi2I9 perovskite solar cells 

performance for (c) normalized PCE (d) FF (e) VOC (f) JSC versus time (day) in ambient condition.  

 

Figure 4.12b displays representative current density (J) versus voltage (V) characteristics 

(forward and reverse sweeps) for the resulting cells. Applying the CB antisolvent dripping step at 

40 s during spin coating of the perovskite ink [GBL:DMSO (6:4 ratio)], is found to yield cells with 

the maximum power conversion efficiency (PCE) of 0.14 %, and the highest short circuit current 

(JSC) of 0.5 mA/cm2. The open-circuit voltage (VOC) and fill factor (FF) of the cells are both low 

and on the order of 0.59 V and 57.2 %, respectively. Under reverse bias scan direction, the PCE is 

found to increase to 0.17 %.  

Finally, the stability of the MA3Bi2I9 solar cell has also been studied by monitoring the 

variation of cells’ performance during storage in ambient condition (T = 22  C, RH ≈ 60 %) for 

21 days. As can be seen in Figure 4.12c, the normalized PCE gradually drops after 6 days of storage 

and remains over 77 % of its initial value after 13 days, followed by faster degradation. A similar 

trend is observed in the FF, as shown in Figure 4.12d. In contrast, both JSC and VOC remain almost 
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constant during the entire period of storage. The latter observation suggests that the main factor 

responsible for the PCE degradation is the deterioration of the cell’s FF (Figure 4.12d). The latter 

is most likely attributed to the decomposition of the MA3Bi2I9 layer during storage in ambient air 

without any encapsulation. Further work is currently underway to elucidate the impact of the 

environmental conditions on the MA3Bi2I9 layer. Moreover, the perovskite thin films stability 

comparison between MA3Bi2I9 and MAPbI3 in the ambient condition is shown in Figure 4.13a, 

indicating MAPbI3 decomposes much faster than MA3Bi2I9. The features and onsets of MA3Bi2I9 

perovskites static UV-Vis absorbance do not evolve much during 12 days in the ambient 

environment, meaning the MA3Bi2I9 perovskite thin films are stable (Figure 4.13b). 

 
Figure 4. 13 Air stability of lead-free MA3Bi2I9 and comparison with MAPbI3. (a) Photographs of 

MA3Bi2I9 and MAPbI3 on the glass substrate over time in the ambient air. (b) Absorbance 

evolution of the lead-free MA3Bi2I9 thin films prepared from inks dissolved in GBL, DMSO, and 

GBL: DMSO (6:4) (c) Photoelectron spectroscopy in air (PESA) spectra of lead-free MA3Bi2I9 

thin films.  
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4.3 Conclusion 

We studied the microstructure evolution of the lead-free MA3Bi2I9 compound from precursor inks 

to solid-state thin films using in situ time-resolved GIWAXS and UV-Vis absorption spectroscopy 

and compared it against the prototypical lead-based MAPbI3 system using the same solvents and 

characterization techniques. Contrary to MAPbI3, which tends to form ordered solvates in DMSO 

or direct MAPbI3 phase in GBL, the MA3Bi2I9 phase tends to form directly from the precursor 

solution without any intermediate ordered phases, irrespective of the solvent used. This unusual 

behavior makes the deposition of uniform and pinhole-free MA3Bi2I9 layers extremely challenging 

and requires the use of quenching intervention, such as antisolvent dripping. The latter was 

successfully applied at 40 s and triggered the immediate and rapid nucleation of the crystals from 

the surface and the bulk. Instead of its purpose of preventing solvate formation in DMF or DMSO-

based inks of MAPbI3, the antisolvent drip fulfilled a different purpose: to promote the formation 

of compact and pinhole-free MA3Bi2I9 layers. This comes at the cost of the [001] preferential 

texture, which becomes a 3D powder texture. Nevertheless, the films were used to fabricate 

functional MA3Bi2I9-based solar cells. Although the achieved PCE is low, our microstructure 

evolution studies provide new and unique insights into the layer formation and the role of 

antisolvent dripping. Moreover, our results highlight the vital role of the environmental conditions 

under which MA3Bi2I9 processing is taking place and particularly the role of humid air. The present 

work highlights how simple solvent engineering can be adjusted to help optimize the quality of 

MA3Bi2I9 layers and the performance of the resulting solar cells.  
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Chapter 5. Wide and Tunable Bandgap MAPbBr3-xClx Hybrid Perovskite Solar 

Cells with VOC > 1.6 V: An In Situ Investigation 

(Paper submitted) 

Abstract  

Here, we investigate the crystallization behavior and film formation of wide and tunable bandgap 

MAPbBr3-xClx films by spin-coating and contrast its formation and phase stability to the classical 

MAPbI3-xBrx cases. We utilize a multi-probe in situ characterization approach consisting of 

synchrotron-based grazing incidence wide-angle X-ray scattering and lab-based time-resolved 

UV-Vis absorbance measurements to show that all wide bandgap hybrid perovskite compositions 

of MAPbBr3-xClx studied (0 < x < 3) crystallized the same way: the perovskite phase forms directly 

from the colloidal sol state, and forms a solid solution in the cubic structure. This results in 

significantly improved phase stability of these compounds compared to MAPbI3-xBrx systems. The 

phase transformation pathway is direct and excludes solvated phases, in contrast to MAPbI3. The 

films benefit from the use of antisolvent dripping to overcome the formation of discontinuous 

layers and enable device integration. Pin-hole-free MAPbBr3-xClx hybrid perovskite thin films with 

tunable bandgap are thus integrated into working single-junction solar cell devices and achieve 

tunable open-circuit voltage as high as1.6 V. 

 

5.1 Introduction 

Organic-inorganic hybrid lead-based halide perovskites, such as methylammonium lead iodide 

(MAPbI3), have been intensively studied and their certified power conversion efficiency (PCE) 

has exceeded 23.2 % in a remarkably short time.11, 27, 203, 204 However, MAPbI3 bandgap (about 

1.55 eV) is still too small to match the bandgap of Si solar cells in tandem devices. Wide bandgap 

and mixed halide perovskites, on the other hand, have been an emerging research topic with 
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promising expectations because of their continuously tunable bandgap with different halogen 

incorporation ratios. With the formula of ABX3, wide-bandgap hybrid lead-based perovskites 

consist of organic cation (A) including methylammonium (MA+), formamidinium (FA+), and 

cesium (Cs+), B is lead (Pb2+) or tin (Sn2+), and halide (X) includes chloride (Cl), bromide (Br), 

iodide (I), and the mixture.22, 23 By varying the halide ratio of iodide to bromide or chloride, the 

bandgap can be effectively tuned.24, 26, 31 This fundamental property expands the promising 

potential for wide-bandgap hybrid perovskites employed as a front cell in the tandem application 

or as a light absorber in semi-transparent to transparent solar cells, which are suitable for 

application in building integrated photovoltaic systems.35, 205  

Various deposition techniques have been developed to obtain polycrystalline low-bandgap 

hybrid perovskite films, ranging from spin coating, dip coating, blade coating, vacuum deposition, 

and so on.10, 194, 206, 207 To date, one-step spin coating process remains the most facile 

implementation for fabricating high-quality tunable bandgap hybrid perovskite thin films. The 

device performance is highly linked to the perovskite morphology and its crystallization, which, 

in turn, influence optoelectronics properties such as defect and trap state densities.208-210 However, 

despite the simplicity of the one-step deposition process, the exact mechanisms underlying the 

solidification process, from precursor ink to solid-state perovskite films, as well as the 

crystallization kinetics are still poorly understood, partially due to the insufficient information 

available through ex situ characterization methods. Thus, the capability to investigate the whole 

process of tunable and wide-bandgap hybrid perovskite deposition via in situ techniques becomes 

an essential chapter to the perovskite community. 

To this end, recently, in situ time-resolved grazing incidence wide-angle X-ray scattering 

(GIWAXS) has emerged as a useful technique to study the microstructure evolution from 

perovskite precursor ink to solid-state wide-bandgap hybrid perovskite phase during the deposition 

process and investigate the crystallization distribution/orientation in real time. Gong et al. 
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investigated the classic perovskite material MAPbI3 using in situ GIWAXS methods and identified 

the existence of a perovskite crystallization intermediate.211 Chen et al. found the coexistence of 

DMF and DMSO in such an intermediate phase of MAPbI3 and accordingly fine-tuned the quality 

of perovskite film by adjusting the DMSO concentration to improve solar cell performance.60 Our 

group reported the ink-to-solid conversion of metal halide [PbX2 (X = I, Br, Cl)] and MAI solutions 

in DMF by in situ GIWAXS and disclosed the various solidification pathway with different halide 

composition.65 Most of the published studies so far only focused on low-bandgap and conventional 

MAPbI3. However, the tunable and wide-bandgap hybrid lead-based perovskites MAPbBr3-xClx (x 

= 0 to 3), which are suitable for application in building integrated photovoltaic systems as semi-

transparent perovskite solar cells, have not been studied to date by in situ GIWAXS during the 

solution process. In addition, antisolvent dripping has been found to critically affect the quality 

and morphology of hybrid perovskite thin films.42 However, the underlying mechanism has also 

not yet been revealed through in situ approaches.  

In this work, we study and compare the solidification and growth behaviors of wide and 

tunable bandgap MAPbBr3-xClx to classical MAPbI3 using the one-step spin coating method. We 

utilize a multi-probe in situ diagnostics approach consisting of grazing incidence wide-angle x-ray 

scattering (GIWAXS) and UV-vis absorbance. Ex situ characterizations were also conducted to 

complement the in situ measurements, including scanning electron microscope (SEM), X-ray 

powder diffraction (XRD), and photoelectron spectroscopy in air (PESA) to examine the thin film 

morphology, microstructure, optical and electronic properties, and solar cell PCEs. The results 

show that the bandgap is linearly expanding with the increasing amount of chloride, which 

bandgap is ranging from 2.3 to 3.1 eV for MAPbBr3-xClx (x = 0 to 3). All these perovskite thin 

films show high transparency below their bandgap in the visible light range, which are suitable for 

semitransparent to transparent perovskite solar cells. For the perovskite formation mechanism, we 

reveal that these tunable and wide-bandgap hybrid perovskite phase (MAPbBr3-xClx, x = 0 to 3) 

https://en.wikipedia.org/wiki/Scanning_electron_microscope
https://serc.carleton.edu/research_education/geochemsheets/techniques/XRD.html
https://serc.carleton.edu/research_education/geochemsheets/techniques/XRD.html
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forms directly from disordered solvate during solution processing, while low-bandgap and 

classical MAPbI3 perovskite ink tends to form stable intermediate ordered solvates without 

perovskite phase formation. In addition, the dripping of the antisolvent chlorobenzene (CB) at an 

optimized timing during spin coating can not only benefit the morphology of perovskite thin films 

but also pre-nucleate and intensify the tunable and wide-bandgap perovskite phase without the 

formation of other intermediate phases. Moreover, the absorbance increases abruptly after the CB 

dripping, which characterized via in situ UV-Vis measurements. The SEM images of the 

perovskite films with different antisolvent dripping time were demonstrated, indicating that CB 

dripping is beneficial for the morphology only when being applied before the formation of solid-

state and stable MAPbBr3-xClx perovskite phases. Inspired by all these in situ and ex-situ 

diagnostics, we illustrate that the initial design of these perovskite inks may predict the optimal 

timing of antisolvent dripping during the solution process and single-junction perovskite solar cells 

with high open-circuit voltage > 1.6 V was demonstrated. We use these insights to develop a 

solvent engineering protocol, which is suitable for depositing high quality and pin-hole-free 

MAPbBr3-xClx perovskite thin films and show great potential for semitransparent perovskite 

photovoltaics. 

 

5.2. Results & Discussion 

5.2.1 Ex Situ Characteristics of Tunable and Wide-Bandgap MAPbBr3-xClx (x = 0 to 3) 

Perovskite Thin Films  

Considering the high energy photon absorbance range of tunable and wide-bandgap of MAPbBr3-

xClx (x = 0 to 3) hybrid perovskite thin films, we divided the AM1.5 sunlight spectrum into three 

zones, including infrared, visible, and ultraviolet regions, matching with the absorbance spectra of 

MAPbBr3-xClx perovskite thin films, as shown in Figure 5.1 a and b. These MAPbBr3-xClx hybrid 

perovskite thin films, whose bandgaps ranging from 2.3 to 3.1 eV, can act as a light-absorbing 
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layer and convert sunlight to electricity, from high energy visible to ultraviolet sunlight radiation. 

Schematic preparation route of wide-bandgap MAPbBr3-xClx hybrid perovskite thin films, 

including perovskite inks design and loading, chlorobenzene (CB) antisolvent dripping during spin 

coating, thermal annealing treatment and photographs of these MAPbBr3-xClx (x = 0 to 3) thin 

films are demonstrated in Figure 5.1 c.  

 
Figure 5. 1 Ex-situ characteristics of tunable and wide-bandgap MAPbBr3-xClx (x = 0 to 3) hybrid 

thin-film perovskites. (a) AM1.5 solar spectrum emission curve divided into infrared, visible, and 

ultraviolet regions. (b) Absorbance onset matching with various MAPbBr3-xClx hybrid perovskite 

bandgaps, ranging from 2.3 to 3.1 eV. (c) Schematic view of MAPbBr3-xClx perovskite thin films 

preparation route and photographs of wide-bandgap hybrid perovskites MAPbBr3-xClx. (d) Linear 

increasing wide bandgaps of MAPbBr3-xClx with enhancing Cl composition in perovskite 

structures. (e) The transmittance of MAPbBr3-xClx perovskite thin films. (f) XRD spectra of 

MAPbBr3-xClx perovskite thin films. 

 

The colors of these films changed from semi-transparent yellow to transparent when 

enhancing Cl element content in the perovskite structure for each MAPbBr3-xClx perovskite thin 

film, showing linear optical bandgap increment from 2.3 to 3.1 eV (Figure 5.1 d), calculated optical 

bandgaps from Tauc plot (Figure 5.2). 
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Figure 5. 2 Tauc plot of tunable and wide-bandgap MAPbBr3-xClx (x = 0 to 3) perovskite thin 

films showing an optical gap Eg,opt = 2.3 eV to 3.1 eV. The absorption coefficient of MAPbBr3-

xClx (x = 0 to 3) is calculated from absorbance measurements of MAPbBr3-xClx (x = 0 to 3) on 

quartz substrate using an integrating sphere. 

 

Through controlling the ratio of Br to Cl halide composition in the initial design of 

perovskite inks, these wide and tunable bandgaps of perovskite thin films are fabricated by simple 

one-step spin coating method with CB dripping. In addition, we measure the transmittance 

spectrum of each MAPbBr3-xClx thin film versus photon energy distribution, which reveals that 

around 80 to 85 % percent of transmittance remained below each MAPbBr3-xClx (x = 0 to 3) 

perovskite bandgap (illustrated in Figure 5.1 e). To examine the absorbance change before and 

after thermal annealing and stability under illumination continuously (Figure 5.3), we found that 

MAPbBr3-xClx perovskite onsets already formed before annealing and maintained similar 

absorbance features and onsets after annealing and 1-hour illumination, indicating the degradation 

and/or phase segregation of MAPbBr3-xClx perovskite phases does not occur after 1 hour of AM1.5 

illumination.  
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Figure 5. 3 Absorbance spectra of tunable and wide-bandgap MAPbBr3-xClx (x = 0 to 3) perovskite 

thin films including before thermal annealing, after thermal annealing, and after 1 hr AM1.5 

illumination. (a) MAPbBr3, (b) MAPbBr1.5Cl1.5, and (c) MAPbCl3. 

 

Cubic structure of MAPbBr3-xClx (x = 0 to 3) perovskite thin films are verified via ex-situ 

XRD measurements. The peak of (001) diffraction plane shifts from 15.11 (pure Br), 15.38 (equal 

Br-Cl content), to 15.75 (pure Cl) degree, indicating a lattice space decrease in these cubic structure 

perovskites which is caused by the different sizes of the halide atoms (Figure 5.1 f).212, 213 

Furthermore, XRD spectra (Figure 5.4) of hybrid MAPbBr3-xClx (x = 0 to 3) perovskite thin films 

shown the scattering intensity of both (001) and (002) diffraction planes become stronger after CB 

dripping and the intensity further enhanced after thermal annealing treatment, meaning both 

antisolvent dripping and thermal annealing indeed promote more perovskite phase conversion. To 

conclude, the tunable and wide-bandgap of these cubic structure perovskite thin films with high 

transmittance features are fabricated through the simple one-step spin coating of perovskite 

precursor inks with different Br to Cl halide ratio to alter the properties of perovskite crystalline 

structure and optical feature.  
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Figure 5. 4 XRD spectra of hybrid perovskite thin films prepared from as cast, after CB dripping, 

and after CB dripping and thermal annealing on a hot plate at 100 °C for 10 minutes. (a) MAPbBr3, 

(b) MAPbBr1.5Cl1.5, and (c) MAPbCl3. 

 

5.2.2. Natural Microstructure Evolution from Inks to Solid-State Thin Films 

All in situ GIWAXS measurements were performed at Cornell High Energy Synchrotron Source 

(CHESS) at the D1 beamline. Spin coating experiments were conducted at a custom-built spin 

coating stage with the splashing of solvent protected using kapton tape and controlled from the 

computer outside the hutch. The exposure time was kept at 0.2 s to obtain information about the 

solution process. We investigate the microstructure evolution of different formulations consisting 

of MAPbI3, MAPbBr3, MAPbBr1.5Cl1.5, and MAPbCl3 by performing in situ time-resolved 

grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements during spin coating, as 

shown in Figure 5.5.  
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Figure 5. 5 Schematic representation of the in situ GIWAXS measurement setup combined with 

a spin coater conducting microstructure evolution investigation of MAPbBr3 perovskite ink. 

 

Representative two-dimensional GIWAXS snapshots taken at different timing of the spin 

coating are shown in Figure 5.6. All these perovskite layers are prepared using the spin coating 

recipe (1000 rpm for 10 s and then 5000 rpm for 110 s) without antisolvent dripping on Cl-TiO2 

coated glass substrates22 to understand the natural microstructure evolution of each perovskite ink 

entirely. In the early stage of spin coating (at 10 s, Figure 5.6 a-d), the scattering features are 

dominated by two scattering halos: one at high q values (q ≈ 15 to 20 nm-1) is ascribed to the ink 

solvent liquid,49 while the one at low q values is associated with the disordered sol-gel precursor 

in all these precursor formulations.10, 65 As the solvent continues to dry (at 50 s), in MAPbI3 case, 

scattering features characteristic of PbI2 crystals (at q = 9.0 nm−1) and intermediate ordered 

MAPbI3⋅DMSO solvates (at q = 4.4, 4.8, and 6.3 nm−1) appears and continuously exists until 120 

s without MAPbI3 perovskite phase (at q = 10.0 nm−1) formation (shown in Figure 5.6 a). However, 

by replacing I halide with Br, equal mixed Br/Cl, and Cl in the precursor solutions, these inks tend 

to form disordered precursor phase without the formation of ordered solvate phases in Figure 5.6 

b-d (at 50 s). Importantly, at the final stage of spin coating (at 120 s), we observe that these 

MAPbBr3, MAPbBr1.5Cl1.5, and MAPbCl3 inks tend to form perovskite phase directly from 
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disordered precursor phases without the formation of ordered precursor phases. In Figure 5.6 e, 

we track the intensity of each perovskite phase during time evolution and we found the perovskite 

phase forms earlier in the MAPbCl3 case might be attributed to the different kinetics of perovskite 

formation mechanism. Thus, the halide composition design of the perovskite ink completely 

changes the microstructure evolution during the solution process. In the classic MAPbI3 

formulation, the dominate microstructure tends to evolve from intermediate disordered sol-gel 

phase to stable and intense ordered precursor phases together with weak PbI2 crystals without 

MAPbI3 perovskite phase formation during spin coating. However, in the tunable and wider 

bandgap of MAPbBr3-xClx perovskite inks, intense perovskite peaks tend to form directly from 

disordered precursor phases without the company of ordered precursor phases. Figure 5.6 f shows 

the intensity distribution versus q (from 4 to 12 nm-1) at the final stage of the spin coating process 

(at 120 s). The peak shift of perovskite phases in tunable and wider bandgap of MAPbBr3-xClx 

perovskite is attributed to the different size of halides that induces a lattice space decrease in these 

cubic structure perovskites.212, 213 To summarize, the wider bandgap of MAPbBr3-xClx perovskite 

inks can easily form perovskite phases compared to classic MAPbI3 in natural behavior.  
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Figure 5. 6 In situ Representative 2D GIWAXS snapshots collected during spin coating of various 

perovskite precursor inks for (a) MAPbI3, (b) MAPbBr3, (c) MAPbBr1.5Cl1.5, and (d) MAPbCl3 in 

DMSO at 10 s, 50 s, and 120 s.  Scattering features associated with the disordered and ordered 

precursor solvates (q = 4.4, 4.8, and 6.3 nm−1) are identified along with the (100) diffraction of 

PbI2 (q = 9.0 nm−1) and diffraction of different perovskite phase (q = 10.5 to 11.0 nm−1). (e) Time 

evolution of the diffraction intensity related to solid-state perovskite phase (q ~ 10.5 nm−1) for 

different perovskite inks from MAPbBr3, MAPbBr1.5Cl1.5 to MAPbCl3. (f) Scattering vector q 

versus intensity distribution of these perovskite inks (MAPbI3, MAPbBr3, MAPbBr1.5Cl1.5, and 

MAPbCl3) at the final stage of spin coating (at 120 s). 

 

5.2.3 Effects of Antisolvent Drip on Microstructure Evolution and Morphology 

Antisolvent dripping technique onto a spinning substrate covered with a perovskite ink is widely 

used to achieve high-quality polycrystalline perovskite thin films with smooth and compact surface 

coverage in one-step deposition method.22, 42 Moreover, antisolvent extraction is usually applied 

at a specific timing during spin coating. However, the solidification and crystal growth kinetics 
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induced by antisolvent dripping is not clear due to the lack of in situ technology and there is a quite 

limited report of in situ GIWAXS study on dripping effect. In this regarding, we study the 

microstructural evolution with and without CB antisolvent drip around the 30 s during spin coating 

onto four representative perovskite inks: MAPbI3, MAPbBr3, MAPbBr1.5Cl1.5, and MAPbCl3 

employing in situ time-resolved GIWAXS measurements. The CB dripping time around the 30 s 

was chosen, as most of the high-performance hybrid perovskite solar cells were achieved using 

antisolvent dripping within the same period. Figure 5.7 a-h represents the various perovskite inks 

2D GIWAXS intensity maps with and without applying CB dripping (integrated over each time 

slice, 0.2 s) of the scattering intensity with respect to time (abscissa; 0 < t < 120 s) and q (ordinate; 

4 < q < 12 nm-1). The length of the scattering vector q is determined by the following equation: 

𝑞 = √𝑞𝑧2 + 𝑞𝑥𝑦2 , where: 𝑞𝑧 =
4𝜋𝑠𝑖𝑛𝛼𝑓

𝜆
, 𝑞𝑥𝑦 =

4𝜋𝑠𝑖𝑛𝜃𝑓

𝜆
, where  is the wavelength.43, 49 In detail, 

Figure 5.7 a illustrates representative time evolution of scattering features during spin coating with 

respect to scattering vector q for MAPbI3 perovskite ink without CB drip. During the first 50 s, we 

observe a wet, gel-like precursor as indicated by the formation of a scattering halo at low q values 

(4–6 nm−1), assigned to the disordered precursor colloidal gel.59 After around 50 s, a characteristic 

feature of PbI2 crystals (at q = 9.0 nm−1) and intermediate ordered MAPbI3⋅DMSO solvates (at q 

= 4.4, 4.8, 6.3, and 8.1 nm−1) are observed to appear. Figure 5.7 b shows the time evolution of the 

scattering features during spin-coating for the MAPbI3 ink with CB drip around 30 s. Prior to CB 

dripping, the dominant feature is a wet, gel-like precursor, which is assigned to disordered 

precursor colloidal gel.10, 56  Instantly after the CB drip at around 30 s, features of PbI2 crystals (at 

q = 9.0 nm−1) and intermediate MAPbI3⋅DMSO solvate (at q = 4.4, 4.8, and 6.3 nm−1) are heavily 

suppressed and weakly formed MAPbI3 perovskite phase (at q = 10.0 nm−1). Therefore, we find 

that the intermediate ordered MAPbI3⋅DMSO solvate can be suppressed and pre-nucleates along 

with perovskite phase formation after CB drip, as demonstrated in Figure 5.7 i (the final stage of 
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the spin coating, at 120 s). However, when replacing I halide with Br, equal mixed Br/Cl, and Cl 

in the perovskite precursor inks, it completely alters the way of microstructure evolution during 

solution process and all these wider and tunable semiconductors tend to form perovskite crystals 

directly from disordered sol-gel phase without transition of ordered solvate phases. Specifically, 

comparing the kinetics of perovskite formation mechanism, we find that MAPbCl3 perovskite 

crystals forming around 45 s during spin coating, which is a faster crystallization behavior of 

perovskite phase than MAPbBr1.5Cl1.5 (around 50 s) and MAPbBr3 (around 55 s) counterparts, as 

illustrated in Figure 5.7 b-d. In addition, to study the impact of antisolvent CB extraction to 

microstructure transition, we reveal that the antisolvent CB dripping around 30 s not only pre-

nucleate the perovskite phases but also intensify the wider bandgap perovskite phases (for 

MAPbBr3-xClx, x = 0 to 3), as shown in Figure 5.7 f-h and j-l. This effect may be attributed to the 

fast extraction of precursor solvent from the wet films and increasing the supersaturation, leading 

to more nucleation and shorter timing of grain growth.166  

 
Figure 5. 7 In situ 2D GIWAXS intensity map of the various perovskite precursor inks showing 

ink-to-solid transformation during spin coating without (a)-(d) and with antisolvent extraction 
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around the 30 s (e)-(h), for the following cases: MAPbI3, MAPbBr3, MAPbBr1.5Cl1.5, and 

MAPbCl3 accordingly. (i)-(l) Comparison the scattering vector q versus intensity distribution of 

these perovskite inks without and with antisolvent (CB) dripping at the final stage of spin coating 

(at 120 s). The diffraction intensity related to ordered solvate phase (q = 4.4, 4.8, 6.3, and 8.1 nm−1), 

and perovskite phase (q = 10.0 to 10.8 nm−1) for these perovskite inks. 

 

To conclude, the in situ GIWAXS study (Table 5.1) revealed that the tunable and wide-

bandgap MAPbBr3-xClx perovskite solid-state phase forms directly from disordered solvate during 

the solution process, while MAPbI3 ink tends to form stable intermediate ordered sol-gel phases 

without formation of MAPbI3 solid-state perovskite phase. Furthermore, we disclose the role of 

antisolvent dripping is pre-nucleating and promoting wide-bandgap MAPbBr3-xClx perovskite 

phase formation. 

 MAPbI3 MAPbBr3 MAPbBr1.5Cl1.5 MAPbCl3 

w/o CB w/ CB w/o CB w/ CB w/o CB w/ CB w/o CB w/ CB 

Solvate   Ordered  Ordered Disordered Disordered Disordered Disordered Disordered Disordered 

PbX2 

(X=Cl, Br, I) 
√ X X X X X X X 

Perovskite X √ √ √ √ √ √ √ 

Table 5. 1 Summary of the dominant phase comparison without and with CB dripping during spin 

coating between conventional MAPbI3 and tunable and wide-bandgap MAPbBr3-xClx (x = 0 to 3) 

hybrid perovskites. 

 

Solvent engineering approach via dripping antisolvent to fabricate perovskite solar cells 

with decent performance, through which, the morphology of hybrid perovskite thin film can be 

controlled. This method has been widely used in one-step classic MAPbI3 deposition. However, it 

inevitably produces hybrid perovskite thin films with a relatively rough and pinhole-rich surface 

when the timing of CB dripping is not suitable. Therefore, we investigate the optimal antisolvent 

CB dripping time from small bandgap MAPbI3 to wide bandgap hybrid halide perovskites 

MAPbBr3-xClx (x = 0 to 3) morphology via scanning electron microscope (SEM). Initially, we 

study the morphology of as-cast perovskite thin films for each precursor solution and we reveal 

that these perovskite inks tend to form isolated and ununiformed distribution perovskite large 



110 

 

 

crystals for MAPbBr3-xClx (x = 0 to 3) but needle-like crystals for MAPbI3 across the substrate 

without applying CB dripping, as shown in Figure 5.8 a-d. However, if we drip CB at 30 s during 

the disordered sol-gel phase, it could quickly extract the precursor DMSO solvent out and increase 

the nucleation and crystal growth to obtain high quality and full coverage with less pinhole 

morphology on the substrates (Figure 5.8 e-h).42, 99 Moreover, if we apply the CB dripping at 50 s 

(Figure 5.8 j-l) near/in the region of perovskite phase formation as revealed via in situ GIWAXS, 

we cannot reverse the tendency to form isolated and large wide-bandgap perovskite crystals by CB 

dripping, which leading the morphology is similar to as-cast films. In the case of low bandgap 

MAPbI3 (Figure 5.8 i), pinholes start to exist on the surface when dripping CB late (at 50 s), which 

acted as a recombination center and deteriorated device performance.99 To summarize, the timing 

of antisolvent CB dripping benefits the morphology is during the disordered sol-gel phase and 

before the appearing of solid-state perovskite phase, which may be predictable by the diagnostics 

of microstructure evolution from in situ GIWAXS measurements.  

 
Figure 5. 8 SEM images of small bandgap MAPbI3 and wide bandgap hybrid halide perovskites 

MAPbBr3-xClx (x = 0 to 3) with and without antisolvent CB extraction. (a)-(d) as cast films without 

CB dripping (e)-(h) CB dripping at 30 s (i)-(l) CB dripping at 50 s. 
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5.2.4 Effects of Antisolvent Drip on Absorbance Evolution 

In several reports related to perovskite solar cells, the most prominent recipe is dripping antisolvent 

at an optimized timing during spin coating the perovskite ink.22, 201 Thus, in addition to in situ 

GIWAXS, we conducted in situ time-resolved UV-Vis absorbance measurements of MAPbBr3, 

MAPbBr1.5Cl1.5, and MAPbCl3 inks to study the time-resolved optical property, tracking the 

absorbance evolution from ink to solid-state film formation during spin coating. Again, we 

analyzed all these cases with and without CB drip to understand further the effect of CB dripping 

in these perovskites, leading distinct differences in absorbance evolution. Figure 5.9 shows the 

UV-Vis absorption spectra, calculated from experimental transmission spectra, using the following 

equation: 𝐴𝜆 = −𝑙𝑜𝑔10(𝑇), where 𝐴𝜆 is the absorbance at a certain wavelength (λ) and T is the 

calibrated transmitted radiation.  

Figure 5.9 a-c demonstrate in situ time-resolved 2D UV-Vis absorbance intensity maps, 

collected during spin coating of MAPbBr3, MAPbBr1.5Cl1.5, and MAPbCl3 perovskite precursors 

without CB antisolvent extraction. We find that the transformation from precursor inks to solid-

state films is faster for pure Cl (≈ 40 s) than for mixed-halides Br1.5Cl1.5 (≈ 45 s) and pure Br (≈ 

55 s). However, all cases show sub-bandgap scattering due to the formation of isolated large and 

stable perovskite crystals, non-uniformly distributed on the substrate. This feature is also verified 

in the as-cast optical and SEM images in Figure 5.8 a-c. Figure 5.9 d-f show the absorbance (at 

500 nm, 420 nm, and 405 nm) tracked over time for each perovskite ink respectively and indicate 

that the MAPbBr3 takes more time to transform from precursor ink to solid-state film, meaning 

that the interaction between solvents and solutes might become stronger due to the increasing Br 

content. 

The effect of antisolvent CB dripping (at 30 s during spin coating) is illustrated in Figure 

5.9 g-i. Here, we see that all these perovskite inks pre-nucleate into each perovskite phase upon 

CB dripping (dashed white line indicates each perovskite bandgap), which confirms the same 
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microstructure transformation behavior from in situ GIWAXS results. Figure 5.9 j-l again show 

the absorbance (at 500 nm, 420 nm, and 405 nm) tracked respectively over time with CB extraction 

at 30 s. The absorbance dramatically increases upon dripping for all these inks during spin coating. 

Therefore, CB antisolvent dripping appears to help in transforming the precursor ink into solid-

state hybrid perovskite thin-film for all the cases, indicating that CB drip is promoting the 

formation of these perovskite phases and forming high quality, pinhole-free perovskite thin films, 

which correspond well with the findings of in situ GIWAXS. 

 
Figure 5. 9 In situ 2D absorbance intensity map during spin coating without and with antisolvent 

CB drip for the following perovskite inks: (a, g) MAPbBr3, (b, h) MAPbBr1.5Cl1.5, and (e, i) 

MAPbCl3. Time evolution of absorbance during spin coating without and with antisolvent drip for 

various inks: (d, j) MAPbBr3 at 500 nm, (e, k) MAPbBr1.5Cl1.5 at 420 nm, and (f, l) MAPbCl3 at 

405 nm. 

 

5.2.5 Wide and Tunable Bandgap Perovskite Solar Cells (Device Structure and 

Performance) 

Inspired by all the previous results, we develop a solvent engineering protocol suitable for 

depositing high-quality MAPbBr3-xClx (x = 0 to 3) and MAPbI3 thin films and present working 

single-junction solar cells with the following layer configuration (Figure 5.10 c): glass/ indium-
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doped tin oxide (ITO)/ chlorine-capped titanium dioxide (Cl:TiO2)/ perovskite thin films/ 2,2′,7,7′-

tetrakis-(N,N-di-pmethoxyphenylamine) 9,9′-spirobifluorene (Sprio-MeOTAD)/ gold (Au)/ silver 

(Ag). CB antisolvent dripping during perovskite deposition was performed at the optimized time 

(30 s), before the thermal annealing conversion. Here, we have investigated the effect of tunable 

and wide-bandgap perovskite thin films to enhance the open-circuit voltage (VOC). We choose five 

perovskite systems: MAPbBr3, MAPbBr1Cl2, MAPbBr1.5Cl1.5, MAPbBr2Cl1, and MAPbCl3 hybrid 

perovskite thin films as active layer due to their distinct character as tunable and wide-bandgap, 

resulting in high VOC in photovoltaics application and comparing to low bandgap MAPbI3 devices. 

Initially, we measured the valence bands of these perovskites and combined with reported highest 

occupied molecular orbital (HOMO) level of the hole transporting layer (HTL), which is -5.2 eV 

for Sprio-MeOTAD214, because the VOC in solar cell devices can be derived from the quasi-Fermi 

levels of each material in the structure.28, 215 Figure 5.10 a shows the photoelectron emission 

spectra of MAPbBr3, MAPbBr1Cl2, MAPbBr1.5Cl1.5, MAPbBr2Cl1, and MAPbCl3 hybrid 

perovskite thin films obtained using a Riken Keiki AC-2 photoelectron spectrometer. 

Photoelectron spectroscopy in air (PESA) measurements were successfully performed to measure 

the occupied electronic states of an organic semiconductor and the valence band edges (VBEs) in 

solids.216-218 The measured VBEs of MAPbBr3, MAPbBr1Cl2, MAPbBr1.5Cl1.5, MAPbBr2Cl1, and 

MAPbCl3 were -5.73 eV, -5.74 eV, -5.79 eV, -5.88 eV, and -5.96 eV, respectively. The device 

structure and energy band alignment is represented in Figure 5.10 b, where the conduction band 

edge is calculated from Tauc plot for the optical band gap of these wide-bandgap perovskite 

materials (MAPbBr3-xClx, x = 0 to 3) and the conduction bands of these perovskites are higher than 

the electron transporting layer (ETL), Cl capped TiO2
22. The origin of VOC in perovskite solar cells 

is typically described by the difference between the VBE of the perovskite layer and the HOMO 

of the HTL, assuming that recombination within the device can be ignored.219 Therefore, with 
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deeper perovskite VBE and unchanged HTL, the VOC of the perovskite solar cell is expected to be 

higher. 

To investigate the impact of increasing Cl content and bandgap to perovskite solar cells, 

we prepared 10 devices for each wide-bandgap perovskite material as a light-absorbing layer and 

demonstrated all device parameters and statistics in Figure 5.10 c. While enhancing the content of 

Cl in these wide-bandgap perovskites (MAPbBr3-xClx, x = 0, 1, 1.5, 2, and 3 specifically), the 

average PCE ranges from 6.45 %, 2.27 %, 1.09 %, 0.57 %, to 0.26 % and short-circuit current 

density (JSC) also decreases due to enhancing bandgap. High average fill factor maintains around 

69 to 77 % across all the various ratios of Br to Cl. However, high VOC is maintained around 1.4 V 

even though the bandgap is increasing and ultra-high VOC only jumps to 1.65 V when measuring 

MAPbCl3 perovskite devices. For classic and low bandgap MAPbI3 solar cells, the 17.20 ± 0.14 % 

of PCE is demonstrated using the same spin coating recipe. A photovoltaic parameters summary 

(Table 5.2) of MAPbBr3-xClx (x = 0, 1, 1.5, 2, 3) and MAPbI3 perovskite solar cells is listed in both 

average and best values.  

Perovskites  VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

MAPbI3 
Average 1.02 ± 0.04 21.47 ± 0.48 71.1 ± 0.67 17.20 ± 0.14 

Best  1.09 22.19 71.65 17.37 

MAPbBr3  
Average 1.38 ± 0.03 6.10 ± 0.14 77.00 ± 1.53 6.45 ± 0.23 

Best  1.40 6.31 78.30 6.90 

MAPbBr2Cl1  
Average 1.33 ± 0.08 2.34 ± 0.12 71.84 ± 5.12 2.27 ± 0.15 

Best  1.45 2.43 71.08 2.51 

MAPbBr1.5Cl1.5 
Average 1.45 ± 0.04 1.13 ± 0.12 68.72 ± 5.22 1.09 ± 0.10 

Best  1.41 1.22 69.04 1.18 

MAPbBr1Cl2 
Average 1.43 ± 0.03 0.51 ± 0.02 76.96 ± 2.56 0.57 ± 0.05 

Best  1.46 0.51 78.48 0.58 

MAPbCl3
 
 

Average 1.65 ± 0.02 0.29 ± 0.01 71.86 ± 4.97 0.26 ± 0.09 

Best  1.65 0.28 69.44 0.32 

Table 5. 2 PV parameters of classic MAPbI3 and wide-bandgap MAPbBr3-xClx (x = 0 to 3) hybrid 

perovskite solar cells. 

 

Representative J-V curves are shown in Figure 5.10 d. For MAPbBr3 perovskite solar cell, 

the best device performance is PCE = 6.90 %, JSC = 6.31 mA/cm2, VOC = 1.40 V and FF = 78.30 %. 
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With an increasing amount of Cl in these perovskite structures, the JSC decreases due to increasing 

bandgap with less sunlight absorption; however, the VOC is not increasing as expected. The pinned 

VOC may be attributed to the activation energy for these wide-bandgap solar cells that are much 

lower than their bandgap. This indicates that a high interface recombination process limits the VOC 

and consequently the device performance of these wide-bandgap solar cells.214 To overcome this 

problem, investigation on alternative ETL and HTL or surface modification is needed in the 

future.214 It worth noting that MAPbCl3 perovskite solar cell, the best device performance is PCE 

= 0.32 %, JSC = 0.28 mA/cm2, VOC = 1.65 V and FF = 69.44 %. This MAPbCl3 transparent 

perovskite thin film with the extremely high VOC perovskite solar cell is also very promising in the 

applications of building integrated photovoltaic systems, blue and ultraviolet light-emitting diode, 

and a photodetector. 

 
Figure 5. 10 Wide and tunable bandgap perovskite (MAPbBr3-xClx, x = 0 to 3) photovoltaic device 

structure with energy levels and performance. (a) PESA spectra of perovskite thin films (b) Device 

architecture and energy level diagram (c) PCE, JSC, FF, and VOC statistical distribution of 

perovskite solar cells for MAPbI3 and MAPbBr3-xClx (x = 0 to 3) perovskites (results are shown 
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from 10 devices for each condition). (d) Current density-voltage curves of MAPbI3 and MAPbBr3-

xClx solar cells (x = 0 to 3). 

 

5.3 Conclusion 

In summary, we systemically compare classical MAPbI3 to tunable and wide-bandgap MAPbBr3-

xClx (x = 0 to 3) perovskite systems by in situ time-resolved GIWAXS and absorbance spectra to 

fully understand the microstructure evolution from perovskite precursor inks to solid-state thin 

films. Obtained results reveal that the tunable and wide-bandgap MAPbBr3-xClx perovskite solid-

state phase forms directly from disordered solvate phase during solution processing, while MAPbI3 

ink tends to form stable intermediate ordered sol-gel phases requiring further thermal annealing to 

form MAPbI3 solid-state perovskite phase. We further point out the relationship between 

antisolvent dripping time and morphology and successfully correlate it with in situ GIWAXS 

result. Inspired by all of these results, we develop a solvent engineering protocol suitable for 

depositing fully cover and pin-hole-free high-quality MAPbBr3-xClx hybrid perovskite thin films 

and present working single-junction photovoltaics with high open-circuit voltage > 1.6 V and 

promising future for transparent hybrid perovskite solar cells. This provides an in-depth 

understanding of tunable and wide-bandgap perovskite inks microstructure evolution and robust 

prerequisite of antisolvent dripping, which is critical and insightful for perovskite precursor 

solution initial design in the future to achieve better reproducibility, cost-efficient and large-scale 

manufacturing of lead-based hybrid perovskite solar cells. 
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Chapter 6: Ambient Blade-Coating of Mixed Cation, Mixed Halide Perovskites: 

In Situ Investigation and High-Performance Solar Cells 

(Paper submitted) 

Abstract 

Here we found that the perovskite precursor composition and the blade -coating temperature 

profoundly influence the crystallization mechanism and whether halide segregation occurs. The 

inclusion of Br- suppresses the non-perovskite 2H phase, promoting instead PbI2 together with the 

intermediate 6H phase and 3C phase of FAPbI2.55Br0.45. The addition of Cs+ suppresses these 

intermediates and promotes the direct crystallization of the perovskite 3C phase 

FA0.8MA0.15Cs0.05PbI2.55Br0.45 when coating at elevated temperature, unlike when the anti-solvent 

drip is used at room temperature. Based on this insight, we demonstrate blade-coated perovskite 

solar cells with a champion power conversion efficiency (PCE) of 18.20 % as compared with 

FAPbI3 perovskites, which yield a PCE of 12.35 % in similar conditions. Through control of 

chemical compositions in the ink’s formulation and coating conditions, we demonstrate blade -

coated perovskite solar cells with a champion PCE of 18.20 % as compared with FAPbI3 

perovskites, which yield a PCE of 12.35 % in similar blade-coated conditions without the benefit 

of anti-solvent drip. This study provides valuable insight into the crystallization pathway of 

perovskites and highlights how mixed-cation mixed-halide formulations without anti-solvent drip 

combine with high-temperature processing conditions that to enable the translation of perovskites 

beyond laboratory-scale processes toward unscalable ambient manufacturing in high throughput 

conditions.   
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6.1 Introduction 

Hybrid organic-inorganic metal-halide perovskites have impressed the semiconductor community 

thanks to their remarkable optoelectronic properties, including low exciton binding energy, a sharp 

absorption onset, and a small Urbach energy despite being prepared via low-cost solution-

processing approaches.18-21 Hybrid organic-inorganic metal-halide perovskites feature the 

characteristic AMX3 structure, where A is an organic or inorganic monovalent cation, most often 

methylammonium (MA+),  formamidinium (FA+) or cesium (Cs+), M is a metal cation, such as 

lead (Pb2+) or tin (Sn2+), and X is a monovalent anion such as chloride (Cl-), bromide (Br-), iodide 

(I-), and the mixture.220, 221 Hybrid perovskite thin films are most commonly processed through a 

one-step spin-coating method, whereby a sol-gel ink is cast onto a substrate and spun up, an anti-

solvent is dripped at the opportune time and the resulting film is subsequently annealed to acquire 

the desirable perovskite phase. To date, anti-solvent dripping has been the primary approach 

applied to the one-step spin-coating planar heterojunction small-scale perovskite solar cells with 

certified power conversion efficiency (PCE) now surpassing 23.7 %.11 

Despite the current success of high-efficiency small-scale devices via spin coating and anti-

solvent dripping, scalable printing methods are needed to address upscaling and manufacturability 

challenges including material and solvent waste, limitation to small-area fabrication, and overall 

lack of reproducible device-to-device performance.10, 140, 159, 160, 222-224 Scalable solution-processed 

deposition techniques have been developed to obtain polycrystalline hybrid perovskite thin films 

ranging from blade coating, slot-die coating, dip coating, and so on.10, 140, 166, 194, 206, 207 To date, the 

blade coating process remains one of the most popular and facile implementations for fabricating 

high-quality hybrid perovskite thin films and essential efforts have been put into improving the 

device efficiency and stability.159, 223, 225, 226 For instance, Huang’s group reported a high PCE of 

∼19 % for MA-rich mixed cations and halides (MA0.6FA0.38Cs0.02PbI2.975Br0.025) perovskite 

photovoltaics in the glove box.226 The device performance is highly related to the perovskite 
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morphology and crystallization, which, in turn, influence optoelectronic properties such as defect 

and trap state densities.208-210 However, despite the simplicity of the blade coating deposition 

process, the exact mechanisms underlying the growth process, from perovskite precursor inks to 

solid-state thin films, as well as the crystallization kinetics are still poorly understood, partially 

due to the insufficient information available through ex situ characterization methods. Thus, the 

capability to investigate the blade coating process of perovskite thin films via in situ techniques 

becomes an essential chapter to help the perovskite PV community transition to scalable 

manufacturing. 

For this purpose, in situ time-resolved grazing incidence wide-angle X-ray scattering 

(GIWAXS) has recently emerged as a powerful technique to investigate and track the 

microstructure evolution of perovskite precursor inks during solution-casting into solid-state 

perovskite thin films and investigate the crystallization distribution and orientation in real time. 

Gong et al. examined the classical MAPbI3 perovskite solution using in situ GIWAXS methods 

and identified the existence of sol-gel disordered nanoparticles, solvated crystalline intermediates, 

and the polycrystalline perovskite phase during mini-slot-die printing.211 Our group revealed, 

through in situ investigations, significant differences in the process of MAPbI3 perovskite thin-

film formation during spin-coating and blade-coating at room temperature.10, 54, 56 We further 

showed that the processing temperature mediates the structure, halide composition, and solvent 

retention by the intermediate solvate, with high temperatures (> 100 °C) circumventing the 

solvated phase entirely in the blade-coating process.10, 54, 227 The FA-rich mixed cations and mixed 

halide perovskites (FA1-x-yMAxCsyPbI3-zBrz) have recently demonstrated superior device 

performance, stability and ease of processing as compared to classical MAPbI3 and FAPbI3, but 

they do not benefit from crucial anti-solvent dripping during blade-coating and similar meniscus-

guided techniques, thus requiring alternative means to control the phase transformation behavior. 

A comprehensive understanding of the phase transition including microstructural and phase 
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evolutions is missing for conditions representative of such scalable manufacturing processes for 

these complex perovskite compounds. During blade-coating, the elevated stage temperature has 

been found to affect the quality of hybrid perovskite thin films critically in the case of MAPbI3, 

which otherwise tends to crystallize through solvated intermediate phases that cause pinhole 

formation.10, 56 However, the phase transition is drastically different in FA-rich perovskites which 

form non-solvated intermediate hexagonal phases that promote halide segregation in mixed halide 

perovskites. We, therefore, seek to provide a rational pathway toward the translation of mixed 

halide mixed cation perovskites toward scalable ambient manufacturing. 

Herein, we compare four representative perovskite systems (FAPbI3, FAPbI2.55Br0.45, 

FA0.8MA0.15Cs0.05PbI3, and FA0.8MA0.15Cs0.05PbI2.55Br0.45) in terms of their dynamical 

microstructure evolutions and conversion processes during blade-coating by performing in situ 

GIWAXS measurements. With this investigation, we unveil the relationship between the 

solidification pathway and the effect of the mixed cations and halides. Gratia228 et al. adopted the 

widely used nomenclature for metal oxide perovskites to specify the crystal structure of phases 

associated with the formation of perovskite thin films. For example, intermediate phases such as 

hexagonal 2H, 4H, 6H are often referred to as δ phase, while the cubic 3C perovskite phase is often 

referred to as α phase. In the case of FAPbI3, blade coating at 120 °C reveals the formation of a 

yellow non-perovskite 2H (100) phase formed within 10 s. By incorporating a small amount of Br- 

into FAPbI3, the 2H (100) phase is suppressed at the expense of the desired perovskite 3C (100) 

phase, but this forms weakly and is accompanied with PbI2 formation, pointing to halide 

segregation. Incorporation of MA+ and Cs+ into FAPbI3 ink (resulting in FA0.8MA0.15Cs0.05PbI3 

composition) promotes formation of the non-perovskite 2H (100) phase and perovskite 3C (100) 

phase from the disordered sol-gel precursor. By addition of Cs+ and MA+ into the system to obtain 

FA0.8MA0.15Cs0.05PbI2.55Br0.45 perovskite ink – one of the most popular perovskite compositions 

yielding efficient solar cells nowadays – the undesired intermediate phases (2H, 6H, and PbI2) are 
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suppressed when processing at elevated temperature and give way to formation of the desired 

perovskite 3C phase exclusively without the need for anti-solvent drip. Using these insights, we 

achieved maximum/average PCEs of 18.2%/16.4% for FA0.8MA0.15Cs0.05PbI2.55Br0.45 based on 

planar heterojunction n-i-p devices made with blade-coated hybrid perovskite films in ambient air. 

In comparison we obtained maximum/average PCEs of 16.3%/14.1% for FA0.8MA0.15Cs0.05PbI3, 

15.8%/13.9% for FA0.85MA0.15PbI2.55Br0.45, 13.9%/11.6% for FAPbI2.55Br0.45, and 12.4%/9.0% for 

FAPbI3. 

 

6.2. Results & Discussion 

6.2.1 Natural Microstructure Evolution from FA-Rich Perovskite Inks to Solid-State Thin 

Films 

Blade-coating experiments were conducted using a custom-built setup described elsewhere, and 

were computer-controlled remotely while performing both in situ and ex situ GIWAXS 

measurements at the D1 beamline of the Cornell High Energy Synchrotron Source (CHESS).10, 43, 

51-53, 64, 175, 229-232 The integration time for individual GIWAXS snapshots was 0.2 s, allowing a 

frame rate of 5 Hz, sufficient to capture the phase transformation behavior in blade coating 

experiments performed in this study. We begin our investigations by comparing the blade coating 

of FA-dominated triiodide and mixed halide systems, including FAPbI3 and FA0.8MA0.15Cs0.05PbI3, 

as well as FAPbI2.55Br0.45 and FA0.8MA0.15Cs0.05PbI2.55Br0.45. All formulations were prepared with 

the same molarity (1.2 M) in a mixture of N,N-dimethylformamide (DMF) and dimethyl sulfoxide 

(DMSO) solvents with a 4:1 volume ratio. In Fig. 1a-d, we present the time-evolutions of 2D x-

ray scattering intensity with respect to the scattering vector (q) for the perovskite ink formulations 

mentioned above. Representative 2D GIWAXS snapshots collected at 5, 20, and 60 s during blade 

coating at 120 ℃ of all perovskite ink formulations are also shown in Fig. S1. The length of the 

scattering vector q is determined by the following equation: 𝑞 = √𝑞𝑧2 + 𝑞𝑥𝑦2 , where: 𝑞𝑧 =
4𝜋𝑠𝑖𝑛𝛼𝑓

𝜆
, 
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𝑞𝑥𝑦 =
4𝜋𝑠𝑖𝑛𝜃𝑓

𝜆
,  is the wavelength.43, 49 Blade-coating experiments were performed on compact 

TiO2-coated glass substrates for 60 s at a coating speed of 25 mm/s. The sample holder was pre-

heated to 120 °C and as-cast films were subjected to an additional annealing step at 100 °C for 10 

minutes, after which an additional ex situ GIWAXS measurement was performed. 

The time-evolution of the scattering features of FAPbI3 (Figure 6.1 a) reveal a wet, 

colloidal sol-gel precursor during the first 20 s, as indicated by the formation of a scattering halo 

at low q values (4 to 8 nm−1).59 The hexagonal (non-perovskite) 2H (100) phase (q ≈ 8.5 nm-1) 

forms around 10 s, coexisting with the colloidal sol-gel state for 10 s. The 2H (100) phase 

scattering intensifies significantly with the disappearance of the sol-gel scattering signal for t > 20 

s and is subsequently the only scattering feature observed in the as-cast film, indicating the ink has 

fully converted to the 2H (100) phase. The 2H phase formed in the as-cast film tends to be highly 

textured with the c-axis normal to the substrate plane (Figure 6.1 e). Upon annealing, the FAPbI3 

film converts partially to the perovskite 3C (100) phase and exhibits weak diffraction intensity 

(Figure 6.1 f). This is not surprising as the annealing temperature required for full conversion has 

been reported to be above 150 oC.233, 234   
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Figure 6. 1 In situ 2D GIWAXS scattering evolution vs. time for various perovskite precursor 

formulations showing ink-to-solid transformation during blade coating for (a) FAPbI3, (b) 

FAPbI2.55Br0.45, (c) FA0.8MA0.15Cs0.05PbI3, and (d) FA0.8MA0.15Cs0.05PbI2.55Br0.45. Representative 

2D GIWAXS snapshots taken at the final stage of blade coating as well as post-annealing (10 

minutes at 100 ℃), together with a plot of q vs. intensity are shown for (e, f) FAPbI3, (g, h) 

FAPbI2.55Br0.45, (i, j) FA0.8MA0.15Cs0.05PbI3, and (k, l) FA0.8MA0.15Cs0.05PbI2.55Br0.45. Scattering 

features associated with the disordered sol-gel phase and yellow non-perovskite 2H (100) phase 

(q = 8.5 nm−1) are identified along with the (100) diffraction of PbI2 (q = 9.0 nm−1) and perovskite 

3C (110) phase diffraction (q = 10.2 nm−1). 

 

Addition of a small amount of Br- into the formulation (nominally FAPbI2.55Br0.45) 

complicates the crystallization outcome considerably (Figure 6.1 b). The as-cast film yields three 

phases: the 6H (101) phase forms most prominently at first, along with PbI2 (q = 9.0 nm−1) and the 

perovskite 3C (100) phase (q = 10.2 nm-1). However, the 6H (100) phase seems unstable as its 

intensity weakens significantly after 30 s. The 6H and PbI2 phases appear to be textured, whereas 

the perovskite 3C phase is not (Figure 6.1 g). Upon thermal annealing, the 6H (100) phase 

disappears completely, leaving behind a partially converted film composed of a mixture of 

crystalline PbI2 and 3C (100) perovskite phase (Figure 6.1 h) and exhibiting powder texture. 
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Addition, instead, of small fractions of MA+ and Cs+ into the triiodide formulation 

(nominally FA0.8MA0.15Cs0.05PbI3) (Figure 6.1 c) suppresses PbI2 formation and promotes the 

formation of the perovskite 3C (100) phase in addition to the 2H (100) phase. The latter is highly 

textured, whereas the former exhibits powder texture (Figure 6.1 i). Thermal annealing does not 

appreciably alter the as-cast film’s state and appears to promote 2H (100) phase formation (Figure 

6.1 j).  

In Figure 6.1 d, we reveal that simultaneously incorporating small amounts of MA+ and 

Cs+ into the previous FAPbI2.55Br0.45 ink (resulting in the FA0.8MA0.15Cs0.05PbI2.55Br0.45 nominal 

composition) tends to form the desired perovskite 3C (100) phase directly from the disordered sol-

gel precursor without forming intermediate non-perovskite phases, such as 2H, 6H phases and PbI2. 

In contrast to the previous three Cs-free perovskite compositions, the Cs-containing formulation 

(FA0.81MA0.14Cs0.05PbI2.55Br0.45) starts to show perovskite phase (3C (100) phase, q = 10.2 nm-1) at 

around 20s during blade coating. The as-cast FA0.81MA0.14Cs0.05PbI2.55Br0.45 thin film exhibits a 

strong feature of the 3C (100) perovskite phase, which further increases its diffraction intensity 

after thermal annealing (Figure 6.1 k and l). Importantly, the non-perovskite 2H phase has a 

negligible signal, indicating that the 3C phase dominates the microstructure. Thus, we found that 

the main factors that could have an enormous impact on the microstructural evolution relate very 

much to the initial composition of the perovskite ink before heat treatment, and that presence of 

Cs+ and Br- promotes formation of the perovskite 3C phase exclusively without other intermediate 

phases. 

We summarize the in situ GIWAXS findings in Table 6.1. FAPbI3 formulation forms the 

non-perovskite yellow 2H (100) phase from a disordered sol-gel precursor. Addition of a small 

amount of Br- (FAPbI2.55Br0.45) suppresses the 2H phase and generates the desired 3C perovskite 

phase together with undesirable PbI2 crystals, indicative of halide segregation in the as-cast film. 
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Further addition of Cs+ (FA0.8MA0.15Cs0.05PbI2.55Br0.45) further suppresses the intermediate non-

perovskite 2H phase and promotes single perovskite 3C phase formation. 

 

Nominal formula FAPbI3 FAPbI2.55Br0.45 FAMACsPbI3 FAMACsPbI2.55Br0.45 

Phases present  2H 6H, PbI2, 3C 2H, 3C 3C 

Non-perovskite 

phase(s) present? 

Yes  Yes Yes No 

Perovskite 

phase formed? 

No Yes  Yes  Yes  

Table 6. 1 Summary of the phases formed during blade coating at 120 ℃ of different FA-based 

formulations, including FAPbI3, FAPbI2.55Br0.45, FA0.8MA0.15Cs0.05PbI3, and 

FA0.8MA0.15Cs0.05PbI2.55Br0.45 in a solvent mixture of DMF and DMSO. 

 

6.2.2. Impacts of Elevated Blading Temperature 

The processing temperature was previously reported to play an essential role in the phase 

transformation behavior of perovskite films.10, 54, 56, 227 Blade-coating at elevated temperature has 

yielded higher quality films and better photovoltaic performance than films prepared at a lower 

temperature. To understand the impact of the blading temperature on the phase conversion of 

mixed-halide mixed-cation systems, we have compared the phase transformation behaviors of 

FA0.8MA0.15Cs0.05PbI2.55Br0.45 formulations blade coated at low (60 oC) and high (120 oC) 

temperatures. Figure 6.2 a and b show 2D maps (with integration of each time slice) of the 

scattering intensity q (ordinate; 4 < q < 12 nm-1) tracked over time (abscissa; 0 < t < 360 s for 

blading at 60 °C and 0 < t < 60 s for blade coating at 120 °C, respectively). 
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Figure 6. 2 In situ 2D GIWAXS intensity map of the FA0.8MA0.15Cs0.05PbI2.55Br0.45 perovskite 

precursor inks showing ink-to-solid transformation during blade coating (a) at 60 °C and (b) 120 °C. 

(c) Schematic representation of the FA0.8MA0.15Cs0.05PbI2.55Br0.45 perovskite thin-film formation 

mechanism at low 60 °C and high 120 °C blade-coating temperatures. (d) Representative 2D 

GIWAXS snapshots taken at the final stage of blade coating perovskite films for 

FA0.8MA0.15Cs0.05PbI2.55Br0.45 at 60 °C and 120 °C, respectively. (e) Scattering vector q versus 

intensity distribution of FA0.8MA0.15Cs0.05PbI2.55Br0.45 perovskite film and time evolution of the 

diffraction intensity related to perovskite 3C (100) phase (q = 10.2 nm−1) for 

FA0.8MA0.15Cs0.05PbI2.55Br0.45 perovskite ink at 60 °C and 120 °C. 

 

Representative 2D GIWAXS snapshots collected during blade coating at 60 and 120 ℃ are 

summarized in Figure 6.3. 

 
Figure 6. 3 In situ representative 2D GIWAXS snapshots collected during blade coating at (a) 60 ℃ 

and (b) 120 ℃ of FA0.8MA0.15Cs0.05PbI2.55Br0.45 perovskite precursor ink at different timing. 
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Scattering features associated with the disordered sol-gel phase and non-perovskite 4H (100) phase 

(q ≈ 8.36 nm−1) are identified along with the diffraction of PbI2 (q = 9.0 nm−1) and perovskite 3C 

(100) phase (q = 10.2 nm−1). 

 

Figure 6.2 a shows the time evolution of phase transformation at 60 °C. Prior to ~210 s, we 

observe the wet sol-gel colloidal precursor, as indicated by the scattering halo at low q values (4 

to 7 nm−1).10, 56 Subsequently, two diffraction features appear close to the 3C perovskite: a Br-poor 

3C perovskite α1 phase at q = 9.9 nm−1 and a Br-rich 3C perovskite α2 phase (at q = 10.3 nm−1). 

These are accompanied by the formation of PbI2 crystals (q = 9.0 nm−1) and the non-perovskite 4H 

phase (100) (q ≈ 8.36 nm−1). These results prove that halide segregation occurs in the perovskite 

phase, resulting simultaneously in a Br-poor and Br-rich 3C structure as PbI2 crystals and the non-

perovskite 4H phase forms, respectively. This leads to perovskite 3C phases exhibiting different 

energetics and bandgaps, expected to act as recombination sites with a negative impact on the 

performance of solar cells. On the other hand, blade coating at 120 °C (Figure 6.2 b) forms the 

desired perovskite 3C (100) phase almost instantaneously and does so as a single phase with 

apparently no evidence of halide segregation. The 3C phase forms directly from the disordered 

sol-gel precursor phase at around 20 s without forming any other non-perovskite phases as 

intermediates or byproducts. This observation suggests that thermal energy is required to nucleate 

and grow the entropically stabilized mixed halide mixed cation 3C phase and that rapid drying of 

the solution may also prevent the segregation of halides and cations. A schematic representation 

of the solidification of FA0.8MA0.15Cs0.05PbI2.55Br0.45 perovskite thin films at low and elevated 

temperatures is shown in Figure 6.2 c. At low temperature, slow drying leads to the formation of 

halide-segregated perovskite 3C phases (Br-poor and Br-rich), along with non-perovskite PbI2 

crystals and the 4H (100) phase. The film achieves poor surface coverage as per scanning electron 

microscopy (SEM) images (Figure 6.4).  
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Figure 6. 4 Top-view SEM images of FA0.8MA0.15Cs0.05PbI2.55Br0.45 perovskite thin films using 

the blade-coating approach at (a) 60 °C and (b) 150 °C (top row is in smaller magnification and 

the bottom row is in larger magnification). 

 

At high temperature, the perovskite crystals nucleate and grow directly from the colloidal 

sol-gel state, forming compact films as confirmed in the SEM micrographs shown in Figure 6.5 a. 

Representative 2D GIWAXS snapshots at the final stage of blade coating (at 360 s for 60 °C and 

at 60 s for 120 °C) for the FA0.8MA0.15Cs0.05PbI2.55Br0.45 perovskite thin films are plotted in Figure 

6.2 d. We further plot in Figure 6.2 e the intensity versus q (at 60 s) and the time-evolution of 

intensity at q = 10.2 nm-1, confirming the perovskite 3C phase forms a single intense phase and 

does so very rapidly at 120 °C, whereas low-temperature processing yield to the formation of 

competing phases as well as halide-segregated perovskite phases.  

Previous UV-Vis absorbance studies of lead iodide and lead-bromide solutions in DMF 

and DMSO have revealed significant differences in the formation of lead-solvent complexes 

known as iodiplumbates and bromoplumates. Lead bromide tends to complex more weakly with 

solvents and forms metal-rich clusters whereas lead iodide complexes strongly with DMSO.235-237 

It is reasonable to assume that a slow drying sol-gel precursor film containing a mixture of lead 

iodide and lead bromide in the presence of DMSO and DMF promotes halide segregation by 

preferential loss of solvent from bromide-rich regions while iodide-rich areas remain highly 

FA0.8MA0.15Cs0.05PbI2.55Br0.45

50 µm

2 µm

50 µm

2 µm

Blading at 60℃ Blading at 150℃
(a) (b)
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solvated, thus promoting the formation of Br-rich and I-rich regions and leading to formation of 

PbI2. 

 

6.2.3. Morphology, Optical, and Electrical Properties  

We have investigated the morphology of all five types of films prepared by blade coating by SEM 

imaging after thermal annealing. At low magnification, the films appear to form continuous and 

compact films with large domains across the substrate (Figure 6.5 a). However, inspection at 

higher magnification reveals several pinholes in FAPbI3 and FAPbI2.55Br0.45 films and extended 

cracks between domains in FA0.85MA0.15PbI2.55Br0.45 and FA0.8MA0.15Cs0.05PbI3 films. Under these 

blade coating conditions, it appears that only FA0.8MA0.15Cs0.05PbI2.55Br0.45 films exhibit high 

structural quality, free of pinholes or cracks. The origin of these pinholes and cracks is not entirely 

understood, but is likely due to the nucleation and growth behavior of intermediate phases other 

than the 3C phase; intermediate phases exhibiting different unit cell size can crack upon 

transformation into the 3C phase. 

We investigate the structure and properties of the above films (Figure 6.5 b and c), as well 

as additional films prepared at a more elevated coating temperature (150 C). This was found to 

promote the formation of higher quality films than at 120oC, which we attribute tentatively to 

humid ambient conditions in our lab (T = 23 C, RH ≈ 50 %). Optical photographs of all five 

representative blade-coated perovskite thin films at 120 and 150 °C are summarized in Figure 6.6 

a. The spectral absorbance of FAPbI3 and FAPbI2.55Br0.45 films do not exhibit a clear absorption 

onset compared to the other perovskite systems. We attribute this to incomplete perovskite phase 

conversion after blade coating at 150 °C and possible decomposition in humid ambient air, as 

evidenced by the appearance of 2H, 6H, and PbI2 phases evident in XRD analysis (Figure 6.5 c). 
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Figure 6. 5 Comparison of FAPbI3, FAPbI2.55Br0.45, FA0.85MA0.15PbI2.55Br0.45, FA0.8MA0.15Cs0.05PbI3 and 

FA0.8MA0.15Cs0.05PbI2.55Br0.45 films via blade coating. (a) Top-view SEM images of perovskite 

films prepared using the blade-coating method at 150 ℃ (top row shows low magnification while 

the bottom row shows higher magnification). (b, c) Absorption spectra and XRD patterns of blade-

coated hybrid perovskite as-cast thin films with different precursor inks. (d) Dark I–V 

measurement of the electron-only device displaying VTFL kink point behavior for the representative 

FA0.8MA0.15Cs0.05PbI2.55Br0.45 perovskite thin film. (e) Trap density and electron mobility. 

 

By contrast, the FA0.8MA0.15Cs0.05PbI3 solid-state thin film exhibits a characteristic 

perovskite absorbance onset at around 800 nm, while the addition of a small quantity of Br- for the 

FA0.85MA0.15PbI2.55Br0.45 and FA0.8MA0.15Cs0.05PbI2.55Br0.45 films resulted in a blue shift of the 

bandgap onset (absorbance onset is around 770 nm). The variation of cations was found to have 

little impact on the bandgap of the studied perovskites, but the addition of Cs+ into the perovskite 

structure increases the absorbance of FA0.8MA0.15Cs0.05PbI2.55Br0.45 perovskite thin films for <750 

nm, owing to its propensity to form the 3C phase. The FA0.8MA0.15Cs0.05PbI2.55Br0.45 film shows 

the highest crystallinity of the 3C phase (14.0o) among all perovskite cases studied, whereas 

FAPbI3 and FAPbI2.55Br0.45 films show evidence of non-perovskite intermediate 2H and PbI2 

phases when blade-coating at 120 ℃. However, FA0.85MA0.15PbI2.55Br0.45, 

FA0.8MA0.15Cs0.05PbI2.55Br0.45, and FA0.8MA0.15Cs0.05PbI3 perovskite solutions formed the desired 
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perovskite 3C phase exclusively when blade coating at 150 ℃, improving upon the outcome of 

deposition at 120 ℃.  

 
Figure 6. 6 (a) Photographs of blade-coated perovskite thin films at 120 °C and 150 °C and (b) J–

V curve of the champion device under AM1.5G illumination for each FAPbI3, FAPbI2.55Br0.45, 

FA0.85MA0.15PbI2.55Br0.45, FA0.8MA0.15Cs0.05PbI2.55Br0.45, and FA0.8MA0.15Cs0.05PbI3 perovskite, 

respectively. 

 

We have investigated how the composition of the perovskite film influences its trap state 

density and charge mobility using space charge limited current (SCLC) measurements. We 

collected the dark current-voltage characteristics for electron-only devices with glass/fluorine-

doped tin oxide (FTO)/compact titanium dioxide (c-TiO2)/blade-coated perovskite/[6,6]-phenyl-

C61-butyric acid methyl ester (PCBM)/silver (Ag) architecture for various perovskite thin films 

(see Figure 6.7 for the other perovskites).59 Figure 6.5 d illustrates the dark current-voltage 

characteristics of the representative mixed-cation mixed-halide perovskite 

FA0.8MA0.15Cs0.05PbI2.55Br0.45, indicating a linear ohmic response at a low bias (< 0.11 V), a trap-

filling regime (0.12 to 0.61 V) and a trap-free SCLC regime (> 0.62 V). The trap state density was 
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determined by the trap-filled limit voltage using the following equation: 𝑁𝑡 =
2𝜀0𝜀𝑟𝑉𝑇𝐹𝐿

𝑞𝐿2
 , where ε0 

is the vacuum permittivity, εr is the relative dielectric constant, VTFL is the onset voltage of the 

trap-filled limit region, q is the elemental charge, and L is the thickness of the film.169 We found 

that the trap-state densities are similar for FAPbI3 and FAPbI2.55Br0.45 perovskite films, which are 

on the order of 2 × 1016 cm−3. Trap densities decrease slightly to 1.8×1016, 1.9×1016 and 0.9×1016 

cm−3 for FA0.85MA0.15PbI2.55Br0.45, FA0.8MA0.15Cs0.05PbI3, and FA0.8MA0.15Cs0.05PbI2.55Br0.45, 

respectively (Figure 6.5 e). These results indicate that the introduction of Cs+ and Br- 

simultaneously remediates defects in the perovskite thin film, in agreement with in situ 

observations of a single-phase formation. This is expected to reduce charge recombination and 

possibly increase the FF in solar cell devices.  

The intrinsic electron mobility was estimated using the SCLC method (Figure 6.5 e).238 

The electron mobility is found to be 0.3 cm2V−1s−1 for the FAPbI3 film. Introduction of Br-, MA+, 

and Cs+ together enhance the electron mobility significantly. The electron mobility increases to 

0.6 cm2V−1s−1 with the addition of Br- and further increases for FA0.8MA0.15Cs0.05PbI3 and 

FA0.8MA0.15Cs0.05PbI2.55Br0.45 films, to 1.9 and 2.3 cm2V−1s−1, respectively. These results further 

show that the microstructural benefits of Cs+ and Br- addition also impact the carrier mobility of 

the film. 
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Figure 6. 7 Dark I–V measurements of the electron-only devices displaying VTFL kink point 

behavior for the representative (a) FAPbI3, (b) FAPbI2.55Br0.45, (c) FA0.85MA0.15PbI2.55Br0.45, and 

(d) FA0.8MA0.15Cs0.05PbI3. Electron-only devices (FTO/ c-TiO2/ perovskites/ PCBM/ Ag) were 

fabricated to calculate the electron mobility of the devices. The dark J-V characteristics of the 

electron-only devices were measured by a Keithley 2400 source. The mobility is extracted by 

fitting the J-V curves using the Child’s law given by 𝐽 =  
9

8
휀0휀𝑟𝜇𝑆𝐶𝐿

𝑉2

𝑑3
, where J is the current 

density, V is the applied voltage, ε0 is the vacuum permittivity, εr is the relative dielectric constant, 

and L is the thickness of the film.  
 

6.2.4 Blade-Coated Perovskite Solar Cells and Characterization 

We fabricated planar n-i-p type perovskite solar cells using blade coated perovskite layers in the 

following configuration (Figure 6.8 c): glass/ FTO/ c-TiO2/ blade-coated perovskite/ 2,2′,7,7′-

tetrakis-(N,N-di-pmethoxyphenylamine) 9,9′-spirobifluorene (Sprio-OMeTAD)/ gold (Au)/ Ag. 

All solar cells were tested under the standard AM 1.5G (air mass 1.5 global 1 Sun) illumination 

with a scan rate of 0.1 Vs-1, and the photovoltaic figures of merit are collected from 30–40 devices 

for each condition (Figure 6.8 a), with the statistical distribution of PCE shown in Figure 6.8 d and 

summarized in Table 6.2.  
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Perovskites V
OC

 (V) J
SC

 (mA/cm2) FF (%) PCE (%) 

FAPbI
3
  0.98 

(0.97 ± 0.01) 

20.46 

(20.86 ± 0.82) 

61.60 

(60.63 ± 1.87) 

12.35 

(9.03 ± 2.44) 

FAPbI
2.55

Br
0.45

  1.03 

(0.95 ± 0.05) 

20.90 

(21.39 ± 0.95) 

64.21 

(59.04 ± 3.33) 

13.85 

(11.64 ± 0.89) 

FA
0.85

MA
0.15

PbI
2.55

Br
0.45

 1.00 

(0.97 ± 0.02) 

22.86 

(21.63 ± 1.00) 

69.11 

(66.20 ± 1.30) 

15.80 

(13.89 ± 0.84) 

FA
0.8

MA
0.15

Cs
0.05

PbI
2.55

Br
0.45

 1.09 

(1.01 ± 0.03) 

22.50 

(22.85 ± 0.53) 

74.23 

(71.00 ± 3.16) 

18.20 

(16.40 ± 1.22) 

FA
0.8

MA
0.15

Cs
0.05

PbI
3
 1.03 

(0.97 ± 0.02) 

22.74 

(22.54 ± 0.64) 

69.38 

(66.04 ± 2.31) 

16.25 

(14.10 ± 0.83) 

Table 6. 2 PV parameters of the blade-coated 3D hybrid perovskite solar cells with best and 

average values (FAPbI3, FAPbI2.55Br0.45, FA0.85MA0.15PbI2.55Br0.45, FA0.8MA0.15Cs0.05PbI2.55Br0.45, 

and FA0.8MA0.15Cs0.05PbI3). 

 

The FAPbI3 device exhibits a PCE of 9.03 ± 2.44%, with short-circuit current (JSC) of 20.86 

± 0.82 mA cm-2, fill factor (FF) of 60.63 ± 1.87%, and open-circuit voltage (VOC) of 0.97 ± 0.01V. 

We observed statistically meaningful PCE improvements with a small amount of Br- halide doping 

for the FAPbI2.55Br0.45 devices to 11.64 ± 0.89 %. Additional doping with little MA+ for the 

FA0.85MA0.15PbI2.55Br0.45 devices, PCE further improves to 13.89 ± 0.84 %. Incorporation of Cs+ 

to yield the FA0.8MA0.15Cs0.05PbI2.55Br0.45 film leads to an enhancement of PCE to 16.40 ± 1.22 %, 

which is the highest value among the five perovskite devices. Interestingly, without Br- (i.e., 

FA0.8MA0.15Cs0.05PbI3), PCE decreases to 14.10 ± 0.83 %, which is a solid proof of the critical 

importance of Cs+ and Br-. The poor performance for the FAPbI3 device results from bad film 

quality as shown in Figure 6.5 a. The significant improvement in efficiency is mainly attributed to 

the enhancement in FF and JSC, partially due to improved film quality and optoelectronic 
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properties (Figure 6.5). These results highlight the need to have the coexistence of small amounts 

of Cs+ and Br-. We achieved a champion cell with PCE of 18.20 %, VOC = 1.09 V, JSC = 22.50 mA 

cm-2 and FF = 74.23 % for the FA0.8MA0.15Cs0.05PbI2.55Br0.45 perovskite solar cell (Figure 6.8 b), 

which is one of the highest values reported to date for the FA-rich perovskite devices fabricated at 

high-speed under realistic conditions. The other representative J–V curves of the remaining 

perovskite devices under AM1.5G illumination are shown in Figure 6.6 b. We further 

demonstrated promising light-soaking stability of the cell, with a stabilized PCE of ~17.70 % under 

8-minute continuous illumination (Figure 6.8 c). This excellent illumination stability is due to 

suppressed phase conversion from the perovskite 3C phase to non-perovskite phases mainly 

assisted by the addition of Cs+ and Br- ions.239  

The environmental stability of the corresponding perovskite solar cells was further 

evaluated. Bare devices without encapsulation were exposed to an ambient environment with ≈ 

50 % relative humidity in the dark at room temperature. The normalized PCEs versus time were 

recorded periodically and are reported in Figure 6.8 e. The FA0.8MA0.15Cs0.05PbI3 and 

FA0.8MA0.15Cs0.05PbI2.55Br0.45 devices exhibit significantly improved environmental stability in 

contrast to the other ones. For example, the PCEs retain 36%, 35%, 38%, 66% and 63% of its 

initial value for the FAPbI3, FAPbI2.55Br0.45, FA0.85MA0.15PbI2.55Br0.45 FA0.8MA0.15Cs0.05PbI3 and 

FA0.8MA0.15Cs0.05PbI2.55Br0.45 solar cells after 36-day ambient exposure in 50 %RH conditions 

without encapsulation. The superior ambient stability of FA0.8MA0.15Cs0.05PbI3 and 

FA0.8MA0.15Cs0.05PbI2.55Br0.45 devices is partially attributed to fewer phase impurities present in 

the films239 and to better phase stability since the addition of Cs+ and Br- helps to form an 

entropically stabilized phase. 
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Figure 6. 8 Solar cell architecture and characterization. (a) Statistics of 30–40 devices for each 

FA1-x-yMAxCsyPbI3-zBrz perovskite solar cell. (b) J–V curve for the peak efficiency of 18.20 % 

obtained in the FA0.8MA0.15Cs0.05PbI2.55Br0.45 perovskite solar cell under AM1.5G illumination. (c) 

The stabilized power output of JSC and PCE is monitored overtime at the maximum power point 

with solar cell architecture. (d) Comparison of photovoltaic PCE distribution employing blade-

coated perovskite solar cells prepared at 150 °C (approximately 30–40 devices for each 

composition were measured). (e) Recorded long-term environmental stability of the corresponding 

FAPbI3, FAPbI2.55Br0.45, FA0.85MA0.15PbI2.55Br0.45, FA0.8MA0.15Cs0.05PbI2.55Br0.45, and 

FA0.8MA0.15Cs0.05PbI3 perovskite solar cells exposed in an ambient environment with 50 % relative 

humidity without encapsulation. 
 

6.3 Conclusion 

In summary, we systemically investigated blade coating of FA-based mixed-halide mixed-cation 

perovskites and focused on the role of Cs+ and Br- additions on their crystallization pathway, 

associated halide segregation, microstructure, morphology, and solar cell performance. In situ 

time-resolved GIWAXS measurements during blade coating at different temperatures reveal a 

microstructural evolution that is extremely sensitive to the formulation as well as the coating 

temperature. FAPbI3 forms the non-perovskite 2H phase from the disordered sol-gel state. 

Addition of a small amount of Br- to form FAPbI2.55Br0.45 strongly suppresses the 6H phase and 

generates the desired perovskite 3C phase together with PbI2 crystals. Meanwhile, further addition 

of Cs+ to form FA0.8MA0.15Cs0.05PbI2.55Br0.45 eliminates all intermediate non-perovskite phases and 
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promotes the perovskite phase formation at elevated temperature. SCLC measurements confirm 

that simultaneous introduction of Cs+ and Br- in the perovskite structure remediates trap states and 

enhances the carrier mobility in the perovskite thin film. We go on to show that the blade-coated 

solar cell performance is susceptible to the initial design of perovskite inks and the performance 

results match with in situ GIWAXS predication about the microstructure evolution. 

FA0.8MA0.15Cs0.05PbI2.55Br0.45 solar cells yielded a peak efficiency of 18.20 %. To the best of our 

knowledge, our study is the first one to use in situ GIWAXS to shed light on the role of the cation 

(FA+, MA+, and Cs+) and halide (I-, Br-) mixing as well as the role of coating temperature on the 

crystallization pathway of mixed-halide mixed-cation perovskites. This insight provides an in-

depth understanding of perovskite ink drying and phase transformation, which is critical and very 

meaningful for perovskite ink design in the future to achieve improved reproducibility in low-cost 

and large-scale manufacturing of hybrid perovskite photovoltaics. 
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Chapter 7: Summary and Future Directions 

7.1 Summary 

We have shined a light on the richness, complexity, and mechanism of solution-processed organic-

inorganic hybrid lead halide perovskite and discussed the advent of perovskite solar cells. The 

short but rich history of perovskite solar cells represents its importance in the semiconductor field, 

showing an exponential increase in publications recently. Moreover, other applications using 

perovskite semiconductors can be explored more broadly, including perovskite light-emitting 

diodes, x-ray detectors, sensors, and transistors. Numerous HTLs and ETLs have been employed 

in perovskite solar cells for different purposes, including enhancing PCEs, trap passivation, and 

band alignment. In the processing routes to prepare perovskite thin film, one of the most commonly 

used methods is the one-step spin-coating approach that we have used extensively in this 

dissertation. We also explain the fundamental understanding of the GIWAXS technique and 

present this technique used to investigate perovskite crystallization mechanisms. For scale-up 

industrialization, we adopted blade coating approach to prepare perovskite thin films with in situ 

diagnostics to deeply understand microstructure evolution. 

We compare the solidification and crystal growth behaviors of MA3Bi2I9 and MAPbI3 inks 

based on the same solvent using multi-probe in situ diagnostics and ex situ characterization 

methods. In both cases, we see evidence of the sol-gel process whereby solvent-metal complexes 

form and lead to the colloidal formation in inks. However, we show the MA3Bi2I9 compound 

crystallizes directly into a textured polycrystalline microstructure from solution and expels the 

solvent without being quenched or trapped in an intermediate crystalline solvated phase. This 

solidification process challenges the growth of simultaneously continuous and highly crystalline 

films, which are requirements for successful application in solar cells. We reveal that solvent 

engineering in combination with antisolvent dripping can be exploited to address this limitation 
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and enable the formation of continuous polycrystalline films of Pb-free MA3Bi2I9 and functional 

perovskite solar cell devices. The work provides valuable insights linking the solid-state 

microstructure of the film and solar cell performance to the ink formulation and the solidification 

pathway. 

We study and compare the solidification kinetics and growth behaviors of wide and tunable 

bandgap MAPbBr3-xClx to classical MAPbI3 using the one-step spin-coating method. We use a 

multi-probe in situ investigation approach consisting of GIWAXS and time-resolved UV-Vis 

absorbance complemented with ex situ characterizations of perovskite thin film morphology, 

microstructure, optical and electronic properties, and photovoltaic performance. We reveal that the 

tunable and wide-bandgap hybrid perovskite phase (MAPbBr3-xClx) tends to form directly from 

disordered sol-gel during solution processing, while MAPbI3 ink tends to form non-perovskite 

intermediate ordered phases and requires further thermal annealing to convert desired perovskite 

phase. We use this insight to develop a solvent engineering protocol to deposit pin-hole-free 

MAPbBr3-xClx hybrid perovskite thin films and show working single-junction solar cells with high 

open-circuit voltage > 1.6 V and enhanced photovoltaic performance.  

Perovskite photovoltaics have made extraordinary strides in efficiency and stability thanks 

to process and formulation developments like the anti-solvent drip and mixed-cation mixed-halide 

compositions. Solar cell fabrication through low-cost scalable methods, such as blade coating 

cannot accommodate the anti-solvent drip and needs to be performed in an ambient atmosphere. 

Consequently, their efficiency has lagged behind that of spin-cast devices, fabricated in an inert 

atmosphere and with the carefully timed anti-solvent drip. In this study, we demonstrate 

formamidinium (FA)-dominated mixed-halide mixed-cation perovskite solar cells fabricated by 

blade coating in ambient air without the benefit of anti-solvent drip. We investigated the 

solidification process during the blade coating of single-cation and halide perovskite (FAPbI3) and 

mixed-cation mixed-halide perovskite (FA0.8MA0.15Cs0.05PbI2.55Br0.45, MA is methylammonium) 
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in situ using time-resolved grazing incidence wide-angle X-ray scattering. We found that the 

perovskite precursor composition and the blade-coating temperature profoundly influence the 

crystallization mechanism and halide segregation. The inclusion of Br- suppresses the non-

perovskite 2H phase, promoting instead PbI2 together with the intermediate 6H phase and 3C phase 

of FAPbI2.55Br0.45. The addition of Cs+ suppresses these intermediates and promotes the direct 

crystallization of the perovskite 3C phase FA0.8MA0.15Cs0.05PbI2.55Br0.45 when coating at elevated 

temperature. Based on this insight, we demonstrate blade-coated perovskite solar cells with a 

champion PCE of 18.20 % as compared with FAPbI3 perovskites, which yield a PCE of 12.35 % 

in similar conditions. This study provides valuable insight into the crystallization pathway of 

perovskites and highlights how mixed-cation mixed-halide formulations combine with high-

temperature processing to enable the translation of perovskites beyond laboratory-scale processes 

toward scalable ambient manufacturing.  

The interaction between solvent and solute is the critical factor to investigate for any 

perovskite ink discussed in this dissertation, indicating the boiling point of the solvent is not the 

primary factor determining the drying kinetics when loaded the perovskite inks. Moreover, 

antisolvent drip during the spin coating hinders the formation of intermediate phases irrespective 

of solvent composition, indicating antisolvent drip removes the ink solvent and promotes 

perovskite phase formation. We found that the ink drying mechanism is different for various inks, 

shown through time-resolved GIWAXS measurements, and we observed a broad peak 

representing the gel-like disordered precursor solution that evolves to form either ordered or 

disordered solvate state. Different time of dripping antisolvent has been investigated for various 

perovskite inks, showing a specific time window for the antisolvent drip to result in the best 

morphology and PCE. The drying kinetics is an important topic to understand for each perovskite 

ink and it determines the nature of intermediate states, such as the precursor solvate state is not 
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stable at high temperature (120 ℃). When blade coating at high temperature, the perovskite ink 

tends to form the perovskite phase directly and avoid the formation of precursor solvates. 

To sum up, this dissertation aimed at developing an understanding of the solution-

processed lead halide perovskites and bismuth-based perovskite-inspired compounds from lab-

scale spin coating to scalable blade coating technique. We develop an investigation of antisolvent 

and demonstrate different crystallization and solidification behavior. Eventually, we translate our 

learnings from lab-scale spin coating to scalable blade coating technique for understanding the 

mechanisms of perovskite phase formation. 

 

7.2 Future Directions 

The research of organic-inorganic hybrid lead halide perovskites is still in the early stage, but the 

decent optoelectronic properties have made perovskite material an appropriate choice as a 

semiconductor for multiple applications. From the information in this dissertation and promising 

research results all over the world, commercialization based on perovskites is a long-term goal that 

could be achieved. Even though some limitations are still existed for the perovskite community to 

improve significantly. 

The issues of inherent instability for perovskite semiconductors must be understood and 

solved. Recently, layered perovskites, composed of long organic chains in the perovskite structure, 

have emerged as a relatively stable material than conventional 3D perovskites. Variously layered 

perovskites with different organic chains have been studied as solar cells and light-emitting diodes, 

but the fundamental understanding of layered perovskite remains as a research topic and needs 

more input urgently. Most commonly used layered perovskite in the literature is 

(PEA)2(MA)2Pb3I10, which perovskite structure is layered through using PEA+ (C8H11N) long 

organic chain and there are other organic chains as alternatives including BA+ (C4H11N), BZA+ 

(C7H9N), and BD+ (C4H12N2). The architecture of solar cells based on layered perovskites, which 
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inherit advantages including tunable bandgap, high charge carrier mobility, and high diffusion 

lengths with better stability, is similar to the cases of 3D perovskites. As discussed in this thesis, 

understanding the perovskite formation mechanism via a solution process help to increase 

reproducibility and achieve scalability. Therefore, there is an urgent need to understand the 

solution process of these novel layered perovskite materials. However, the most commonly used 

HTL currently is spiro-MeOTAD, which is not stable in harsh environments. To reach better 

stability of the devices, replacing spiro-MeOTAD with other materials including NiOx, P3HT and 

PTAA have been reported and these interlayers could not only transport charges but also restrict 

the humid air interacting with perovskite thin film. 

With the benefit of the tunable bandgap, perovskite semiconductor could be an ideal 

candidate for tandem solar cells. Multiple reports using perovskite material as a top cell and silicon 

as subcell, but there are few reports of perovskite-perovskite tandem photovoltaics and perovskite-

CIGS tandem devices, paving the pathway towards low-cost and high-efficiency tandem solar cells. 

Even though the journey of tandem devices has just begun, the present results are promising to 

continue the research along this path. 

Issues of lead toxicity, causing permanent damage to the health of humans and pollute the 

environment of earth, should be resolved. Regarding the research to replace toxic lead with non-

toxic elements that have already begun, bismuth- and germanium-based perovskite-inspired 

semiconductors have been reported, but these studies have not gained much attention due to low 

PCEs of solar cells. Furthermore, the community knew that the solution-processed of perovskite 

is not simple and requires sophisticated knowledge to fabricate high-performance optoelectronic 

devices. Therefore, with the understanding of this thesis, it would be critical to study the 

mechanisms of solution-processed lead-free semiconductors to optimize the conditions for high-

performance optoelectronic devices.  
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Eventually, we believe that the developments reported in this dissertation have made a 

significant contribution to the field of organic-inorganic hybrid lead halide perovskite. The 

mentioned future directions above can be investigated with the techniques employed in this 

dissertation to push the progress forward. With extraordinary perovskite optoelectronic properties 

and character of the low-temperature solution process, we firmly believe that perovskite will be 

commercialized in many optoelectronic applications.
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