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ABSTRACT 
 

Hybrid Perovskite Thin Film Formation: From Lab Scale Spin Coating to Large Area 

Blade Coating 

Rahim Munir 

Our reliance on semiconductors is on the rise with the ever growing use of electronics in our daily 

life. Organic-inorganic hybrid lead halide perovskites have emerged as a prime alternative to 

current standard and expensive semiconductors because of its use of abundant elements and the 

ease of solution processing.  

This thesis has shed light on the ink-to-solid conversion during the one-step solution process of 

hybrid perovskite formulations from DMF. We utilize a suite of in situ diagnostic probes including 

high speed optical microscopy, optical reflectance and absorbance, and grazing incidence wide 

angle x-ray scattering (GIWAXS), all performed during spin coating, to monitor the solution 

thinning behavior, changes in optical absorbance, and nucleation and growth of crystalline phases 

of the precursor and perovskite. The starting formulation experiences solvent-solute interactions 

within seconds of casting, leading to the formation of a wet gel with nanoscale features visible by 

in situ GIWAXS. The wet gel subsequently gives way to the formation of ordered precursor 

solvates (equimolar iodide and chloride solutions) or disordered precursor solvates (equimolar 

bromide or 3:1 chloride), depending upon the halide and MAI content. The ordered precursor 

solute phases are stable and retain the solvent for long durations, resulting in consistent conversion 

behavior to the perovskite phase and solar-cell performance. In this thesis, we develop a firm 

understanding of the solvent engineering process in which an anti-solvent is used during the 

coating process through the solvent mixture of GBL and DMSO in different ratios. It has been 
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shown that solvent engineering produce pin hole-free films, justifying its wide adoption across the 

field. We then translate our learnings from the lab scale spin coating process to the industrial 

friendly blade coating process. Here we compare the ink solidification and film formation 

mechanisms of CH3NH3PbI3 in solutions we used to understand the key scientific insights through 

spin coating. We observe high-quality film formation for T > 100oC, namely in conditions which 

inhibit the formation of the crystalline intermediate complex phases. In doing so, we achieve fast 

and direct formation of the perovskite phase with solar cells yielding PCE > 17%. 
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see the appearance of PbI2 as well as perovskite phase in the as-cast film. Upon annealing, the 
solvent is removed and the formulation converts to the perovskite phase. ................................ 125 
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Chapter 1 Introduction 

1.1 Introduction 
 

Ever increasing energy demand and global climate change crisis have created the opportunities for 

researchers to solve this eminent problem in a green and enduring manner. We will require an 

excess of 15 terawatts of energy by 2050 from what we are consuming right now because of high 

industrialization and increase in population. Rise in CO2 levels in the atmosphere is the result of 

using fossil fuels for energy generation. This phenomenon caused a sharp rise in global 

temperatures, extinctions of species, and natural disasters1-3. Global climate change is being 

seriously discussed at governmental levels worldwide, and Paris climate agreement is the biggest 

example of countries with no common interest coming together and fighting the global threat of 

extinction. Keeping in mind the increasing energy demands and catastrophic effects of global 

warming, a perpetual and clean energy solution is the linchpin of the smooth function of future 

society whether in urban or rural areas.  

Renewable energy generation has become a widely accepted method for energy generation. 

Scientists around the world have worked on different solutions like wind energy, tidal energy, 

biomass energy, solar energy, etc. Among all the energy sources, solar photovoltaic (PV 

technology) is the resource with infinite source and which can fulfill rising energy demands 

without alarming the carbon content in the environment. Solar energy has the highest theoretical 

potential (~89000 TW) for power production. This theoretical number turns out to be few thousand 

TW when converted to the practical geographical accessibility. Even though the practical potential 

is lower than the theoretical potential but it is more than enough to satisfy the current and futuristic 

projections of energy demand. With the minimal carbon footprint, solar PV has the highest 

technical potential (~7500 TW) in comparison with other forms of solar power such as solar fuels 
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and solar thermal energy. Solar PV also takes advantage of being able to perform without the local 

grid network and can be installed in isolated areas. In a nutshell, solar PV is clean, eminent, and 

reliable solution to the issue is ever increasing energy demand. 

PV technology is classified into three generations4. The first and second generation has already 

paved the way from research labs to commercialization because of its high efficiency and firm 

base of the research conducted since the beginning of the PV work. Silicon wafer-based solar cells 

are generally regarded as first generation solar cells. These type of solar cells have captured more 

than 80% of the commercial market because of its high stability and power conversion efficiency 

which is more than 25% 5. Manufacturers are offering almost 25 years of warranty for the modules 

which made this technology spread worldwide6. It is commonly installed on rooftops and solar 

farms. Benefits of the first generation solar cells come with the cost of high input energy for 

production of these solar panels. High vacuum and temperatures with careful handling are required 

to produce these solar cells. Moreover, they lose their performance in the low light environment 

and at elevated temperatures. With the increasing change in climate, the heat waves and storms are 

becoming common, and this generation would not be able to cope with the challenges lie ahead of 

us. Thin film based solar cells are regarded as second generation solar cells. This generation takes 

advantage of thin films of amorphous silicon, cadmium telluride (CdTe), copper indium gallium 

sulfide/selenide (CIGS/Se), and copper zinc tin sulfide/selenide (CZTS/Se) as absorber layers. As 

the name suggests, thin film based technologies utilize almost ten times less material than the first 

generation solar cells which directly impacts the cost of the raw material. Moreover, efforts have 

been made to make these cells on flexible substrates. The second generation cells have 

demonstrated high power conversion efficiencies and high stability5. However, the use of 

expensive, scarce and toxic materials in these technologies makes them a non-viable solution.  
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Third generation solar cells take advantage of low-cost thin films based technology with the bonus 

of being able to be solution processed with low-cost materials. Typical examples of third 

generation solar cells are organic solar cells, quantum dots solar cells, and organic-inorganic 

hybrid solar cell4. As the name suggests, these solar cells use polymers, small molecules, quantum 

dots and perovskite as a light absorber. These solar cells are made through low-cost solution 

processing and low temperatures, which opens up the arena of flexible electronics to its doorsteps. 

Among these emerging technologies, organic-inorganic hybrid lead halide perovskite-based solar 

cells have recently emerged with high power conversion efficiency because of its intrinsic 

excellent semiconducting properties7. A certified PCE of almost 22% has been reported8-9. The 

hybrid perovskite is generally labeled as an AMX3 compound, where A is an organic cation, most 

often methylammonium (CH3NH3
+) or formamidinium (HC(NH2)2

+), M is a metal, such as lead 

(Pb) or tin (Sn), and X is chlorine (Cl), bromine (Br) and/or iodine (I). Hybrid lead halide 

perovskite has high absorption coefficient, high charge carrier mobility, low recombination rate, 

long charge carrier diffusion length. These intrinsic properties of hybrid lead halide perovskite 

make it a perfect candidate for the future energy generation need. However, being at the infancy 

stage in research, it still requires the deep understanding of the fundamentals of the technology. 

These hybrid perovskites can be deposited through multiple routes like spin coating, blade coating, 

wire bar coating, dip coating, and co-evaporation10-14. Out of the mentioned methods, one step spin 

coating technique remains the most use method in the literature. The one-step spin coating method 

is simple as all the precursors are dissolved in a single solvent or mixed solvent and then spin 

coated on the substrate. Subsequently, annealing is required to convert the as-cast films to 

perovskite. This technique has different variants available like dripping anti-solvent during spin 

coating, dipping the substrate in the anti-solvent bath after the spin coating, etc. The goal of all 
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these techniques is to achieve high power conversion efficiency through smooth morphology and 

full coverage of the thin film without any defects, as described in chapter 2. However, the issue of 

reproducibility, scalability, and stability remains an issue.  

In this thesis, we aim to study the solution processing through in-situ diagnostics to reveal the 

process of the solution to thin film transformation. We use time-resolved grazing incidence wide 

angle x-ray scattering (GIWAXS) during spin coating to observe the ordered phases formed during 

the process (see chapter 3 for more details). We also use the in-situ absorbance and reflectance 

measurements during spin coating to see the changes in absorbance during the process. Our 

investigation starts off with the simple one-step spin coating method where we use lead halide 

(PbI2) and methylammonium iodide (CH3NH3I) as precursors. These precursors were dissolved 

in DMF and were spin coated. This process has been studied extensively and is reported with great 

detail in chapter 4. We found out that as cast films have a great impact on the final annealed films 

which is directly reflected in terms of power conversion efficiency. Our investigation paves the 

path for greater understanding of the solution to thin film transformation and also addresses the 

issue of reproducibility in the system which was completely unexplored previously. Lessons 

learned from this research were applied to develop an understanding of the use of anti-solvent 

during the spin coating step. We use similar time-resolved techniques to understand and divulge 

the actual role of anti-solvent. We discuss the formation of ordered solvates and how it is affected 

by the use of anti-solvent. We then move further and found a woven relation between time of drip 

and thin film morphology. Upon investigation through time-resolved GIWAXS and extensive 

optical microscopy and scanning electron microscopy, we found out the ideal time window for 

anti-solvent to be used and the mysterious hidden reasons behind it. Moreover, our understanding 

leads us to the point where we can make predictions for the time of drip for drip solvent ratios. We 
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then move on to comparing methylammonium lead iodide (MAPbI3) and formamidinium lead 

iodide (FAPbI3), and we investigate the role of Cesium (Cs) doping in FAPbI3 system through 

time-resolved GIWAXS during spin coating. An appropriate amount of cesium promotes the 

perovskite growth and increases the stability. However, exceeding the appropriate amount of 

cesium results in devastating effects. These systems are discussed in full detail in chapter 5. In the 

last part of this thesis, we move toward scalability of hybrid perovskite coating through the blade 

coating approach in combination with hot casting. Hot casting method by spin-coating is 

challenging due to the dynamic cooling so even a delay of few seconds can cause significant 

differences in the spin coating results which affect the PV devices. In blade coating technique, the 

substrate temperature can be maintained constant during the coating process. We show that blade 

coating at elevated temperature removes the need for anti-solvent drip by directly converting the 

precursor sol-gel ink into the perovskite phase without transiting through ordered solvates.  
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Chapter 2: Perovskite Solar Cells: A Literature Review 
 

2.1 Brief introduction to solar cells 
 

A solar cell is generally a semiconductor device which converts light energy into electrical energy. 

This energy conversion process is quite complicated. There are three generations of solar cells as 

discussed in chapter 1. Key material in a solar cell is the absorber material which absorbs the 

incident light and generates an electron-hole pair. These electrons and holes are separated within 

the semiconductor or at a PN junction and collected at their respective electrodes. The general 

schematic representation of solar cells is shown in figure 2.1.  

 

Figure 2. 1 Schematic representation of a single junction solar cell in its simplest form.  

 

Interaction of sunlight with the semiconductor generates the electron-hole pair. These charges 

move towards their respective electrodes. This is a general representation of the single junction 
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solar cell. Power conversion efficiency (PCE) is defined as the ratio of output power to the input 

power of a cell (PCE = Pout/Pin). PCE is primarily determined by short circuit current, open circuit 

voltage and fill factor. These parameters will be discussed in detail later on in this chapter. In 

general, the solar cell is evaluated by its PCE and stability15. These two factors are crucial for any 

solar cell technology. Solar cells are used in space applications, solar farms, and rooftops. Their 

out of grid use makes them feasible to be employed in the remote rural areas where spreading a 

grid network would cost millions of dollars.  

 

Figure 2. 2 a) Solar irradiance with EQE of perovskite and silicon solar cells. b) An example of a 
typical JV curve showing solar cell behavior of perovskite and silicon solar cells.  

 

In figure 2.2a spectral power density (W m-2 nm-1) with respect to the wavelength. It represents 

the spectrum of light received on earth (black line). The blue line indicates the absorption of light 

using perovskite solar cell which is mostly in visible range and near infrared light is absorbed by 

silicon solar cell. The absorption of each material depends on its bandgap. The more light we 

harvest from the solar irradiance, the better the performance of our solar cell would be. However, 

it is difficult to harvest the complete range of light. Therefore, two or more solar cells could be 
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used in smart combination to absorb different regions of incoming light energy. A typical 

measurement for all solar cells is a JV curve (figure 2.2b) in which y-axis is short-circuit current 

density (Jsc) (mA cm-2), and the x-axis is open circuit voltage (Voc) (V). Jsc depends on the charge 

carrier generation and collected at the electrodes. The charge generation signifies the importance 

of light absorption of the specific material. Appropriate bandgap, absorption coefficient, and 

carrier mobility are the key parameters for tuning the short-circuit current density. Voc significantly 

depends on the bandgap of the absorber material. Voc loss is the term often used in solar cell 

vocabulary which corresponds to the difference between the Voc and the bandgap of the absorber 

material. The Voc increases with a bandgap, theoretically, as the reduction in recombination current 

is observed. Fill factor (FF) is the squareness of the JV curve. Quantitatively, the FF is defined as 

the ratio of maximum power to the Jsc and Voc. The maximum power is defined as the value 

where the multiple of current and voltage is the highest in the JV curve16-18. The bandgap of key 

absorber materials used for PV application are listed in table 2.1.  

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

and gallium arsenide (GaAs) have been commercialized19-22. Among these technologies, silicon 

solar cells are the most commonly used for solar farms and rooftop applications. GaAs solar cells 

are highly expensive with high PCE which makes it a perfect candidate for space applications. 

Most of the satellites revolving in outer space are equipped with GaAs based technology either as 

a single junction or as a tandem. However, these solar cells suffer use materials which are 

processed through a highly energy-intensive process which requires high vacuum and high 

temperature. Moreover, the scarcity of certain elements such as indium, gallium, and tellurium 

which are used heavily in these solar cell absorber layers makes them vulnerable to the variability 

of price hikes. The prices of indium and gallium increased significantly when their demand was 
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increased because of the commercialization of CIGS-based solar cells. This sudden spike in the 

prices of the raw materials became one of the reasons for the bankruptcy of various organizations 

producing CIGS solar cells.  Earth-abundant elements would be a perfect candidate for large-scale 

solar cell manufacturing. Otherwise, the history could repeat itself23.  

 

Table 2. 1 Band gap of silicon, CIGS, CdTe, CZTS, and perovskite absorbers. 

 

 

Emerging solar technologies such as organic, colloidal quantum dots (CQDs), copper zinc tin 

sulfide (CZTS), metal oxide, and organic-inorganic hybrid perovskite could be the solution for the 

future energy generation24-29. Among these technologies, hybrid lead halide perovskite has been 

reported to show highest power conversion efficiency due to its excellent optoelectronic properties, 

which will be discussed in detail in this chapter. The hybrid lead halide perovskite was almost 

unknown to the photovoltaic community till 2009. In 2012, there were only 18 research articles on 

the topic of hybrid perovskite with almost 10 % as highest PCE reported. More than 2200, research 

articles were published in the year 2016 with the highest PCE of around 22 %9, 30-32. This 

exponential growth in the field of hybrid perovskite speaks volumes of the importance of this 
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material in not only in the area of PV but also in other applications such as light emitting, lasing 

and sensing. Hybrid perovskite can be solution processed which eliminates the need for a high 

vacuum and high temperature7, 33-37. Its low-temperature processing is also ideal for flexible 

electronics.  

2.2 Crystal Structure  
 

Organic-inorganic hybrid lead halide perovskite is generally labelled as an AMX3 compound, 

where A is an organic cation, most often methylammonium (CH3NH3
+) or formamidinium 

(HC(NH2)2
+), M is a metal, such as lead (Pb) or tin (Sn), and X is a iodine (I), bromine (Br) and/or 

chlorine (Cl). A schematic diagram of the perovskite crystal structure is shown in figure 2.338.  

It was first described by Goldsmith in 1920s and named it after CaTiO3. The ideal perovskite 

crystal structure has cubic symmetry. It is It is composed of a backbone of corner sharing MX6 – 

octahedral with cuboctahedral voids occupied by the A cation as shown in figure 2.3. However, 

there is variability possible in a cubic structure in accordance with the tolerance factor. It can leave 

its cubic nature and adapt as orthorhombic, tetragonal or rhombohedral structures if the A-cation 

is small or the M-cation is large.  
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Figure 2. 3 Crystal structure of perovskite where A is the organic cation, B is the metal cation, and 
X is a halogen anion38.  

 

There are many material variants in the perovskite structure, but in terms of perovskite solar cells, 

the earliest and most commonly studied material is methylammonium (MA) lead iodide 

(CH3NH3PbI3). In its most common form methylammonium lead tri-iodide adopts the tetragonal 

structure because of the ionic radii of Pb2
+ (0.132 nm), I- (0.206 nm) and CH3NH3

+ (0.18 nm). 

PbI6
- octahedral is the backbone of this tetragonal setting and MA-cations occupy cuboctahedral 

spaces. Single crystal studies of methylammonium lead iodide confirm the tetragonal space group 

I4cm at room temperature. At around 54 oC, the tetragonal structure of perovskite transition into 

the cubic structure (space group of Pm3m) because of increase in thermal energy. The decrease in 

temperature to -113 oC can cause a transition from tetragonal phase to orthorhombic phase (space 

group of Pnma). The operating conditions of a photovoltaic device do not go to -113 oC, so this 

transition does not affect the working conditions of perovskite solar cells. However, the tetragonal 

to cubic transition at 54 oC is under the operational limits, but it is found not to affect the device 
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performance negatively39-41.  Similarly, mixed cations such as formamidinium, ethylammonium, 

cesium, etc. have been investigated. The highest efficiency reported for hybrid perovskite solar 

cells, as mentioned earlier, uses a combination of mixed cations of methylammonium, 

formamidinium, and cesium on A site, lead on B site and mixed halides iodine and bromine as 

anions on X site. Other lead free efforts have been made with these mixed cations such as tin and 

germanium42.  

Layered 2D structure and 1D chain materials are well known, e.g., Ruddlesden-popper, 

Aurivillius, and Dion-Jacobson phases for the perovskite-type structure having large A-cation 

which will be discussed later in this chapter. Currently, the most commonly used structure is the 

3D perovskite, but recently 2D perovskite has gained significant attention because of its better 

stability in an ambient environment. These lower dimensionality perovskite (generally called 2D 

perovskite) has emerged as a relatively stable form of hybrid perovskite. These 2D perovskites 

have perovskite structure connected with an organic molecule in layers. Different organic chains 

have been with different perovskite material has been investigated for photovoltaic and light 

emitting applications. Most commonly used 2D perovskite is (PEA)2(MA)2[Pb3I10], in which 

perovskite structure is layered through PEA+ ion (C8H11N)43. 

 

2.3 Brief History of Perovskite Solar Cells 
 

Organic-inorganic hybrid perovskite solar cells have evolved from dye-sensitized solar cells 

(DSSC). Miyasaka et al. reported44 the photovoltaic results for perovskite material by using it as a 

sensitizer in nanoporous TiO2 in DSSC. In 2006, the same group reported the PCE of 2.2 % by 

using the methylammonium lead bromide as the absorber dye and 3.8 % by using the 
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methylammonium lead iodide as the absorber dye. Research for these materials did not spark an 

immediate attention in the community because of its low efficiency and low stability. During that 

era, the attempts to make a hole transporting layer of DSSC as a solid state were carried out heavily, 

but it was not successful. Full historical evolution has been shown in figure 2.432.  

 

 

 

Figure 2. 4 Starting from DSSC, the historical evolution of the organic-inorganic hybrid lead halide 
perovskite solar cells. The liquid electrolyte was replaced by a solid-state hole transporter (spiro-
OMeTAD). Solid state DSSC were created for better stability. Hybrid perovskite used as sensitizer 
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with nanoporous TiO2. It was shown that hybrid perovskite solar cell is functional with the addition 
of an insulator (Al2O3) in the device as nanoporous structure indicating the ambipolar nature of 
hybrid perovskite. These absorber layers could be used as thin films in n-i-p and p-i-n structures. 
Nanoporous p-type interlayers have also been explored32.  

 

Park et al. reported the increased efficiency of 6.5 % in 2011 by using the hybrid lead halide 

perovskite nanoparticles. It was a huge leap forward in the perovskite DSSC photovoltaics. They 

observed that the absorption of light by perovskite is better than the state of the art N719 dye. Even 

though a hike in efficiency was demonstrated but the devices were not stable because of their 

solubility in the electrolyte.  

The introduction of spiro-MeOTAD 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-

spirobifluorene) as the solid hole transporting layer changed the game of hybrid perovskite solar 

cells. The spiro-MeOTAD was initially developed and used successfully for organic LEDs and 

then was implemented for DSSC which made the all solid-state dye-sensitized solar cells (ss-

DSSC). A hike in power conversion efficiency was reported to 9.7 % with improved morphology 

with the use of spiro-MeOTAD as a hole transporting layer in ss-DSSC. Spiro-MeOTAD dissolves 

in organic solvents such as chlorobenzene and toluene which makes it easier to deposit on top of 

hybrid perovskite because these solvents do not dissolve the hybrid perovskite. Another group 

reported the working devices with the same spiro-MeOTAD with the mixed halide perovskite 

(CH3NH3PbI3-xClx). This mixed-halide perovskite was deposited through a single step spin 

coating method in which the precursor salts were dissolved in a single solvent and spin coated on 

TiO2. It demonstrated better stability and carrier transport than pure iodide based perovskite solar 

cells. Another triggering point in the history of perovskite solar cells was the working device with 

the insulating nanoporous Al2O3 instead of relatively conducting nanoporous TiO2 with increased 

open circuit voltage which resulted in increased PCE of 10.9 %. This article demonstrated the 
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working devices with the non-conductive alumina which could be explained as the hybrid 

perovskite is capable of transporting electrons and holes making it an ambipolar semiconductor. 

The article raised a question for the need of nanoporous layer, as the whole purpose of nanoporous 

layer is to collect electrons which cannot be transported to the thin film by creating more interfaces 

of metal oxide and perovskite. They also demonstrate the working device without any nanoporous 

layer44-48.  

The high efficiency of 12 % was reported by Graetzel et al. with the solid perovskite capping layer 

overlying the nanoporous TiO2. This report highlighted the importance of scaffold and the capping 

layer of perovskite on top of the scaffold. They reported the best PCE with poly-triarylamine 

(PTAA) as a hole transporting layer and compared it with spiro-MeOTAD. In the mid of 2013, 

reports of around 15 % PCE emerged from several groups using mixed halides of iodide, bromide, 

and chloride in different ratios. In these reports, the role of bromine was also investigated as an 

optimized amount of bromine helped in increasing power conversion efficiency and stability in 

moisture. Addition of bromine in the system also shifted the bandgap of hybrid perovskite. PTAA 

was used as a hole transporting layer in the Seok et al. report of 16.2 % PCE. Interfacial 

engineering of TiO2 yielded around 19 % PCE in 2015. A certified efficiency of 22.1 % was 

reported in 2016 with mixed cations and mixed halogens. In few years, perovskite photovoltaic 

PCE reached to 22 % from 4 %. This remarkable jump in PCEs and number of articles published 

speak volumes of the interest of the semiconductor research community in this material.  

Gratzel et al. incorporated Rubidium cations into perovskite matrix to improve the photovoltaic 

performance. Stabilized PCE up to 21.6% and 19% has been achieved on small and large area (0.5 

cm2) devices respectively. They had demonstrated the performance stability at 85 oC for 500 hours 

when the devices were encapsulated with polymer. Although with rubidium incorporation the 
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perovskite system becomes more complicated with other three cations (Cs+, MA+, and FA+) but 

with the stability and efficiency it brings to the device, this complexity comes under the tolerance 

level49. 

 

2.4 Bandgap Engineering 
 

It is relatively simple to tune the bandgap of organic-inorganic hybrid perovskite through halide 

substitution. Different applications of semiconductor require different bandgap to perform 

accordingly. One of the major applications where bandgap tuning is crucial is perovskite-silicon 

and perovskite-CIGS tandem solar cells. In a series of recent publications theoretical and 

experimental utilization of perovskite material in tandem with other commercialized PV 

technologies as well as the perovskite-perovskite tandem solar cell has been shown successfully. 

It is considered that theoretically, a triple junction solar cell could reach the PCE of around 46%. 

However, the pragmatic picture will be a bit different50.  

Methylammonium lead iodide (MAPbI3) can be synthesized with bromine and chlorine instead of 

iodine. Research groups have demonstrated the single crystal with each halide MAPbI3, 

MAPbBr3, and MAPbCl3 as shown in figure 2.541. The bandgap of every single crystal mentioned 

depends on the size of the halogen ion in the crystal. Observation of an increase in bandgap has 

been reported when the iodine is substitute with chlorine and bromine. With the pure iodide, the 

bandgap of 1.53 eV has been reported. For chlorine and bromine-based perovskites, the bandgap 

of 2.97 and 2.24 eV has been reported respectively. However, the polycrystalline films 

demonstrate a bit higher bandgap for each type of perovskite. A bandgap of 1.6, 2.3 and 3.1 eV 

has been reported for MAPbI3, MAPbBr3, and MAPbCl3 polycrystalline thin films. Bromide and 
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chloride based perovskites have been reported to be more stable in ambient environment as they 

are more resilient against moisture. Halide substitution helps in tuning the bandgap as well as 

improving the stability of the film49, 51-55.  

 

 

 

 

Figure 2. 5 Band gap tunability of hybrid perovskite. The insets show (a) single crystal of FAPbI3, 
(b) single crystal of MAPbI3, (c) colloidal solutions of CsPbX3 (X = Cl, Br, I) perovskites, (d) 
solar cells of forty nine different compositions in the MA/FA-Pb-Br/I compositional space (e) 
single crystal of FAPbBr3 (f) single crystal of MAPbBr3, and (g) colloidal nanocrystals of 
MAPbX3 (X = Cl, Br, I) perovskites41. 
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The bandgap of organic-inorganic hybrid lead halide perovskites can also be tuned with the cation 

substitution. The commonly used MA (CH3NH3
+) can be replaced with other organic or inorganic 

cations to optimize the bandgap, including with the larger FA (HC(NH2)2
+) cation, causing a slight 

decrease in the bandgap from 1.59 eV to 1.45 – 1.5 eV. This decrease is not directly related to the 

FA ions interactions. The size of the FA ion is bigger than the MA ion which results in lattice 

expansion and causes the tilt of the PbI6-octahedra. Other cations have also been explored in the 

community. Ethylammonium lead iodide (EAPbI3) and propylammonium lead iodide (PAPbI3) 

based structure utilize the larger cation of EA (CH3CH2NH3
+) and PA (CH3CH2CH2NH3

+). The 

resulting bandgap from these cations is 2.2 and 2.4 eV, respectively56.  

Xiong et al. used the cyclohexylammonium lead halide and controlled the bandgap from 2.09 eV 

to 2.33 eV by adjusting the Br to I ratio in the film54. Their investigation covered bulk crystals and 

thin films for ferroelectric applications. The result showed excellent ferroelectricity and 

remarkable optoelectronics properties for these compounds. In another study, Snaith et al. 

developed near infrared-absorbing perovskites with the incorporation of Tin in the perovskite 

matrix on the expense of lead. The bandgap of the material turned out to be 1.2 eV and achieved 

14.8% PCE. They combine the materials in the previous study and this one to make a tandem 

device in which both the top and bottom cells were a variant of perovskites to obtain 20.3% PCE. 

The tandem structure developed in their study is ITO/NiO/1.8 eV 

Perovskite/ZTO/SnO2/PCBM/ITO/PEDOT:PSS/ 1.2 eV Perovskite/C60/BCP/Ag. The two 

absorber layers are of 1.8 eV and 1.2 eV. The tin substitution was also studied by Jen et al. for the 

application of stabilized wide bandgap material. In their composition, MAPb0.75Sn0.25(I1-yBry)3, 

the variation of Br to I ratio was studied to achieve the desired bandgap. With y = 0.6, they reported 
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a bandgap of 1.73 eV and achieved the highest efficiency of 12.59%. Tin incorporation prevents 

the phase segregation under illumination52, 57. In another article, Jen et al. developed low band gap 

tin-based perovskite material using the same lead to tin ratio, MA0.5FA0.5Pb0.75Sn0.25I3
51, 58. 

They demonstrate a tandem device with 19.08% PCE when they combine conventional MAPbI3 

(semitransparent) and low bandgap perovskite. Snaith et al. also studied the all inorganic cesium 

lead halide perovskite and tuned the bandgap by varying the Br to I ratio59. 

Colloidal perovskite nanoplatelets were explored by Tisdale et al. in great detail. They have shown 

a high degree of bandgap tuning through the variation of cation, metal and halide composition. 

They represent their materials through L2[ABX3]n−1BX4, where L is an organic ligand 

(octylammonium, butylammonium), A is a monovalent metal or organic molecular cation (cesium, 

methylammonium, formamidinium), B is a divalent metal cation (lead, tin), X is a halide anion 

(chloride, bromide, iodide), and n–1 is the number of unit cells in thickness. The nanoplatelets 

provide an opportunity to control the bandgap from 1.4 eV to 3.7 eV. Significant changes in optical 

properties were observed when the variation of n, B and X and subtle optical properties changes 

were observed in varying the A cation. They have summarized the variations they have studied 

and compared them with the previous studies53.  

Giustino et al. reported the bandgap of lead-free halide double perovskites Cs2BiAgCl6 and 

Cs2BiAgBr6. The bandgaps of these compounds are easily tuneable in the visible range. They have 

experimentally synthesized these materials and have compared their results with the theoretical 

values. These materials have an indirect bandgap of 2.4 eV and 1.8 eV for chloride and bromide 

based perovskites respectively55. The ease of bandgap engineering is one of the main advantages 

because of which hybrid perovskite is being employed in various optoelectronic applications.  
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2.5 Hybrid perovskite thin film solar cell architectures 
 

As previously discussed in the brief history section, hybrid perovskite solar cells evolved from dye-

sensitized solar cells, and solid-state dye-sensitized solar cells. As such, early devices naturally took the n-

i-p structure where the light entered through the transparent n-type semiconductor, typically a mesoporous 

titanium dioxide (TiO2) coated on top of the FTO-coated glass. The hybrid perovskite layer is coated on 

top of the porous structure, sometimes deliberately creating a planar capping layer of hybrid perovskite. A 

p-type material such as nickel oxide (NiOx), Spiro-MeOTAD or PTAA is deposited on top of hybrid 

perovskite layer. The device is completed with the evaporation of selected metal electrodes60-61. In more 

recent reports, the mesoporous n-type layer was eliminated as the community moved away from DSSCs 

toward traditional thin-film solar cell architecture, the planar heterojunction n-i-p devices. Common 

possible architectures of perovskite solar cells are shown in figure 2.6. 

An alternative architecture where light enters through the p-type semiconductor has also been successful 

and is known as the p-i-n structure and sometimes referred to as the inverted architecture. In this architecture 

p-type semiconductors such as nickel oxide (NiOx), copper thiocyanate (CuSCN) or poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) is deposited on ITO-coated glass. A 

nanoporous or mesoporous layer of same or different p-type material can be deposited on of the compact 

layer, but this is less common. Hybrid perovskite is then coated on top of the porous layer. In the majority 

of the reports, the use of porous layer is avoided to retain the simplicity of the device fabrication. The n-

type layer such as zinc oxide (ZnO), Phenyl-C61-butyric acid methyl ester (PCBM) or TiO2 is deposited to 

complete the p-i-n structure. The metal electrode is deposited through evaporation to finish off the device 

which is not ready for its characterization62.  

The interlayers are selected to match the bandgap for fast charge carrier extraction. Interlayers are important 

aspects of a device to be utilized in almost all the applications. These layers can induce better charge 
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transport, better stability, and templating effect. There has been an enormous effort in the year 2016 on this 

front to optimize the interlayers to get low-temperature processing and high performance. Commonly, TiO2 

is used as ETL which is processed at around 500 oC which is quite energy-hungry process and doped Spiro-

OMeTAD is used as HTL which is expensive and not quite stable. It is not only the temperature and stability 

which creates the need for new interlayers, but it is also the charge transport and stability. So the research 

for both kinds of interlayers are essential, and we have seen a large number of publications coming out this 

year to address this issue.  
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Figure 2. 6 Organic-inorganic hybrid perovskite schematic crystal structure is shown at the center 
of the figure. (a) nanoporous n-type layer e.g. TiO2, Al2O3 based solar cells. (b) Planar (n–i–p) 
architecture. (c) Planar (p–i–n) architecture. (d) Architecture without any electron transporting 
material. (e) Architecture without any hole transporting material63. 

Lianos et al. utilized tetramethyl substituted copper phthalocyanine (CuMePc) derived from copper 

phthalocyanine (CuPc) as HTL and got 5% working devices with the combination of compact and 

mesoporous TiO2. Efficiencies were fairly stable for four days. With methyl substitution in CuPc, the 

charge carrier mobility is increased64. Ko et al. explored the use of octadecylamine-capped pyrite 

nanoparticles (ODA-FeS2 NPs), synthesized through hot-injection approach, as HTL. Because of its 
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hydrophobicity, it also acts as a barrier for moisture to react with perovskite. With this HTL they achieved 

the PCE up to 12.6%. They also show the stability of performance in 50% humid environment for 1000 

hours65. 

Lee et al. modified the PEDOT:PSS (Al 4083) layer by adding 4-styrenesulfonic acid (PSSH) in different 

volume ratios to get better charge transfer66. Nazeeruddin et al. explored four different fluorene-dithiophene 

derivative based HTLs, which were used in the PV devices for Formamidinium Lead Bromide (FAPbBr3), 

high band gap, and absorber. With the mainstream Spiro-OMeTAD, 6.9 % of PCE was achieved with Voc 

of 1.47 V, but with one of the mentioned HTLs (S07), PCE of 7.1 % was achieved with the Voc of 1.5 V67. 

Use of branched methoxydiphenylamine-substituted fluorene derivatives was explored by Nazeeruddin et 

al. as HTL for perovskite solar application and comparing with the Spiro-OMeTAD, this new HTL will 

cause fivefold reduction of the final product. The cost of Spiro-OMeTAD is estimated to be 91.67 $/g and 

the cost of their synthesized compounds are 15.67 $/g and 23.11 $/g for V859 and V862 respectively. PCE 

up to 19.96% has been achieved through this branched methoxydiphenylamine-substituted fluorene 

derivatives which are quite comparable to the record efficiency in the field68.   

Nazeeruddin et al. used copper thiocyanate (CuSCN) as HTL, while TiO2 as ETL, for perovskite PV. In 

their study, the mixed cation of FA+ and MA+ have been used in the formulation of 

(FAPbI3)0.85(MAPbBr3)0.15. Remarkable 16 % PCE was achieved with 21.8 mA/cm2 of Jsc and 1.1 V of 

Voc. In their study, the comparison has been performed with the absence of CuSCN layer, and the PCE of 

9.5 % was achieved69. Similarly, Snaith et al. also explored the use of CuSCN as HTL in perovskite PV and 

achieve lower efficiency than Spiro-OMeTAD but the long-term stability of the photoactive layers and the 

solar cells showed remarkable improvement with CuSCN70.  

 



42 
 

 

Figure 2. 7 Schematic illustrations of interlayer materials used in hybrid perovskites with their 
energy level diagram. It is important to match the energy levels with absorber for fast charge 
transfer71.  

 

List of most commonly used electron transport materials and hole transport materials in the literature is 

shown in figure 2.771 with their energy band diagram. Chen et al. replaced Spiro-OMeTAD with Trux-

OMeTAD but in p-i-n architecture. Fullerenes and ZnO nanoparticles were employed as ETL. Unlike Spiro-

OMeTAD, Trux-OMeTAD does not require any doping, and high PCE of 18.6% was achieved with this 

new p-type semiconductor. Trux-OMeTAD consists of C3h Truxene-core with arylamine terminals and 

hexyl side chains72.  
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Hagfeldt et al. synthesized an organic hole transporting layer, spiro[fluorene-9,9′-xanthene] based HTM 

(X59), for perovskite solar application and achieved the efficiency of 19.8%. With the X59 organic layer, 

hysteresis was reduced, and reproducibility was enhanced. Compact TiO2 with mesoporous TiO2 was used 

ETL73. Jen et al. explored an inorganic HTL for perovskite PV devices. They used solution processed 

Copper Gallium Oxide (CuGaO2) nanoplates, with the bandgap of 3.58 eV, in n-i-p architecture with 

compact TiO2 as ETL. 18.51% PCE was achieved with long-term stability. Both the efficiency and stability 

were reported to be higher than the Spiro-OMeTAD HTL74.  Wu et al. made use of ultra-thin CuO2 as HTL 

in p-i-n architecture where PCBM was used as ETL. They report that 5nm of CuO2 is enough to extract 

holes efficiently and results in 11.03% efficient solar cells75.  

We explored the mesostructure fullerene layer on top of compact TiO2 to replace the mesoporous TiO2, 

which resulted in better charge transport and different perovskite orientation. PV devices with 

mesostructured PCBM shows less hysteresis and higher device performance than the mesoporous TiO2 due 

to better charge transport60.  Snaith et al. promoted the idea of cross-linkable fullerenes in n-i-p architecture 

which makes fullerene insoluble in the aprotic solvents which are used to dissolve perovskite precursors. 

With their sol-gel C60, PCE of 17.9% was achieved with the stabilized PCE of 16.6%76. Similarly, 

Dauskardt et al. developed styrene functionalized fullerene derivative (MPMIC60) was used as ETL to 

replace PCBM and C60.  MPMIC60 exhibit insolubility in the solvents used for perovskite precursors and 

showed 205% improvement in fracture resistance with the PCE of 13.8%. In p-i-n architecture MPMIC60 

showed 12.3% PCE77.  

Chen el al. explains the use of fluorinated perylene diimide (FPDI) as an ETL for perovskite PV devices. 

Their article compares the FPDI (organic ETL) with ZnO (Inorganic ETL) and shows the massive 

difference in morphological changes these two interlayers brings to the perovskite layer. The highest PCE 

achieved through this organic ETL is 7.93%78. ZrO2/TiO2 bi-layer ETL in the form of “meso-superstructure 

layer” was employed to extract electrons from perovskite layer in the n-i-p architecture by Jaramillo et al. 

With this combination of two oxide layers, PCE up to 17.9% has been achieved79.  
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 Jen et al. demonstrated a working perovskite solar cell with the use of solution-processable organic ETL. 

With their low temperature process PCE of 17% and 14.2%, with n-i-p architecture, has been achieved on 

rigid and flexible devise respectively80. This organic ETL consists of discotic coronene diimide (CDI) core 

with an expanded π-conjugated plane along the short axis of perylene diimide (PDI). This favors a face on 

π–π stacking which provides good charge carrier mobility. The CDI core was functionalized with polar 3-

(dimethylamino)propyl moieties, named as N,N¢′-bis(3-(dimethylamino)propyl)-5,11-dioctylcoronene-

2,3,8,9-tetracarboxdiimide (CDIN). Jen et al. also explored another organic material for the purpose of 

electron extraction in perovskite solar cells which is poly [N,N′-bis(2-octyldodecyl)-1,4,5,8-naphthalene 

diimide-2,6-diyl]-alt-5,5′-(2,2′-bithiophene) (N2200)81. With this polymer as ETL, PCE of 15% was 

achieved. PCE was further enhanced by addition of an additive called poly[9,9-bis(6′-(N,N-

diethylamino)propyl)-fluorene-alt-9,9-bis(3-ethyl(oxetane-3-ethyloxy)-hexyl) fluorene] (PFN-Ox) to 

16.8%. They demonstrate a remarkable stability of perovskite device. In the ambient conditions with 10-

20% humidity, 60-70% of the initial device efficiencies were retained for 45 days. Jen et al. also explored 

an area of inorganic ETL with Tin Oxide (SnO2) in p-i-n architecture using NiO as HTL. With SnO2 

nanocrystals, prepared through hydrothermal approach, PCE of 18.8% was achieved, and because of 

inorganic oxides at both ends of perovskite, devices were stable up to 30 days in 70% humidity conditions82. 

Interlayers are an important part of the device. Charge extraction is one of the key factors in device 

performance. Special care is required to design the hybrid perovskite based devices.  

 

2.6 Perovskite processing 
 

Organic-inorganic hybrid lead halide perovskite can be processed through a plethora of processes 

namely two-step spin coating method, one step spin coating method, blade coating, wire bar 

coating, co-evaporation, etc. These processes have been evolved during the last couple of years. 
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Initial reports of hybrid perovskite photovoltaic demonstrate the deposition through two step spin 

coating process. In this process, lead halide is deposited on the n-type or p-type interlayer 

depending on the device architecture. Methylammonium iodide solution in isopropanol (IPA) is 

then loaded on the substrate and then spin coated after waiting for an optimized time which is 

usually 10 to 30 seconds. Subsequently, the substrate is then subjected to thermal treatment at 100 

oC for an optimized time which is usually five to ten minutes. This method is still used in some 

reports83.  

One step spin coating method is simpler than the two step spin coating method. In this process, all 

the precursors, lead halide, and methylammonium halide, are dissolved in a single solvent or mixed 

solvent. The resulting solution is stirred overnight at 60 oC. The perovskite solution is then spin 

coated on the substrate for around 40 to 100 seconds and then subjected to similar thermal 

treatment as in two step spin coating method. The solvent engineering approach in this method is 

the most used in the literature. In this method, an anti-solvent such as chlorobenzene (CB), 

dichlorobenzene (DCB), or Toluene is dripped during spin coating of the perovskite solution. The 

substrate is then annealed 100 oC for 10 minutes. This anti-solvent removes the solvent from the 

substrate inducing more nucleation sites smooth and pin hole free thin film morphology. Anti-

solvent is selected keeping in mind that should not dissolve the perovskite or its precursor84-88. The 

best PCE reported in the hybrid perovskite literature for PV devices takes advantage of this solvent 

engineering approach. It is most widely used the method to deposit hybrid perovskites. Another 

variation of one step spin coating method was reported recently as hot casting approach. As the 

name suggests, the substrate is heated to a certain optimized temperature before the spin coating. 

In this method, the coating has to be performed immediately after the substrate is removed from 

the hot plate10. Annealing is also required after the spin coating. This process is more used in the 
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deposition of layered perovskites89. Schematic image of most common perovskite processing 

techniques is shown in figure 2.8.  

Hybrid perovskites can also be processed through co-evaporation technique. In this method, lead 

halide and organic salt are evaporated simultaneously or layer by layer. The substrate is 

subsequently annealed at 100 oC. In some versions of evaporation, the lead halide is deposited 

through evaporation, and then the substrate is dipped into methylammonium halide solution in IPA 

for conversion. This method is not commonly used because of the requirement of high vacuum 

and low device efficiency90-93.  

Blade coating is one of the scalable techniques to process hybrid perovskite. Slot die coating and 

wire bar coating work quite similar to the blade coating method. The solution is dropped at the gap 

of the blade and the substrate. The blade is then moved along the substrate to spread out the liquid. 

In this method, the substrate can be placed on the hot plate providing to play with temperature 

during the deposition. 
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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 salt94. (e) Solvent engineering approach which is similar to 
one step spin coating and an anti-solvent is dripped during the coating process14. (f) Conversion 
through organic vapors is similar to process (c). In this method lead halide film is deposited, and 
organic cation vapors are allowed to react in a closed chamber13. (g) Blade coating approach where 
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the solution is dropped between the blade and the substrate and the blade is moved along the 
substrate. It is used for large area coating95. (h) Hot casting approach in which the substrate is 
heated immediately before the spin coating. The spin coating on the hot substrate results in 
different morphology shown in the figure with different temperatures10.  

 

Blade to substrate distance, blade angle with respect to the substrate, temperature of the substrate 

and shear speed are the parameters with which optimization of the deposition can be achieved. 

Blade coating, wire bar coating and slot die coating are called meniscus assisted coating techniques 

because of the meniscus formed at the interface of the blade, slot die or wire bar and the substrate. 

Spin coating is limited to the lab scale; these large area coating processes open the pathway towards 

commercialization through less waste and high reproducibility11-12, 96-97. 

 

2.7 Layered Perovskite 
 

Perovskite-based PV has reached the heights of emerging solar technologies in terms of efficiencies, but 

further research is a need for to make them more stable. In 2016, a multitude of research articles came out 

emphasizing on different approaches to making the device stable for long periods of time. Layered 

perovskite is one approach where stability is better than the conventional 3D perovskite98-101.  

FWHM of perovskite peak obtained through XRD measurements was found to be decreasing with the 

increase in coating temperature indicating towards large grain size (2.9c and d). The massive difference 

appeared in the orientation of the crystals shown through Grazing Incidence Wide Angle X-ray Scattering 

(GIWAXS) and also in the device performance. 
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Figure 2. 9 (a) The crystal structure of the layered perovskite Ruddlesden–Popper 
(BA)2(MA)2Pb3I10 and (BA)2(MA)3Pb4I13 Ruddlesden-Popper structures. Hybrid perovskite is 
connected with the organic chain. This organic chain could be perpendicular or parallel to the 
substrate depending on the processing conditions. (b) Images of the thin film formed through hot 
casting approach at RT, 50 oC, 70 oC, 90 oC, 110 oC, 130 oC, 150 oC. The film gets darker with the 
increase in temperature. (c) GIXRD result of RT cast layered perovskite and hot cast layered 
perovskite. (d) Correlation of casting temperature and full width half maximum (FWHM) of 202 
peak has been established. It shows a decreasing trend for FWHM with the increase in casting 
temperature. (e) The absorbance of a 370-nm thin film measured in an integrating sphere (grey 
circles) and with confocal microscopy (black line), along with the photoluminescence spectra for 
excitation at 1.96 eV (red line). a.u., arbitrary units89.  

 

Mohite et al. developed high-efficiency two dimensional Ruddlesden-Popper perovskites 

((BA)2(MA)3Pb4I13) by using their hot casting approach. They compare the two dimensional perovskite 

absorber layer deposited through room temperature spin coating and high temperature spin coating. 

Schematic image of 2D perovskite structure is shown in figure 2.9a. Different substrate temperature resulted 

in different crystallization behavior. They report their best devices with 150 oC substrate temperature (2.9b). 
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They have demonstrated the p-i-n structure with PCBM and Pedot:PSS as ETL and HTL respectively. They 

have also demonstrated the higher stability of 2D perovskite compared with 3D perovskite in high humidity 

conditions89.  Kanatzidis et al. highlighted the role of organic counterion in lead and tin based two 

dimensional perovskites. They have developed two new series of 2D perovskites which are (HA)Pb1–

xSnxI4 and (BZA)2Pb1–xSnxI4, where HA is histaammonium, and BZA is benzylammonium. Optical 

bandgaps can be tuned by controlling the M-I-M perovskite angles. It provides independence to tune the 

bandgap according to the desired application. For example, bandgap of 2.18 eV for (BZA)2PbI4, 2.05 eV 

for (HA)PbI4, 1.6 eV for (HA)SnI4. Although the PCE is not as high as other perovskite systems, but these 

new systems provide an opportunity to explore more in this direction of easy bandgap tenability with the 

advantage of being layered102.  

FAxPEA1-xPbI3 2D perovskite has been explored by Jen et al. in great detail. Here PEA stands for 

phenylethylammonium. They have compared the optoelectronic properties of 3D, mixed and 2D perovskite. 

In the article, they demonstrate the stability up to 30 days whereas the 3D perovskite could not withstand 

its structure even for 15 days. They utilize the p-i-n structure where NiOx and PBCM were used as HTL 

and ETL respectively. 17.3% PCE was achieved by using 2D perovskite103. Thygesen et al. performed the 

first principle calculations of low dimensional perovskite in treated as isolated monolayers of the 

organometallic halide perovskites. C4H9NH3)2MX2Y2, where M = Pb, Ge, Sn and X,Y = Cl, Br, I have 

been studied in great details. Their bandgaps have been computed through GLLB-SC functional. They 

reveal that these 2D perovskites are likely to be defect tolerant. In Table 1 of this study, they have 

summarized the band gaps and carrier effective masses of compounds with Ge, Sn and Pb individually104.  
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Figure 2. 10 (a) Crystal structure of (C8H9NH3)2(CH3NH3)n−1PbnI3n+1 perovskites with different 
〈n〉 values, showing the evolution of dimensionality from 2D (n = 1) to 3D (n = ∞). b, Energy 
diagram of structure of perovskites with different 〈n〉 values, combined with the band structure of 
ITO, TiO2, F8, MoO3 and the Au electrode. φ, electric potential. c, Summary of the PLQY for 
perovskite films with different 〈n〉 values at a low excitation intensity (6 mW cm–2). d, Evolution 
of the PLQY with increasing excitation intensity for perovskites with different 〈n〉 values105.  

 

Light emitting diodes (LEDs) from 2D perovskite has been demonstrated by Jin et al. in great detail. They 

have reported room temperature color-pure violet LEDs using -phenylethylammonium 

(C6H5CH2CH2NH3
+, PEA) lead bromide [(PEA)2PbBr4]. Conversion of as cast polycrystalline thin films 

to nanoplates has been achieved through solvent (DMF) vapor annealing and the resulting LEDs showed 

low subthreshold leakage currents and high EQE. Electroluminescence at 410nm was achieved because of 

the natural quantum confinement and better crystallinity in 2D perovskite. Yuan et al. report a series of 

differently quantum-size-tuned grains that funnels photoexcitations to the lowest-bandgap light-emitter in 

the mixture. Their result is shown in figure 2.10105-106.  
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Dong et al. developed high quality two dimensional cesium lead halide perovskite nanosheets and used 

them as photodetectors. With their process of synthesizing all inorganic perovskites, they get phase-pure 

perovskite with the control of lateral dimensions from hundreds of nanometers to few micrometers. 

Adjustment in the halide composition revealed significant changes in optical properties of the material. 

Because of stability issues with iodide based material, CsPbBr3 nanosheets were employed for the 

photodetector applications which displayed high on/off ratios with a fast response time107. Nanorods (NRs) 

of 2D perovskite were synthesized by Etgar et al. through low temperature process. Their nanorods are 

composed of (C8H17NH3)2(CH3NH3)2Pb3(IxBr1–x)10. Similar to other reports, bandgap tuning has been 

reported through the variation of Br to I ratio from 1.9 eV to 2.26 eV108.  

Tunable electron activities of defects in 2D perovskites were reported by Goddard et al. through first 

principle calculations. They report that a line defect can start to act from electron acceptor to inactive site 

without deep gap states with different synthesizing routes. The surplus I atoms can create the non-fully 

filled valence bands which in result can give rise to acceptor states. They have defined the optimal synthesis 

conditions109. Light emitting diodes (LEDs) from 2D perovskite has been demonstrated by Jin et al. in great 

detail. They have reported room temperature color-pure violet LEDs using -phenylethylammonium 

(C6H5CH2CH2NH3
+, PEA) lead bromide [(PEA)2PbBr4]. Conversion of as cast polycrystalline thin films 

to nanoplates has been achieved through solvent (DMF) vapor annealing and the resulting LEDs showed 

low subthreshold leakage currents and high EQE. Electroluminescence at 410nm was achieved because of 

the natural quantum confinement and better crystallinity in 2D perovskite106.  

 

2.8 Advantages and Disadvantages of Hybrid Perovskite 
 

The hybrid lead halide perovskite’s properties such as strong light absorption, solution processing 

routes, appropriate bandgap, low defect activity, bandgap tunability, variants of cations and anions, 

2D structures and high charge carrier mobility, makes it an ideal candidate for photovoltaic and 
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other applications. However, hybrid lead halide perovskite suffers severe degradation in the 

ambient environment due to humidity and oxygen. It also degrades at high temperatures which 

could be the operating temperatures of a photovoltaic device, and at the exposure of high intensity 

light. Another issue with lead halide perovskite is lead toxicity. Hysteresis is also an issue in hybrid 

perovskite. These pros and cons are discussed in detail here.  

 

2.8.1 Advantages 
 

It is well established that organic-inorganic hybrid lead halide perovskite is getting the prime 

attention of the research community because of its proven high power conversion efficiency. The 

bandgap of MAPbI3 is around 1.5 eV which makes it an ideal semiconductor for single junction 

photovoltaic device. The absorption coefficient of MAPbI3 is 4.3 x 105 cm-1 at 360 nm and 1.5 × 

104 cm−1 at 550 nm which quite similar to the inorganic semiconductors such as Cu2ZnSnS4 (α ≈ 

6.1 × 104 cm−1 at 650 nm or CuInSe2 (α = 6 × 105 cm−1 at 690 nm)110. This high absorption coefficient 

of MAPbI3 enables the possibility of formation of a thin film with strong absorption. As the perovskites 

can be seen as a material for a tandem application, its high absorption coefficient makes it highly 

favorable. The observed absorption edge of MAPbI3 is around 790 nm, and its absorption extends 

throughout the UV-visible region. As discussed in the bandgap engineering part of this chapter, the 

absorption band onset of MAPbI3 can be shifted with bromine inclusion from around 790 nm to 544 

nm. Valence bands for MAPbI3 are associated with in-plane 5p orbitals of the iodine atom that create 

antibonding states with Pb 6s orbitals. Similarly, the conduction bands are associated with Pb 6p orbitals 

that form antibonding states with I 5p orbitals. This reveals that the organic cation plays a major role in 

stabilizing the perovskite structure with minimal effect on the band edges. Organic cations affect the 
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bond angles of the inorganic part which could change the bandgap of the material39. The mobility of 

electrons in the range of 5–10  cm2V−1s−1 and of holes within the range of 1–5 cm2V−1s−1 has been 

reported111.  

 

2.8.2 Issues of Hybrid Perovskites 
 

Issues with hybrid perovskite are serious enough to be a hurdle for its commercialization. The 

major issue with hybrid perovskite is its stability. When stability in the field of hybrid perovskite 

is discussed, it is essential to mention two types of stability, environment based and it's intrinsic. 

There are several reports indicating the instability of perovskite in the presence of oxygen and 

moisture112-117. Black color perovskite turns into a yellow color film. This color change is 

attributed to the initial optical signs of hybrid perovskite degradation through the naked eye. MA+ 

ions react with water molecules and detach itself from the perovskite crystal structure. The reaction 

is shown in the form of equations below. MAPbI3 decomposes into lead iodide and 

methylammonium iodide (equation 2.1). The reaction goes further with the decomposition of MAI 

into the organic component and hydroiodic acid (equation 2.2).  HI and oxygen reacts to form 

iodine and water (equation 2.3). HI could also take a path of further decomposition into hydrogen 

and iodine (equation 2.4)118.  

CH3NH3PbI3 (s) ↔ PbI2 (s) + CH3NH3I (aq)    (2.1) 

CH3NH3I (aq) ↔ CH3NH2 (aq) + HI (aq)  (2.2) 

4HI (aq) + O2 (g) ↔ 2I2 (s) + 2H2O (l)  (2.3) 

2HI (aq) ↔ H2 (g) + I2 (s)    (2.4) 
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Some groups have reported the formation of (di)hydrate compounds of perovskite 

(CH3NH3PbI3.2H2O and CH3NH3PbI3.H2O) in the presence of water. Hybrid perovskite is also 

known to degrade by corroding the cathode metal on the surface of the solar cell. Metals like silver 

and aluminum become an easy target for hybrid perovskite to corrode resulting in a decrease in 

device performance.   

Another type of degradation reported is the intrinsic degradation of hybrid perovskite with the light 

exposure. Huang et al. reported that laser illumination of around 120 minutes on MAPbI3 films by 

the blue light wavelength of 408 nm started the degradation process. An important point to notice 

here is that the laser intensity in these experiments was seven times higher intensity than AM 1.5. 

The samples of irradiation based experiments were constantly measured for compositional changes 

through X-ray photoelectron spectroscopy (XPS). During the degradation process, lead starts to 

appear on the film surface. The saturation point of this decomposition of perovskite film happens 

after 480 nm of laser irradiation. The proposed degradation mechanism is described in the form of 

equations here117. 

CH3NH3PbI3 (s) 
(𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡)
�⎯⎯⎯� (-CH2-) +NH3 +HI + PbI2  (2.5) 

PbI2  
(𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡)
�⎯⎯⎯�Pb +I2     (2.6) 

 

Equation 2.5 suggests the decomposition of the MAPbI3 compound under constant irradiation. As 

it starts to decompose, the volatile compounds like NH3 and HI leave the surface of the thin film. 

It leaves behind PbI2, CH3NH3PbI3 and carbon hydro-carbonaceous species on the surface. Lead 
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iodide is a photosensitive material, and it goes through further decomposition because of the 

constant irradiation as shown in equation 2.6. Metallic lead remains on the substrate while iodine 

leaves the surface of the film. These experiments reveal a major need of stabilization of hybrid 

perovskite because degradation under light limits the possibility its use in photovoltaic 

applications. The metallic lead in the perovskite film in a solar cell can behave as a quenching 

centers for the charge carriers. This effect is shown through the sharp decrease in 

photoluminescence quantum efficiency. Metallic lead in the absorber layer will harshly affect the 

device performance. Thermodynamic studies have been conducted for a stable form of organic-

inorganic hybrid perovskites by many research groups. Alternative hybrid perovskites have been 

suggested on the basis of the perovskite crystal structure, stability to retain that structure and 

appropriate band gap to act as an absorber material in solar cells. Multiple organic cations have 

been studied theoretically for the improvement in intrinsic stability of perovskite. Table 2.2 shows 

the list of compounds with their respective band gaps which could be suitable as absorber material 

for the hybrid perovskite116.  
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Table 2. 2 List of the possible alternatives for the stable hybrid perovskite absorber material116.  

 

Hysteresis in perovskite solar cells was not known initially. Hysteresis is simply the difference in 

performance results when sweeping a photovoltaic device from open circuit voltage to short circuit 

current (reverse sweep) and the forward sweep where the device is measured from short circuit 

current to open circuit voltage119-121. Many research groups have reported the differences in current 

and fill factor with the different sweep directions. Moreover, the rate at which the sweep is 

conducted also affects the results of device performance results. These two major contributing 

factors to the device performance made the community realize the importance to study this 

phenomenon.  
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Figure 2. 11 (a) Sweep rate dependent hysteresis shows, for selective contacts, fill factor (FF) is 
affected. (b) Open circuit voltage is significantly affected because of the surface recombination for 
non-selective contacts. (c) Transient response in current (blue) during stepwise voltage sweep 
(gray) for forward (FS) and backward (RS) scan. (d) Simplest band diagram (under illumination, 
quasi-Fermi levels dashed, CB = conduction band edge, VB = valence band edge) showing the 
screening effect of mobile ions (coded with colored + and −) and how charge extraction (electrons 
e–, holes h+) toward the contact is hindered in the case of a fast forward sweep. Note that, if there 
was no electronic built-in potential, forward bias would quickly result in the accumulation of the 
reverse ionic charge at the contacts compared to what is shown here. The effects on the hysteresis 
would remain similar122. 

 

Few theories surfaced defining the reason of hysteresis as ferroelectricity, charge accumulation, 

band mismatch, lattice mismatch, defects in perovskite crystals, lead iodide formation and ion 

migration. Major community researchers have reached a consensus and reported the iodide ion 

migration as the true reason of hysteresis. Iodide ion migration studies show the important pathway 
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to create “low-hysteresis” or “hysteresis-free devices”. It has been pointed out that the intrinsic 

defects in perovskite crystals result in ion migration. It depends on the defect concentration and its 

ability to migrate which makes it important for the hysteresis phenomena. If the defect 

concentration is too high, then hysteresis cannot be avoided. These defects include interstitial lead, 

iodine vacancy, and interstitial iodine. It is highly probable 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) ad migration energy (0.1 to 0.6 eV) for halide vacancies has been reported 

in the literature31, 123-124.  

Hysteresis is mainly dependent on the rate of scan for measuring a solar cell device and the 

developed pre-bias conditions which indicate that it is governed by the voltage rather than light. It 

is due to its transient response. Hysteresis is found to be active in all the types of devices but gets 

significantly lower or in some cases negligible when devices are equipped with either n-type or p-

type nanoporous layers. In the p-i-n architecture of hybrid perovskite device, the hysteresis is 

reported to be minimal. These phenomena are schematically shown in figure 2.11.  

2.9 Scalability and Stability 
 

Perovskite material being integrated into a variety of application at lab scale should be followed up by the 

making the material commercialize. To achieve commercialization, processing through scalable techniques 

and low temperature processes with high stability should be guaranteed. Low-cost materials are also 

encouraged. Industrially viable processes always get a warm welcome by the research community and 

numerous groups are making an enormous effort to make this dream a reality51-52, 125-127. Much of the 

stability has been discussed in the sections of bandgap engineering and layered perovskite.  

Hagfeldt et al. showed, for the first time, the perovskite solar cells on low cost carbon cloth. This material 

is highly suitable for large area devices. Carbon fibers were used as a back contact in this study which 
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helped in improving the photovoltaic parameters of the solar cell. This initiative can replace the expensive 

gold from the perovskite PV device which will significantly bring down the cost of material for bulk 

production because of its low cost and simple deposition technique. Carbon fibers displayed higher stability 

than gold where former retained more than 50% of the initial efficiency after 100 hours and later retained 

less than 20% after 20 hours127.  

Scalable techniques such as blade coating have been reported in 2016. With 1 cm2 area, Mohite et al. 

achieved 7.32 %, and Huang et al. reported 18.3 % with blade coating approach. In the former report devices 

were made under ambient conditions, and in the latter report, all the experiments were conducted in nitrogen 

purged glove box128. Both the reports showcase the p-i-n architecture of the device. Similarly, slot die 

coating approach has been extensively studied by Watson et al. They report the best performance of 8.1% 

PCE11. Bakr et al. provided an extensive study on blade coated lead halide perovskites with the report of 

field effect transistors129.  Schematic view of blade coating at high temperature is shown in figure 2.12. 
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Figure 2. 12 Schematic view of industrial friendly blade coating setup. The solution is spread along 
the substrate which is placed on the hot plate. Coating at different temperatures and coating speed 
is possible130.  

 

Poortmans et al. brought forward the nonhazardous solvent systems for perovskite processing. In general, 

the solvents involved in dissolving the precursors of perovskites are hazardous. This paper brought forward 

a safe method to deposit perovskite layer with a combination of GBL, alcohol, and acid. Table 2 of the 

report summarizes the device performance achieved through different solvent systems in comparison with 

DMF131.  An extensive study on the mechanical stability of solution processed perovskite has been reported 

by Dauskardt et al. for its application in flexible electronics132. They report that perovskite material is not 

significantly strong and fails below 1.5 J/m2.  
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2.10 Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) Studies of Hybrid 
Perovskites 
 

Grazing incidence wide angle x-ray scattering (GIWAXS) methods are getting more attention in 

hybrid perovskite community because of the resulting powerful conclusions and analysis. Hybrid 

perovskites are crystalline in nature and GIWAXS is a powerful tool to not only understand its 

crystallinity but also understand the orientation of crystal growth. It has been a valuable asset for 

understanding the crystallization behavior of perovskite thin films. This technique has been 

extensively used for organic materials. However, it has found its another purpose in the field of 

hybrid perovskites. A schematic image of a typical grazing incidence x-ray scattering setup is 

shown in figure 2.13.  

Numerous studies have shown the importance of GIWAXS analysis in the field of hybrid 

perovskite. One of the early reports shows the time resolved GIWAXS measurements during 

annealing which was published in January 2015. In figure 2.14133, 2D GIWAXS images and their 

corresponding SEM images of annealing of as cast film of 3:1 MAI:PbCl2 is shown. 
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Figure 2. 13 Schematic illustration of grazing incidence x-ray scattering experiments. Detector is 
placed close to the sample (10 – 40 cm) for wide angle measurements. However the detector is 
placed far from the sample (100 – 500 cm)134. 

 

They report the perovskite phase at q = 10 nm-1 and lead iodide at q = 9 nm-1 (figure 2.14) . Peaks 

below these values correspond the precursor solvate phases which can not be seen after the 

annealing is completed after 100 minutes (figure 2.14). They also show the decomposition of the 

perovskite phase into lead iodide phase if the sample is kept at 100 oC for more than the optimum 

annealing time. 1D plots of intensity vs. q are shown in the figure at key timings. It shows that 

after 5 minutes of annealing, scattering from perovskite phase is not observed which indicates slow 

conversion.  
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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 
pure perovskite phase. (c) Further annealing results in decomposition of perovskite phase into lead 
iodide. (d) 1D plots of intensity vs. q to illustrate the formation of perovskite phase from precursor 
state and decomposition when annealed for more than 100 minutes133.  
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Although the formulation is 3:1 MAI:PbCl2, the final perovskite after annealing is MAPbI3. The 

reaction of perovskite conversion occurs as PbCl2 is converted to PbI2 and MA+ bonds with Cl- to 

form MACl and it is relieved from the surface of the film during the annealing process. They show 

the degradation of perovskite into lead iodide at high temperature. These experiments lead them 

to the conclusion of the existence of a precursor state. This is an unstable state at high temperature 

and gets concerted to perovskite when annealed at the appropriate temperature. Schematic image 

of the process is shown in figure 2.15133.  

 

 

Figure 2. 15 Schematic image of showing precursor state converting to perovskite phase upon 
thermal annealing. Excess MAX in the film leaves the thin film and perovskite phase is formed133. 
 

In the same month of January 2015, Snaith group published the results of ultrasmooth perovskite 

through acetate based precursors. They also measured time resolved GIWAXS during annealing, 

as shown in the figure, of spin coated films from different lead precursors. Figure 2.16 a, b, and c 

shows the 1D plots of intensity vs. q for chloride, iodide, and acetate-based lead precursor 

respectively. These lead salts were dissolved in DMF with methylammonium iodide individually. 

They use the recipe of one step spin coating method135.  
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Figure 2. 16 1D plots at key 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

135. 

 

At the start of the annealing all three sources show the signatures of perovskite peak, however, the 

precursor solvates can also be observed. The red dotted line in each graph shows the complete 

conversion time which 43.8, 17.8 and 2.5 minutes for chloride, iodide, and acetate based perovskite 

where only perovskite peak can be observed. The corresponding 2D GIWAXS images of the 

completely converted films are shown in figure 2.16 d, e, and f. The red dotted line in these 2D 

images indicates (110) phase of perovskite. The red cross markings are indicating the scattering 

signal generated from titanium dioxide. Chloride and acetate based films were annealed at 100 oC. 



67 
 

However, iodide based films were annealed at 150 oC. Acetate based films show a fast reaction to 

perovskite conversion from the precursor state in less than three minutes methylammonium acetate 

is a volatile compound and leaves the substrate quickly. In the case of the iodide based precursor, 

annealing temperature had to be higher because of higher stability of MAI.  

Two step method, described earlier has also been investigated in detail through GIWAXS. Lead 

iodide thin film is exposed to MAI dissolved in 2-propanol solution. In figure 2.17 a, 2D GIWAXS 

image of 100 nm thick lead iodide thin film is shown. It's out of plane and in plane ordering can 

be observed136. After the 1.1 seconds of exposure of lead iodide film with MAI solution, scattering 

signal from perovskite can be seen. It indicates fast conversion of lead iodide into perovskite in 

the presence of excess MAI in solution. However, lead iodide peak can still be observed. After 

almost 76 seconds, the perovskite conversion is complete as scattering signals from only 

perovskite phase can be seen. Similar work of studying two step perovskite formation through 

GIWAXS was studied by Buschbaum et al137.  

 

 

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 film136.  
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The recent advent of layered perovskite has been discussed in detail earlier in the chapter. These 

reduced dimentionality perovskites have been studied through GIWAXS which have shown a great 

deal of details in the orientational changes when its coating method is modified.   

In order to deposit high-quality 2D perovskites, hot casting approach has been reported to give 

best PV device efficiency. In this hot casting method, a hot substrate is placed on the chuck of the 

spin coater, and solution is spin coated without any delays. This was first reported by Mohite et al. 

in their research paper which was published in mid of 2016. They use (BA)2(MA)3Pb4I13 material 

where BA+ chains are holding the perovskite structure in a layer form.  

 

Figure 2. 18 2D GIWAXS images of 2D perovskite coated at (a) room temperature and (b) high 
temperature89.  

 

In the figure 2.18, 2D GIWAXS maps for room temperature (a) and high temperature casting (b) 

of 2D hybrid perovskite is shown. A ring is appeared for room temperature casting indicating the 
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random orientation of perovskite crystals however a peak at 90 deg can be seen for hot casting 

indicating a textured growth of the crystals89. 

These studies capture the annealing process starting from the spin coated films and in some cases 

annealed films were investigated ex-situ. It indicates towards the need for study of the coating 

process. The questions of whether or not coating process has any impact on the final film, is it 

possible to achieve higher reproducibility if we understand the solution processing in great depth, 

etc. These questions remained unanswered in the literature.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 



70 
 

Chapter 3: Methodology 

3.1 Materials 
 

Most of the materials used in this are purchased from Sigma Aldrich. Lead iodide powder and 

beads were purchased from Alfa Aesar. Organic cation salts like methylammonium iodide, 

formamidinium iodide, etc. were purchased from Greatcell (formerly: Dyesol).  

 

3.2 Hybrid perovskite solar cell fabrication 
 

Hybrid perovskite is mostly famous for its application in solar cells. Although many other 

applications have been surfaced, but solar cells remain one of the top applications reported in the 

literature. In this thesis, we have fabricated n-i-p device structure (discussed in the previous 

chapter) because of its high efficiencies.  

 

3.2.1 Base substrate cleaning 
 

We used TEC 15 fluorine doped tin oxide (FTO) on top 2.2 mm thick glass as the base substrate. 

This FTO is patterned according to the solar cell testing setup in our lab. These patterned FTO 

were purchased from Xinyan Technologies in China. Substrates were carefully marked on the glass 

side to distinguish the electrode side. Each substrate was carefully cleaned with the pressurised 

nitrogen flow to remove the dust particles. 

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

the sonicator for ultrasonic cleaning. Similarly, the substrates were cleaned through DI Water, 
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acetone, and isopropanol. Substrates are then dried through pressurized nitrogen flow. Substrates 

were kept in UV-ozone for ten minutes. It is highly important to utilize these substrates 

immediately after the ozone treatment.  

 

3.2.2 ETL deposition 
 

Titanium dioxide (TiO2) was selected as an electron transporting layer in our solar cell 

architecture. 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. Before spin coating, the titanium isopropoxide solution was filtered using 0.2 micron size 

PTFE filter. The solution was spin coated on the freshly cleaned FTO at 2500 rpm for 45 seconds 

and then dried at 120 oC for 10 minutes. Subsequently, the substrates were annealed at 500 oC with 

slow ramp rate for 30 minutes. After the high temperature heating, the substrates were allowed to 

cool down naturally to room temperature.  

Next step is to deposit nanoporous 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 completely mixed, it is then spin coated 

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

nanoporous TiO2 layer.  

 

3.2.3 Organic-inorganic hybrid perovskite deposition 
 



72 
 

There are many recipes of hybrid perovskite deposition (as discussed in the previous chapter) and 

we chose the “one-step” spin coating method because of it is simple and most commonly reported 

in the literature. In the first chapter of the results and discussion which is the chapter 4 of this 

thesis, we use simple one step spin coating technique. Later on, we adopt the evolved one step spin 

coating technique where anti-solvent is used which is discussed in chapter 5. Moving on from spin 

coating to the large area coating, we adapt blade coating process to deposit perovskite layer which 

is discussed in chapter 6.  

In simple one step spin coating method lead, halide and methylammonium iodide were dissolved 

in the equimolar ratio in Dimethylformamide (DMF). The concentration of the solution was 

optimized to 1.2 molar according to the best device performance. The solution of each lead halide 

(iodide, chloride, and bromide) were prepared with MAI. For the chloride case, 3:1 MAI and PbCl2 

were dissolved in DMF to achieve the MAPbI3 thin film. Subsequently, the films were subjected 

to thermal annealing at 100 oC for 10 minutes. Substrates were removed from the hot plate after 

ten minutes to cool down naturally on a surface which is at room temperature. We report the best 

performance with the 3:1 (MAI:PbCl2) case for 120 seconds of spin coating.  

In chapter 5 we explore the solvent engineering approach. In this method, lead iodide and MAI 

was dissolved in various ratios of gamma-Butyrolactone (GBL) and Dimethyl sulfoxide (DMSO). 

The concentration of the solution was 1.2 molar. The solution was spin coated on the TiO2 coated 

substrate at 1000 rpm for 10 seconds and 5000 rpm for 80 seconds without stopping in the middle 

of the process. During the spin coating, an anti-solvent was dripped on the substrate at various 

times to optimize the process. Chlorobenzene was used as anti-solvent in this thesis. However, 

there have been reports of other anti-solvents also such as toluene, dichlorobenzene, and 

dichloromethane. The as cast films were annealed at 100 oC for 10 minutes. Substrates were 
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removed from the hot plate after ten minutes to cool down naturally on a surface which is at room 

temperature. We report the best performance with the solvent ratio of 7:3 (GBL:DMSO) and anti-

solvent drip at 40 seconds. The nitrogen filled glove box is equipped with the spin coater which is 

shown in figure 3.1. 

 

 

Figure 3.1 Nitrogen purged glove box equipped with spin coater. 

 

In chapter 6, we take the learnings from the spin coating and apply it to the more scalable process 

of blade coating. The solution was prepared by dissolving lead iodide and MAI in DMF and 

GBL:DMSO (7:3). The concentration of both the solutions was kept at 1.2 molar. 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. 
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We used the silicon with a hydrophobic coating as the blade. The speed of the blade is computer 

controlled however the height and angle were adjusted by hands. Schematic view of the blade 

coating setup is shown in figure 3.2.  

 

Figure 3.2 Schematic diagram of the blade coating setup used in the lab. It is currently installed in 
an ambient environment. 

 

3.2.4 HTL Coating 
 

An important part of hybrid perovskite solar cells is its HTL. In most of the high performance 

perovskite solar cell reports spiro-MeOTAD is used as a hole transporting layer. In this thesis, we 

use this material in all of our device work. 72.3 mg 2,2′,7,7′-tetrakis-(N,N-di-

pmethoxyphenylamine) 9,9′-spirobifluorene (spiro-MeOTAD) is dissolved in chlorobenzene with 

TBP and Li-TFSI salt as dopants. The solution is left for stirring for a couple of hours. The resulting 
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solution is filtered through 0.2 micron size PTFE filter to remove any dust particles or 

agglomerates. The filtered solution is then spin coated at 4000 rpm for 50 seconds on the perovskite 

coated substrate. 

 

3.2.5 Electrode deposition 
 

A solar cell cannot be completed without the electrode deposition. In this thesis, all the metal 

electrode deposition is conducted through evaporation. Angstrom evaporator installed in nitrogen 

purged glovebox was used to evaporate metals and deposit on the spiro-MeOTAD coated 

substrates. The substrates were loaded on the tray with the custom designed a mask to work with 

our solar simulator.  20 nm of gold and 100 nm of silver were thermally evaporated sequentially 

under high vacuum conditions. Angstrom evaporator and the schematic of the complete device is 

shown in figure 3.3.  

 

Figure 3.3 a) Angstrom evaporator installed in the nitrogen purged glove box. It is mainly used to 
evaporate metal electrodes. b) Schematic view of the complete photovoltaic device. 
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3.3 Device testing 
 

Completed 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 electron-hole pair in the absorber. 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 cell with 

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

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

simulator. The shutter is removed from the light source, and the bright light shines on the substrate 

entering from the glass side in the substrate. The basic 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 consist of electrical 

components including in series, a light-induced source (IL), series resistance (RS) and a shunt 

resistance (RSH). For a high-performing solar cells, the series resistance is small with less loss of 

Voc while the shunt resistance is extremely large with negligible loss of Jsc. Solar simulator 

installed in our lab is shown in the figure 3.4.  
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Figure 3.4 Solar simulator by ABET technologies installed in the nitrogen purged glove box to test 
photovoltaic characteristics of prepared devices. 

 

3.4 Thin film characterization 
 

In order to optimize the coating process, thin film characterization is important. Characterizing the 

thin film can reveal the issues with the device and quality of the thin film.  

 

3.4.1 Scanning electron microscope (SEM) 
 

All the SEM images included in the thesis are measured with Quanta 200 and 600 provided by FEI 

in the core labs of KAUST. Substrates were placed on the carbon tape, and quick drying silver 

paste was used as an electron bridge. Only annealed films were investigated through SEM.  
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3.4.2 X-ray diffraction (XRD) 
 

XRD was measured at the core lab of KAUST. Bruker D8 advance, with copper Kalpha radiations, 

was used for the measurements. As cast and annealed films were investigated. 

 

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

Perovskite solutions were drop cast on the substrates and were left to dry for 45 min followed by 

nitrogen flow for ≈ 2–4 min 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 using the attenuated total reflectance (ATR) configuration was used. 

 

3.4.4 Thermogravimetric Analysis 
 

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

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

powder. A constant nitrogen flow was maintained during the whole process. As-cast films of 

perovskite were prepared in a nitrogen glove box with moisture level below 0.1 ppm, then scraped 

off. 

 



79 
 

3.4.5 Profilometry  
 

A KLA Tencor profilometer was used to measure the thickness of as-cast and annealed films. 

Measurements were conducted in ambient atmosphere. 

 

3.4.6 Optical Microscopy  
 

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

Measurements were conducted in ambient atmosphere. 

 

3.5 In situ time-resolved measurements 
 

In order to understand the drying kinetics and crystallization behavior during the coating process, 

it is highly important to probe the solution to thin film transformation during the process. Time 

resolved measurements not only help us understand the process better but also provides us the 

power to predict the behavior in similar systems.  

 

3.5.1 In situ UV–Vis transmission/reflection measurements during spin coating 
 

UV–vis transmission/reflection measurements were performed using a 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 spinning. It is equipped with tungsten halogen 

and deuterium light sources. These measurements were conducted in a Nitrogen glove box with 

moisture level below 0.1 ppm. The schematic image is shown in the figure 3.5.  
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When used in reflection mode, it is used to probe thickness changes during the coating process. It 

can be used for spin coating and blade coating. The thinning behavior could be probed till the bulk 

liquid is present. Once the film is solidified completely, this equipment cannot provide accurate 

thickness changes. This equipment can be used in transmission mode to probe the formation of 

phases with different absorption during the coating process. Transmittance measurements are 

conducted through films coated on a transparent substrate and absorbance can be calculated 

directly from the measured transmittance using Beer–Lambert law ( 𝐴𝐴𝜆𝜆 = −log10 𝑇𝑇; where Aλ is 

the absorbance at a certain wavelength (λ),  T is the transmittance at corresponding wavelength 

(λ)). Schematic view of the setup is shown in figure 3.5. We measured thickness evolution during 

the spin coating process through these measurements. The spectra for the bulk solution results in 

interference fringes which depends on the thickness of the solution. We calculate the thickness at 

any given point of the process by analyzing the spectrum at specific time as reported previously138. 

This results in an easy way to get the thickness at any time during the coating process. The 

equations behind the thickness measurement are shown in equation 3.1. 

 

∆= 2d �n2 − (sin (𝜃𝜃)) 2  (3.1) 

∆constructive= mλ    and    ∆destructive= (m-1/2) λ                                                                           

where 𝜃𝜃 is the incidence angle (the angle between the  incident beam and the normal ), n is 

reflective index,  d is thickness and m= 1,2,3, ….. 
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Figure 3.5 Schematic view of the uv-vis absorption/transmission setup139. 

 

3.5.2 In situ Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) measurements 
during spin coating and blade coating 
 

GIWAXS measurements were conducted at Cornell High Energy Synchrotron Source (CHESS) 

on the D1 beamline. Spin-coating experiments were conducted at a custom-built spin-coating stage 

with splashing of solvent protected using kapton tape and controlled from the computer outside 

the hutch. A low scattering intensity signature from kapton tape is visible in the results of spin 

coating experiments. The exposure time was kept at 0.2 seconds for spin coating and 0.1 seconds 

for blade coating to obtain the detailed information of the process. For annealing experiments, a 

small hot plate was set up as stage. Pictorial image of the spin coating setup at CHESS is shown 

in figure 3.6 
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Figure 3.6 Photo of the spin coating setup for time resolved GIWAXS measurements at Cornell 
High Energy Synchrotron Source (CHESS)  

 

The annealing and spin-coating GIWAXS results shown in this study are for different substrates. 

One type of stage setting can serve as the stage for the measurements of either spin coating or 

annealing. There was a delay of around 1 min between solution dropping and the start of 

spinning/measuring. A photographic image of the setup has been shown in figure. The video of 

the spin coater at CHESS in action is uploaded to my YouTube channel “Amelio-Smart”.  
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Figure 3. 7 Schematic illustration showing the scattering geometry of GIWAXS and GISAXS. The 
incident beam “ki

” hits the sample under a shallow angle αi, the scattered wave “kf”  is described 
by the in-plane exit angle αf, the out-of-plane angle ψ, and the azimuthal angle χ. The 2D scattering 
signal is captured by a pixel detector and typically represented in a logarithmic color scale. 
Depending on the sample-detector distance, one probes different length scales140.  

 

Schematic illustration of grazing incidence x-ray scattering geometry has been shown in figure 

3.7. The incident beam is represented as “ki” the angle at which it hits the sample is represented 

as αi. Generally, shallow angle is selected for the experiments in order to probe large area of the 

substrate as explained in chapter 2. The scattered wave (kf) is composed of in plane scattering with 

the angle αf and out of plane scattering with the angle. Resulting q value is described in terms of 

incident and scattering wave as shown in equation 3.1.  
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The detail of the data analysis is shown in figure 3.8. We get the scattering signal as the 2D 

GIWAXS image shown in figure 3.8a. These images are converted into the 1D plot of intensity 

vs. q (3.8b) by azimuthal integration of the 2D image with the specific area selection as shown 

with a red dotted line in figure 3.8a. These data processing is done through “fit2D” which is a 

freeware. When conducting time resolved measurements, we get hundreds, if not thousands, of 2D 

images and are converted into 1D plots. These 1D plots are then converted into time resolved plots 

(3.8c) where time (sec) is plotted on the x-axis, and q (nm-1) is plotted on the y-axis to observe the 

changes occurring with time during the coating process.  

The detector for GIWAXS measurements is placed around 10 – 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 around 100 – 500 cm. In figure x, y, and z planes 

are also shown. A vacuum tube is installed between the sample and the detector for GISAXS 

measurements for reducing the x-ray and air interactions. The angle of incidence for x-rays is 

usually shallow (less than 1 deg) with respect to the substrate. The incident angle is generally 

selected slightly above or below the critical angle. The high energy x-ray beam penetrates the 

sample and results in diffuse scattering signals from a large volume of the thin film. The real-space 

information attained through scanning electron microscopy analysis of the thin film sample can be 

complemented through the GIWAXS measurements for a large area.  
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These measurements takes short exposure time of 0.1 to 2 seconds, because of high flux available 

at synchrotron sources, to reveal all the structural information. The x-ray scattering from the 

sample is probed as a function of exit angle. In theory, there are two types of exit angle 1) out of 

plane and 2) in plane scattering angle. Out of plane exit angle is in z-direction and in plane exit 

angle is y direction. However, these notations are arbitrary and in some reports, in plane exit angle 

is labeled as x direction. Z-axis is oriented perpendicular to the substrate and y-axis is parallel to 

the surface. The crystal orientation is analyzed through azimuthal integration in a particular 

direction. Normal component qz of the scattering vector represents the out of plane orientation. A 

Debye-Scherrer ring can be observed with almost homogenous intensity distribution for the 

random orientation of crystals present in the film. 

 

 

 

Figure 3.8 Process of converting (a) 2D GIWAXS image into (b) 1D plots of intensity vs. q. 
Combination of hundreds of these 1D graphs are processed to make (c) time resolved GIWAXS 
map.  
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A similar time delay occurred for the sample to be annealed from the spin coater to the annealing 

stage and the start of the measurement. The annealing stage was pre-heated at 100 °C. For all the 

measurements, the incident angle was kept at 0.5°. 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 used for the measurement was actually a combination of two 

100 K detectors. The solutions were prepared in a nitrogen purged glove box with moisture levels 

below 0.1 ppm and were taken out in the ambient environment right before the experiment. All the 

experiments were conducted in an ambient atmosphere where the relative humidity was ≈20–25%. 

GIWAXS measurements can be performed in transmission settings, which are well known in 

biomaterials, however, in this thesis, only reflection mode will is discussed and used extensively. 

Hence, GIWAXS analysis method plays a crucial role in studying the crystalline part of the sample. 

Scattering signals from the sample can be analyzed for its crystal phase and its orientation. 
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Figure 3. 9 Schematic illustration of crystallinity present in the thin film and its corresponding 2D 
GIWAXS data. a) vertical lamellar stacking, b) crystallites with vertical and horizontal orientation, 
c) oriented domains and d) full rotational disorder of crystallites. A small black rectangle in each 
image represents beam stop which stops the direct beam to reach the detector134. 

 

In figure 3.9, the interpretations of GIWAXS measurements has been shown with the schematic 

example. Resulting scattering in a particular direction is the result of the crystal orientation. 

Scattering in qz direction indicates the perpendicular orientation and qxy direction indicates the 

parallel orientation. A complete ring indicates the random orientation of the crystals.  
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3.5.3 In situ optical microscopy during blade coating 
 

Blade coating setup, being simple in its apparatus, is easy to assemble with the optical microscope 

to get the videos/images during the process. Optical microscope’s built-in camera is removed to 

equip it with the high frame rate camera. This camera could easily record more than 1000 frames 

per second. A small hot plate was placed instead of the sample stage of the microscope in order to 

conduct coating procedures at different temperature range. The videos recorded with the help of 

high frame rate camera can be reduced to its respective frames which are used in our study to probe 

the ink to solid transformation with great detail. The results of time resolved optical microscopy 

are discussed in chapter 6. 
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Chapter 4: Hybrid Perovskite Thin-Film Photovoltaics: In Situ Diagnostics and Importance 
of the Precursor Solvate Phases 
 

(Paper published in Advanced Materials)141 

4.1 Introduction 
 

As highlighted in chapter 1 and 2, the hybrid perovskite based solar cells are being projected as 

main energy generation source for the future. Its excellent optoelectronics properties have made it 

an ideal candidate for the research community to study this material in great detail. Although the 

lead halide perovskite based solar cells have shown high power conversion efficiency of around 

22%8-9, the fundamental understanding of the solution to thin film transformation was still not on 

the surface. Here, we investigate the solidification pathway of organometal halide solutions [PbX2 

(X = Br, I, Cl) and MAI in DMF solvent] during solution processing. Our multi-probe in situ 

investigation captures key dynamical processes during spin-coating of the perovskite solution, 

including its thinning and solvent drying, as well as the incorporation of the solvent into volatile 

and non-volatile precursor phases. We use an equimolar solution of MAI:PbX2 (1:1) except for 

PbCl2 where the ratio was kept to 3:1 (MAI:PbCl2). These precursors are dissolved in DMF. The 

spin coating of these solutions were studied in situ.  

 

4.2 Results & Discussion 
 

4.2.1 Ink to thin film transformation 
 

We begin our investigation with thickness measurement during spin coating. In figure 4.1a we 

show the plot of in situ transmission measurements with wavelength (nm) on x-axis and relative 
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transmission on y-axis. The initial seconds of spin coating is typically dominated by ejection of 

the bulk liquid, distorting the spectra, but is quickly stabilized into the formation of a uniform 

solvent liquid layer with a measurable height of ≈15 µm at t ≈ 0.5 s, subsequently thinning out 

rapidly and disappearing (<0.1 µm) at t ≈ 10 s. We calculated the thickness of the film at each time 

through the reported procedure138 which is explained in chapter 3. The concentration of MAI in 

DMF significantly impacts the drying kinetics as shown in figure 4.1b. 1M concentration of MAI 

took around 8 seconds to dry and result in film thickness of 200 nm. When the concentration of 

MAI is increased three times, the drying rate is slowed down. It took almost 10 seconds to dry 

completely with the thicker film of 400 nm. It reveals that the MAI concentration is a major factor 

in slowing down the drying kinetics and retaining more solvent for more time.  

 

Figure 4. 1 Transmission spectra and thickness evolution. (a)Relative transmission vs. wavelength. 
Spectrum is evolving with spin time. (b) Thickness evolution of different concentration of MAI in 
DMF have been show 
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We show the thinning behavior of the three solutions during spin coating with spin time (figure 

4.2a). We also compare these solutions with the blank DMF solvent thinning. This thinning 

behavior is measured through time resolved reflectance measurements performed during spin 

coating with the time gap of 0.1 seconds. We observe that DMF evaporates in less than 10 seconds 

of the spin coating when precursors are not present in the solution. When the PbI2 and MAI are 

dissolved in DMF, the thinning behavior is now different. The bulk liquid is now present till 15 

seconds. PbBr2 based solution behaves quite similar to the PbI2 based one in terms of drying.  

The thickness of these two films remains similar after the bulk liquid is evaporated. The case of 

PbCl2 and MAI is quite different. The decrease in thickness is even slower than the iodide and 

bromide based solutions. It takes almost 25 seconds for the bulk liquid to evaporate. It shows the 

complexity of the systems. With changing the halide content, drying kinetics are changing. With 

more MAI in the system and the presence of PbCl2 makes it more difficult for the solvent to 

evaporate through strong interactions with the solvent molecules. Thickness at the end of spin 

coating is measured through profilometer. Optical micrographs of each case have been shown in 

the figure 4.2b (MAI:PbI2), 4.2c (MAI:PbBr2) and 4.2d (3MAI:PbCl2). These micrographs 

confirm the complexity of these systems. In the case of iodide, we observe small grains. Bromide 

based films show needle-like structure. Chloride based film still shows the signs of the presence 

of liquid. However, iodide and bromide based films were completely dry. This further confirms 

our observation in figure 4.2a.  

Thickness after the annealing is measured and reported in figure 4.2a. A significant decrease in 

thickness is noted. Iodide and bromide based films went from 1.3 and 1.01 micron to 0.41 and 0.36 

micron respectively.  
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Figure 4.2 (a) Thinning behaviors of spin-cast solutions of lead halide (Br, I, and Cl) and MAI (1:1 
versus 3:1) in DMF as well as a blank DMF solvent. Optical micrographs of as-cast solutions of 
equimolar (b) iodide and (c) bromide, as well as (d) 3:1 chloride. (e) TGA measurements of mass 
loss during heating of as-cast films of the various halides. TGA data is also shown for a lead iodide 
perovskite hydrate powder. The time-evolutions reveal a significant deviation of the thinning 
behavior from that of the blank solvent, indicative of strong solvent-solute interactions. This leads 
to formation of a ∼1 µm thick film with solid phase characteristics and relative stability, yet 
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retaining a substantial amount of solvent (60-70 v.%) in a non-volatile form. In equimolar systems, 
the solvent is released through annealing, whereas in MAI-rich formulations the solvent coexists 
in nonvolatile and volatile states. 

 

In the case of chloride, annealed thickness turned out to be 0.4 microns from the as cast 1.41 

micron. In all cases, the floor thickness of as-cast films remains similar for extended (120 s) spin-

coating experiments, as verified by profilometry (Table 4.1). Upon thermal annealing, the film 

thickness decreases substantially to ≈400 nm as the films convert to the perovskite phase providing 

strong evidence in support of substantial entrapment of volatile species in the film. A massive 

thickness difference should come with mass loss. We then performed Thermogravimetric analysis 

(TGA) analysis to quantify the mass loss during annealing. We show the results of TGA in figure 

4.2e.  

Table 4. 1 Thickness reduction upon annealing of as cast films for all the systems under study and 
comparison with the TGA mass loss for the same systems. Equivalent volume loss calculated from 
TGA mass loss assuming only DMF removal 

 

We observe the mass loss of around 21% in the case of iodide based films during annealing. 

Around 28% mass loss was recorded for the case of bromide based films. In the case of 3:1 chloride 

based films, the mass loss was the highest of around 35%. Our observation of loss in thickness is 

also confirmed by the mass loss. It is not only the realignment of the molecules, but also some 

species is leaving the film. In order to conduct TGA measurements, the films were exposed to air 
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which could influence the mass loss behavior as the high humidity condition in the lab could induce 

water molecules to the surface. We made a hydrate of perovskite by exposing the perovskite films 

to high humidity environment. TGA measurements reveal a minute mass loss of around 5%. This 

indicates that the mass loss occurred in the as cast perovskite films during annealing is not from 

the water molecules on the surface.  

 

Figure 4. 3 XRD results of annealed films. It reveals that only perovskite phase is present after the 
heat treatment indicating the completion of conversion process.  

 

We performed x-ray diffraction experiments on the annealed films for each halide (figure 4.3). We 

found only the peaks corresponding to the perovskite phase. We have labelled (110) plane in the 
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XRD graph. These results indicate the complete conversion process when the films go through the 

annealing process at 100 oC for ten minutes. We observe the 110 peak of perovskite phase for 

iodide and chloride base inks is at 14.18 deg however, the same peak for lead bromide based ink 

is a bit shifted towards higher 2-theta value of 14.29 deg. This indicates the incorporation of 

bromide in the matrix when processed through lead bromide. However, the chloride based ink 

results in purely methylammonium lead iodide perovskite. Our results are consistent with the 

literature142-145. Under illumination the bromide and iodide phase has been reported to segregate 

in a reversible fashion.  

We analyzed the as cast films through Fourier transform infrared spectroscopy (FTIR). We 

compared the DMF solvent with the as cast films. Results of FTIR are plotted in figure 4.4. We 

also compare the as cast and annealed films in order to see the difference between two states. We 

found the key signature of DMF in as cast films of all the three cases. In the 500-1700 cm-1 spectral 

region, the FTIR spectrum of DMF shows different characteristic absorption bands at 1662 cm-1 

(DMF1), 1387 cm-1 (DMF2), 1255 cm-1 (DMF3), 1086 cm-1 (DMF4) and 657 cm-1 (DMF5) that 

could be assigned, respectively, to νC=O, combination of δNCH + δCH3, δ(NC’+ NC”), 

combination of νCN + ρC’H3 and combination of δC=O + νa(NC’+NC”) modes. The fingerprints 

of liquid DMF appear in all FTIR spectra of as-cast lead halide perovskite films unlike the spectra 

of the annealed films confirming the presence of a substantial fraction of DMF in the as-cast films 

which are lost upon annealing. More importantly, when comparing absorbance band frequencies 

of liquid DMF with the same features in the as cast-films, significant and telltale frequency shifts 

are observed. Interestingly, some of the absorption bands position red-shift (DMF1, DMF2) and 

the other ones blue-shift (DMF3, DMF4, DMF5).  This behavior could only be explained by the 

interaction of the DMF molecule with the perovskite structure, more specifically PbI2 since it is 
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believed to coordinate with DMF molecules. According to Kim et al., the DMF molecule 

coordinates with Fe3+ (FeCl3) via the carbonyl oxygen atom of its amide bond. The OFe charge 

transfer weakens the double bond nature of the C=O bond and generates resonance through the 

molecular structure, which increases the order of the C-N bond146.  
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Figure 4.4 FTIR absorption spectra of DMF solvent, MAI powder (as received), as well as as-cast 
and thermally annealed powders of the different halides formulations. Characteristic DMF spectral 
signatures are present prominently in all of the as-cast films and disappear after thermal annealing. 
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This electronic rearrangement has a direct impact on the vibrational frequencies at different levels 

in the molecule, more particularly C=O bond stretching vibration, which is seen to shift to lower 

frequencies. In our study, a similar behavior is observed through the DMF1 characteristic band. 

Given the new resonance structure of DMF, it is not surprising that the associated bonds undergo 

a blue-shift (DMF3, DMF4, DMF5). These measurements confirm that the entrapped solvent is 

not in the liquid phase but it is forming a complex with the perovskite salt components, which we 

refer to as a precursor solvate. 

 

4.2.2. Time resolved GIWAXS highlighting the ordered and disordered solvate 
 

Now we know how our as cast films look like. So, in order to develop an understanding of the 

solution to thin film transformation we conducted time resolved grazing incidence wide angle x-

ray scattering for each system mentioned earlier. The solution was dropped on the substrate and 

powerful x-rays shine on the substrate. During spin coating, x-ray scattering from the substrate 

was collected through Pilatus 200K detector. 

We show the 2D GIWAXS snapshots of each case of spin coating process in figure 4.5. The 

columns indicate the key times during the spin coating process of 1, 40 and 120 seconds. Each row 

is assigned to each formulation. Here we show the results of equimolar iodide and bromide and 

3:1 chloride ink. We observe a large halo at the low q value in each formulation for 1 second. 

Equimolar iodide show ordered solvates and lead iodide scattering, however, the bromide case 

show direct perovskite conversion. The 3:1 chloride ink slowly evolves to form perovskite and 

lead iodide. The details of these coatings are discussed below with time resolved plots.  
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Figure 4. 5  GIWAXS snapshots. Patterns obtained during in situ measurements for the systems 
under study 

 

In figure 4.6 we show 2D time resolved GIWAXS maps where q value is on the y-axis and time 

is on the x-axis. This time represents the spin coating time. The initial dominant scattering feature 

in all three halides is the solvent liquid scattering halo seen at high q values (q ∼ 14 - 21 nm-1) with 

an associated length scale consistent with the intermolecular distance of DMF in the liquid phase, 

namely ∼0.3 nm. Another unusual but common feature in all experiments is the gel-like scattering 
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halo at low q-values, consistent with the formation of a nanometric length scale mesophase with 

dominant length scale in the ∼1.7 nm range. In the case of equimolar MAI and PbI2 (figure 4.5a), 

we observe a halo at q value from 2 to 6 nm-1. This halo continues till 20 seconds and then turns 

into highly ordered solvate. The solvate peaks positions are q = 6.6 nm-1 (SI1), 5.5 nm-1 (SI2) and 

4.4 nm-1 (SI3). We also observe signatures of lead iodide at q = 9 nm-1. However, we did not 

observe the scattering signal from perovskite phase. From our FTIR results, we established that as 

cast films, even though it appears dry in optical microscopy images contain a significant amount 

of solvent molecules. After the crystallization of these solvates, the system remains unchanged 

with respect to the spin time.  

The case of equimolar MAI and PbBr2 is plotted in figure 4.6b. In this system, we also observe a 

halo at the beginning of spin coating but the halo does not convert into highly ordered precursor 

solvate. As soon as the halo disappears, strong scattering from the perovskite phase at q = 10 nm-

1 can be observed. We also observe a weakly ordered solvate at q = 4.4 nm-1. This system shows 

direct signs of perovskite formation as soon as the bulk liquid is evaporated. However, there is still 

a solvate present which entraps solvent molecules which were traced in FTIR. This system, like 

iodide, remains stable after the halo disappears with respect to the spin time.  
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Figure 4. 6 In-situ GIWAXS measurements showing the ink-to-solid transformation during one-
step spin-coating of the various halide solutions up to 120 s. a–d) Equimolar iodide (a), bromide 
(b), and chloride (d) solutions, as well as 3:1 chloride (c) cases are presented. In (a)–(d), the 
solution phase reveals bulk solvent scattering (q > 12 nm−1) as well as nanoscale scattering at 
low q, indicating sol–gel-precursor formation during solution thinning and drying. In the 
equimolar iodide and chloride cases, this leads to the formation of a highly ordered sol–gel-
precursor phase, while the bromide precursor does not show evidence of long-range order. In the 
3:1 chloride case, the sol–gel precursor is highly dynamic and is seen to evolve at least for 100 s 
and is followed by the nucleation and growth of the perovskite and PbI2 phases. See the main text 
for a more detailed description. 

 

The case of 3MAI and PbCl2 states a different story. This system is plotted in figure 4.6c. During 

its spin coating, the halo formed can be observed. This halo signal stays till 80 seconds of spin 



102 
 

coating. After that, we observe a precursor solvate at q = 4.5 nm-1. This experiment confirms our 

results from thinning behavior that 3MAI:PbCl2 system takes more time to dry and we captured 

the liquid signatures in the optical micrographs. FTIR revealed the presence of DMF molecules, 

and through TGA we observed that this system suffers from massive mass loss during annealing. 

These series of experiments reveal that in 3:1 chloride system the solvent molecules are more 

strongly bonded with the precursors in as cast state and amount of solvent entrapped is more than 

the other cases discussed.  

The behaviors of 1:1 and 3:1 MAI:PbCl2 formulations could not be more different. The as-cast 

film formed after drying of the solvent from equimolar solutions yields a solid-state ordered 

precursor solvate that entraps a great deal of solvent yet remains unchanged even after several 

minutes on the spin coater. The inclusion of a larger amount of MAI dramatically alters the 

solidification process, retaining substantially more solvent in the film, but in a less ordered and –

perhaps consequently – in a more volatile or dynamic state. The as-cast precursor film is 

consequently evolving both in composition and mesoscale structure.  
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Figure 4. 7 Time Time-evolution of ordered phase formation during spin-coating of organometal 
halide perovsktie formulations.Time-evolutions of the integrated intensity associated to (a) the 
perovskite phase, (b) the sol-gel precursor phase and (c) the lead iodide phase. Panels in (d)- (f) 
emphasize the shape and intensity of the scattering features associated to the sol-gel precursor at 
different times during spin-coating (10, 40 and 120 s) for equimolar (d) iodide and (e) bromide 
cases, as well as (f) 3:1 chloride case. The results reveal the structural evolution of equimolar 
halide systems is completely frozen upon drying and uptake of the liquid solvent by the sol-gel 
precursor. Closer inspection of the intensity and line shape of the precursor reveal the as-cast film 
to be static and very stable in equimolar formulations even as the sample retaining a substantial 
amount of solvent continues to spin for two minutes. By contrast, the 3:1 chloride system is highly 
dynamical, showing important changes in the precursor scattering as well as formation of 
perovskite and lead iodide phases for t > 50 s. 

 

In order to understand the scattering intensity evolution we plot the peak intensity of perovskite 

phase (figure 4.7a), solvate (figure 4.7b) and lead iodide (figure 4.7c) with respect to time of spin 

coating. We observe the sharp increase in perovskite phase scattering intensity for the equimolar 

bromide case in around 18 seconds and stabilizes after 20 seconds. Further spin coating time does 

not impact the intensity of the perovskite phase. As indicated, we observe perovskite phase 

scattering intensity at 55 seconds of spin coating time for 3:1 chloride formulation which slowly 

evolves till 100 seconds and stabilizes after that. We do not observe perovskite phase during the 

spin coating of equimolar iodide formulation. The ordered solvate in figure 4.6b in equimolar 

iodide case and disordered solvate in bromide case stabilizes immediately after the bulk liquid is 

removed from the film. We observe a dynamic behavior of disordered solvate in 3:1 chloride 

formulation. The scattering intensity starts to decrease rapidly after 40 seconds and the slope 

changes after 80 seconds of spin time. Scattering from lead iodide phase was not recorded for 

bromide case, however, in the case of equimolar iodide we observe the formation of lead iodide 

after 13 seconds of spin coating, and it stabilizes after 16 seconds. As stated, the 3:1 chloride 

formulation shows the dynamic and evolving nature of lead iodide phase. We start to observe the 

scattering intensity from lead iodide phase at around 40 seconds and at 60 seconds it slope gets 
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sharper.  We show the 1D plots of intensity vs. q in figure 4.7d (equimolar iodide), 4.7e (equimolar 

bromide), and 4.7f (3:1 chloride) at key time of 10, 40 and 120 seconds. We show that for iodide 

and bromide case, the graph is similar for 40 and 120 seconds. However, we observe the dynamic 

and evolving nature of 3:1 chloride formulation as the plot is different at each plotted time.   

The formation of ordered precursors, such as in the cases of equimolar lead iodide and chloride, 

provide us with an opportunity to investigate further and compare their structures. Lead iodide 

perovskite solvates and hydrates were previously synthesized by keeping a perovskite powder in 

a DMF or moisture vapor environments, respectively, for extended periods, providing us a point 

of reference as equilibrium perovskite hydrates and solvates for structural comparison. The lead 

iodide perovskite-DMF solvate was found to possess a monoclinic lattice with P21/c space group 

and a = 4.6Ȧ b = 25.5Ȧ, c = 12.2Ȧ, α = 90°, β =96.1°, γ =90°.  

In figure 4.8, we have plotted the diffraction spectra of the iodide and chloride sol-gel precursors 

formed during spin-coating (from in situ GIWAXS), alongside the diffraction spectra of the 

thermodynamically stable lead iodide perovskite solvate, hydrate and dehydrate powders147-148. 

Visual inspection of the peaks reveal qualitative similarity but quantitative differences in the 

position and intensity distribution of the diffraction peaks. The significant shift of the diffraction 

peaks of as-cast films toward lower q values as compared with the equilibrium solvate and hydrate 

indicates that sol-gel precursors formed during spin-coating possess an expanded unit cell, most 

likely forming a non-equilibrium precursor solvate polymorph which appears to contain more 

DMF molecules per unit cell. Assuming the precursor solvate has the same Bravais lattice as the 

equilibrium DMF solvate, we can estimate the b and c unit cell parameters required to shift the 

positions of the (020), (011) and (021) peaks to the measured values in as-cast films. We calculate 
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b’ = 28.5 Ȧ and c’ = 15.5 Ȧ, corresponding, to expansions of the equilibrium perovskite solvate 

unit cell by ∼12% and ∼27% respectively. 

 

Figure 4. 8 IodideIodide and chloride sol-gel precursors formed during solution processing. 
Comparison between the structure of ordered iodide and chloride precursors formed during spin-
coating with equilibrium DMF perovskite solvate, hydrate and dihyrdate147-148. The comparison 
between the iodide sol-gel precursor and the equilibrium DMF iodide perovskite solvate suggests 
the sol-gel precursor is a non-equilibrium polymorph of the solvate with one or two more DMF 
molecules per unit cell. 
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Assuming the a’ parameter expands by the average of b and c, and the angles remain unchanged, 

we estimate a volume expansion of the unit cell of the solvate formed during spin-coating by as 

much as ∼70% with respect to the equilibrium DMF solvate. The larger volume of the precursor 

solvate unit cell indicates most likely that more solvent is entrapped than in the equilibrium solvate. 

This is consistent with TGA observations (Fig. 1e) of mass loss from as-cast films. The mass loss 

from the precursor solvate (∼20 wt%) is nearly twice as high as the mass loss from the equilibrium 

solvate unit cell (10.5 wt.%).  We plot XRD patterns of equimolar iodide (figure 4.9a) and 3:1 

chloride (4.9b) formulation after the completion of annealing process. These films were annealed 

after different time of spin coating. We now understand from time resolved GIWAXS experiments 

that equimolar iodide formulation remain stable during spin coating after 20 seconds however the 

3:1 chloride formation demonstrates a dynamic and evolving behavior. We performed xrd 

measurements in order to learn about the crystallographic changes when we stop the spin coating 

at different times and start the thermal treatment. We found out in both the cases that complete 

conversion happens in both the cases independent of the spin coating time. We record immaculate 

perovskite phases in each case with different spin coating time.  
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Figure 4. 9 XRD patterns. Annealed perovskite films which were stopped at different spin time for 
(a) MAI:PbI2 and (b) 3MAI:PbCl2. 

 

4.2.3. Effect of solvate stabilization on PCE 
 

The path of in situ diagnostics leads us to fabricate PV devices with different spin coating time. In 

the literature, almost all the reports use the spin time of 45 seconds for the coating of 3:1 chloride 

based solution. The variance in reported device efficiency is high as some group report 15% power 

conversion efficiency and some groups report 8 – 10%. We found out that 3:1 chloride system is 

dynamically evolving till 100 seconds of spin coating and the system is not stable.  In figure 4.10 

we show plot the J-V curves of the devices fabricated using equimolar iodide solution. We stopped 

the spin coating at different times and proceeded to fabricate a PV device as discussed in chapter 

3. We show the J-V curve (figure 4.10) with the spin time of 5, 10, 15, 20, 30, 45, 60, 75, 100, 

200, 400 and 600 seconds in figure 4.10 a - i respectively. We observe increasing trend of 
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efficiency with the spin time till 20 seconds. Devices made with more than 20 seconds of spin time 

show quite similar efficiencies.  

 

Figure 4. 10 J-V curves of CH3NH3PbI3 based solar cells. Representative RB (red) and FB (black) 
J-V curves at different spin coating time interval which are (a) 5 sec (b) 10 sec (c) 15 sec (d) 20 
sec (e) 30 sec (f) 45 sec (g) 60 sec (h) 75 sec (i) 100 sec (j) 200 sec (k) 400 sec (l) 600 sec. 

 

We fabricated multiple devices for each condition of spin coating in order to understand the issue 

of reproducibility with these perovskites. We plot the J-V curves of three devices for each spin 

coating time of 5, 45 and 100 seconds in figure 4.11 a – c respectively. With the spin time of 5 

seconds, we know from our thinning behavior experiments that the bulk liquid must be present at 

the time of thermal annealing. The three devices show a range of power conversion efficiencies 
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from 3 – 8 %. Fluctuation in device performance with each device is quite high. However, the 

devices spin coated for a longer time of 45 seconds and 100 seconds show less variation in device 

parameters than the 5 seconds coated devices. In most of the cells, for 45 and 100 seconds coated, 

open circuit voltage was found to be 0.85 – 0.9 V and short circuit current was found to be around 

18 – 20 mA/cm2. We show the MPP photostability of the device spin coated for 100 seconds, 

which was the best performing device, in figure 4.11d. J-V curve of this device is shown in the 

inset of the figure. After 5 seconds of light exposure, the short circuit current and power conversion 

efficiency remain stable.   

We combine the PV device parameters such as fill factor, short circuit current, open circuit voltage, 

and PCE and plot it with the spin coating time to clearly observe the variation in device 

performance and show it in figure 4.12. In this figure, we focus on equimolar iodide formulation. 

We have labeled wet region on the top of the graph for initial 20 seconds of spin coating time with 

respect to the sol-gel solvate observed in the result of GIWAXS measurements. It is clear from the 

figure that the variation in device parameters is significantly high. We show the device parameters 

for the spin coated samples for 5 seconds to 600 seconds. As we move towards the longer spin 

coating time where the as cast films were stable, we observe that the all the device parameters 

show quite similar numbers. Voc, Jsc, FF, and PCE variance is decreased significantly. These 

parameters become almost independent of the spin coating time after the film is stabilized.  
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Figure 4. 11  Reproducibility of devices. J-V curves (RB and FB scans) for three different 
CH3NH3PbI3 based solar cells at (a) 5 sec, (b) 45 sec and (c) 100 sec spin coating time interval. 
(d) MPP stability for best performing device at forward bias voltage of 0.6 V with an inset of its 
J-V curve. 
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Figure 4. 12 Photovoltaic parameters. Variation of photovoltaic parameters (combined FB and RB 
scans) for CH3NH3PbI3 based solar cells with different spin coating time interval. 
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We have understood that in the wet region of spin coating of equimolar iodide solution in DMF, 

the variance in device parameters is quite high. We now proceed to explore the photovoltaic device 

performance with the perovskite layer fabricated through 3:1 chloride solution. We know from the 

results of GIWAXS that this system is dynamic during spin coating and takes more time to 

stabilize. In figure 4.10 we show plot the J-V curves of the devices fabricated using 3:1 chloride 

solution. We stopped the spin coating at different times and proceeded to fabricate a PV device as 

discussed in chapter 3. We show the J-V curve (figure 4.13) with the spin time of 5, 10, 15, 20, 

30, 45, 60, 75, 100, 200, 400 and 600 seconds in figure 4.13 a - i respectively. We observe 

increasing trend of efficiency with the spin time till 100 seconds. Devices made with more than 

100 seconds of spin time show quite similar efficiencies. With 5 seconds of spin coating we 

observe severe hysteresis and low performing photovoltaic device. Reduced hysteresis and high 

PCE was recorded for the devices fabricated with higher spin coating time. 

We fabricated multiple devices for each condition of spin coating in order to understand the issue 

of reproducibility with the perovskite solar cells using 3:1 chloride formulation. We plot the J-V 

curves of three devices for each spin coating time of 5, 45 and 100 seconds in figure 4.14 a – c 

respectively. 
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Figure 4. 13 J-V curves of CH3NH3PbI3-xClx based solar cells. Representative RB (red) and FB 
(black) J-V curves at different spin coating time interval which are (a) 5 sec (b) 10 sec (c) 15 sec 
(d) 20 sec (e) 30 sec (f) 45 sec (g) 60 sec (h) 75 sec (i) 100 sec (j) 200 sec (k) 400 sec (l) 600 sec. 

 

With the spin time of 5 seconds we know from our thinning behavior experiments that the bulk 

liquid must be present at the time of thermal annealing. The three devices show range of power 

conversion efficiencies from 2 – 8 %. Fluctuation in device performance with each device is quite 

high. The devices spin coated for 45 seconds show less variation in device performance than the 5 

seconds spin coated devices. However, the devices spin coated for longer time of 100 seconds 

show less variation in device parameters than the 5 and 45 seconds coated devices. In most of the 



115 
 

cells, for 100 seconds coated, open circuit voltage was found to be 0.85 – 0.9 V and short circuit 

current was found to be around 18 – 20 mA/cm2. We show the MPP photostability of the device 

spin coated for 100 seconds, which was the best performing device, in figure 4.14d. J-V curve of 

this device is shown in the inset of the figure. After 5 seconds of light exposure, the short circuit 

current and power conversion efficiency remain stable.   

We show the photovoltaic device parameters of the devices fabricated for different spin coating 

time in figure 4.15. We combine the PV device parameters such as fill factor, short circuit current, 

open circuit voltage, and PCE and plot it with the spin coating time to clearly observe the variation 

in device performance. In this figure, we focus on 3:1 chloride formulation. We have labeled wet 

region on the top of the graph for initial 80 seconds of spin coating time with respect to the sol-gel 

solvate observed in the result of GIWAXS measurements. It is clear from the figure that the 

variation in device parameters is significantly high. We show the device parameters for the spin 

coated samples for 5 to 600 seconds. As we move towards the longer spin coating time where the 

as cast films were stable, we observe that the all the device parameters show quite similar numbers. 

Voc, Jsc, FF, and PCE variance is decreased significantly. These parameters become almost 

independent of the spin coating time after the film is stabilized.  
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Figure 4. 14 Reproducibility of J-V curves (RB and FB scans) for three different CH3NH3PbI3-

xClx based solar cells at (a) 5 sec, (b) 45 sec and (c) 100 sec spin coating time interval. (d) MPP 
stability for best performing device at forward bias voltage of 0.7 V with an inset of its J-V curve. 

 

 

 



117 
 

 

Figure 4. 15 Photovoltaic parameters. Variation of photovoltaic parameters (combined FB and RB 
J-V scans) for CH3NH3PbI3-xClx based solar cells with different spin coating time interval. 
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In figure 4.16c, we plot power conversion efficiency on the y-axis and spin coating time on the x-

axis. Devices fabricated after five seconds of spin coating have quite low power conversion 

efficiency. Moreover, the variance in device performance is quite high as one device show 1 % 

and the other show 6 %. Similar results were found when the substrate was spin coated for 10 

seconds. Some devices show the efficiency of 1 – 2 % and others show 6 – 7 %. In figure 4.16a 

and b, we show the 3D GIWAXS map of equimolar iodide and 3:1 chloride with the focus on low 

q values to zoom in on solvates. In these maps, the x-axis and y-axis are same as previously shown 

GIWAXS images. However, the x-ray scattering intensity is plotted at z-axis. It is conspicuous 

that high-intensity sol-gel precursor forms at the beginning of spin coating and in both cases. In 

equimolar iodide case, the sol-gel precursor evolves into ordered solvate after 20 seconds of spin 

coating. The peaks can be seen in the figure on the z-axis. In the case of 3:1 chloride the sol-gel 

precursor solvate could be observed until 80 seconds of spin coating and evolves into weakly 

ordered precursor solvate.  

We could correlate this low efficiency numbers with the resulting morphology shown in figure 

4.16e (5 seconds spin coating). SEM was measured after the sample was annealed at 100 oC for 

ten minutes. The grain size variance is quite high, and the substrate is not fully covered. 

Morphology like this could not give high performance. As we give more spin time, the devices 

started to perform better. With the 15 seconds of spin coating time, the device performance 

improves to 5 – 7 % with an average of 6.4 %. And the trend continues. 



119 
 

 

Figure 4. 16 Influence of precursor phase stability on perovskite solar cells. a,b) Time evolutions 
of the precursor phase scattering intensity during spin-coating of equimolar MAI and lead iodide 
(a) and 3:1 MAI and lead chloride (b) solutions. c,d) Influence of the spinning time immediately 
prior to thermal annealing and perovskite conversion on the power conversion efficiency of 
MAPbI3 (c) and MAPbI3− xClx (d) solar cells. e–g) SEM images of annealed films of 
MAI:PbI2 case with spin times of 5 s (e), 45 s (f), and 120 s (g). h–j) Morphologies of annealed 
films of 3MAI:PbCl2 case with spin times of 5 s (h), 45 s (i), 120 s (j). 
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Spin coating time of 20 seconds, resulted in 1 – 4 % and 7 – 9 % averaging at around 7.5 %. The 

variance is still high, but the average device performance is increasing with the spin coating time. 

We know from the time resolved GIWAXS data that the system evolves till 20 seconds. When the 

substrate was allowed to spin for 30 seconds, the device performance improved to the average of 

9.1 % with a variation of 4 – 8% and 9 – 10 %. These devices were made when the ordered 

precursor solvate has formed. From this point on, the device performance for this system remains 

quite similar with the average of 10.3 %, 10.4 %, 10.2 %, 9.9 %, for the spin time of 45, 60, 75 

and 100 seconds respectively. We even tested unusually long spin coating time of 200, 400 and 

600 seconds and got the similar average performance of 10.3, 10.1, 9.8 % respectively. This trend 

is incredible. The power conversion efficiency evolves with the spin coating time from 0 – 20 

seconds, but after the solvate crystallinity occurs in the system, the device performance becomes 

almost independent of the spin coating time averages at around 10 %. SEM images reveal the 

reason for this independent behavior. SEM images of thin films annealed after spin coating for 45 

seconds and 120 seconds are shown in figure 4.16f and g respectively. We can observe that the 

morphology does not change with spin coating time after the ordered solvates are formed.  

3:1 chloride case does not evolve into highly ordered precursor solvate, but the sol-gel precursor 

can be observed till 80 seconds. We observed in equimolar iodide case that when the system is 

evolving the device efficiency is low with high variance, however, when the system is static, and 

new phases are not evolving, the device efficiencies increase with a decrease in variance. It would 

be interesting to see the similar behavior in 3:1 chloride case. In figure 4.16d we plot the power 

conversion efficiency on the y-axis and spin coating time on x-axis quite similar to the figure 4.16c. 

The spin coating time of 5 seconds resulted in 0.5 – 8.5 % device efficiency. There is a huge 

difference in the device performance. As expected the variance is quite high. The reason for this 
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variance could be explained through the SEM image of a sample, shown in figure 4.16h, which 

was spin coated for 5 seconds and was subjected to annealing. For 10 seconds of annealing, device 

performance range 3.8 – 6.3 %. After 15 seconds of spin coating, the resulting power conversion 

efficiency recorded was 4.3 – 5.3 %. Average device performance of samples spin coated for 20, 

30 and 45 seconds resulted in 7.3, 9.0 and 10.1 % respectively. Here also we see a similar trend 

that with spin coating time the average device performance is increasing. We recorded the average 

performance of 10.8, 11.5, and 12.5 % for 60, 75 and 100 seconds of spin coating. We observe 

that the evolution of sol-gel precursor results in the increase in device performance. We can see 

that the system is evolving through GIWAXS. This massive increase in device performance from 

45 seconds to 100 seconds can be explained through the SEM images. In figure 4.16i and j 

represents the annealed samples which were spin coated for 45 and 120 seconds respectively. We 

can see that the morphology after 45 seconds is improved with respect to the 5 seconds of spin 

coating. However, it is still not fully covered. The resulting thin film morphology after 120 seconds 

of spin coating show much better coverage with fewer pin holes. We observe a decrease in variance 

with increasing spin coating time for this system as well. Unlike the equimolar iodide system, this 

3:1 chloride system show decrease in power conversion efficiency when spin coated for the 

unusually long time of 600 seconds with the average device performance of around 9 %. These 

experiments have demonstrated the importance of the stability of as cast state. Annealed thin film 

morphology is highly dependent on the as cast state of the film.  
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Figure 4. 17 In situ 2D GIWAXS patterns of the as-coated MAPbI3–xClx film being annealed at 
100 °C for (a) 1 min, (b) 20 min, and (c) 60 min. (d) Corresponding intensity versus q spectra. (e) 
In situ annealing-dependent absorption spectra of the MAPbI3–xClx film taken at 0 min, 10 s, 5 
min, and 60 min after spin coating. 

 

3:1 chloride spin coating is dynamic in nature during spin coating. We studied its annealing 

procedures. We followed the annealing conditions of the literature to understand the process of 

annealing. Figure 4.17 shows the GIWAXS patterns for the substrate on the hot plate (100 oC) at 

a different time of 1 min (4.17a), 20 mins (4.17b) and 60 mins (4.17c) after spin coating. It is clear 

that the film after 1 min of annealing does not have the signature of perovskite phase (at q = 10 

nm-1), but it does have some solvate phases at 4.5 nm-1 and 5.1 nm-1. We observed scattering from 
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perovskite phase in the as cast state, but as soon as we put the substrate on the hotplate the 

perovskite peaks disappeared. After 20 mins of annealing, the nucleation of perovskite phase 

started, but the other undesirable products are still present in the film. After 60 mins of annealing, 

we observed only the immaculate perovskite phase ring, indicating a complete conversion of 

precursors to perovskite. We do not observe any other solvate peaks. To expound the annealing 

process in detail, we plotted intensity Vs. q-value for a different time of annealing in Figure 4.17d. 

Annealing of 1 min already produced some observable effect on the as-cast film. Two scattering 

peaks at q = 8.6 nm-1 and q = 11.1 nm-1 emerged during the first minute of annealing the preexisting 

perovskite phase scattering signature has disappeared. There was not much change from 1 min to 

10 mins of annealing, and the solvate peaks dominated the spectra. After 20 mins, the perovskite 

peak emerged, and the intensity for other phases concurrently decreased. Finally, an hour of 

annealing generated an immaculate perovskite peak without any other observable peak without 

any other peaks as reported in the literature. We studied the same annealing process using the in-

situ UV-Vis absorbance technique and plotted the results in Figure 4.17e. We observed that in just 

10 seconds after we placed the substrate on the hot (100 oC) plate, the absorption edge increased 

from 700 nm to 450 nm. This experiment was conducted in nitrogen purged glove box with 0.1 

ppm oxygen and 0.1 ppm H2O level, while the annealing experiment at synchrotron was conducted 

in an ambient environment where humidity was around 15 %. Then, after 5 min, the absorption 

edge moved back to a higher wavelength. Finally, after 60 minutes of annealing, we got a fully 

converted perovskite film, which is consistent with our GIWAXS result. Clearly, to get a pure 

perovskite phase and to get rid of all other phases in the film, annealing at 100 oC for at least 60 

minutes is required.   
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We are therefore confident in attributing the temporal sensitivity or lack thereof of device 

performance to the state of the precursor phase in the as-cast film. Perovskite films tend to yield 

consistent microstructure and morphology if conversion is done after the liquid-phase solvent has 

evaporated and an ordered, and stable precursor is formed, as in the equimolar cases. In the 3:1 

case, the precursor appears to be disordered and evolving with time, either indicating volatility of 

the solvent or dynamical evolution of the local structure of the precursor meso-phase. During the 

time of this evolution, the morphology of the film continues to evolve, leading to variations of 

solar cell performance with time. Our insights demonstrate that in all instances the thermal 

conversion of the perovskite should happen only after the bulk solvent has evaporated and the 

precursor solvate has formed.  

We also see a significant benefit in the formation of ordered precursor solvates, as this stabilizes 

the as-cast film and allows for the formation of consistent quality perovskite films and solar cells. 

It is worth repeating here that the levels of solvent-solute interactions and solvent entrapment 

observed herein are not common to all solution processes, e.g., organic and colloidal quantum dot 

semiconductors. Indeed, the extent of solvent entrapment points to the presence of secondary 

bonding between solvent and solute components, as confirmed by FTIR, in some cases resulting 

in the formation of precursor solvate co-crystals similar in structure to but not identical to the 

equilibrium perovskite solvate, as illustrated in Fig. 4.7. As such, the film formation mechanism 

revealed herein is far more representative of sol-gel processes, whereby the solution forms solid 

nanoparticle colloids in the liquid phase, subsequently forming a gel upon drying, leading to a 

solid network entrapping the solvent liquid. This growth behavior is not uncommon and is seen in 

metal oxides, nitrides, and carbides where the common precursor is a metal alkoxide and metal 

salts.  
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Figure 4. 18 Schematic view of the ink-to-solid process during solution-processing of organometal 
halide perovskite formulations. The content of the as-cast films in the second panel is shown for 
three different systems. In the iodide and bromide cases, the as-cast film contains ordered and 
disordered sol–gel precursors, respectively. The iodide also contains ordered PbI2, while the 
perovskite phase forms in the bromide case. The 3:1 chloride formulation leads to the coexistence 
of disordered sol–gel precursors as well as liquid and volatile solvent. As the latter evaporates, we 
see the appearance of PbI2 as well as perovskite phase in the as-cast film. Upon annealing, the 
solvent is removed and the formulation converts to the perovskite phase. 

 

4.3 Conclusion 
 

This study has shed light on the ink-to-solid conversion during the one-step solution-process of 

organometal halide perovskite formulations from DMF. The starting formulation experiences 
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solvent-solute interactions within seconds of casting, leading to the formation of a wet gel with 

nanoscale features visible by in situ GIWAXS. The wet gel alters the thinning behavior of the 

blank solvent most likely due to changing viscosity and reduced effective evaporation rate of the 

solvent. The wet gel subsequently gives way to the formation of ordered precursor solvates 

(equimolar iodide and chloride solutions) or disordered precursor solvates (equimolar bromide or 

3:1 chloride), depending upon the halide and MAI content. The ordered precursor solute phases 

are stable and retain the solvent for long durations, resulting in consistent conversion behavior to 

the perovskite phase and solar cell performance. However, in the 3:1 MAI:PbCl2 case, the excess 

MAI leads to more solvent retention as seen in the optical microscope image and disrupts the 

precursor order, leaving some of the solvents in a volatile state. The as-cast precursor film 

mesostructure and composition, therefore, evolve with time, making the timing of the conversion 

process crucial for high quality film formation, as reflected in the sensitivity of solar cell 

performance to the timing of thermal conversion.  

The crystallization pathway from solution to thin film transformation is an intricate process as it 

takes the route of intermediates and byproducts. The strong interaction between (PbI6)-4 with DMF 

molecules is reported to produce uniform films of perovskite through adduct based underscored in 

the context of Lewis acid-base approach.  

This interaction is responsible for the formation of the intermediate phases of PbI2 and DMF 

molecules. Three structures of intermediate phases of DMF and MAI and PbI2 molecules have 

been reported. PbI2-rich (MA)2(DMF)2Pb3I8, stoichiometric (MA)2(DMF)2Pb2I6, and MAI-rich 

(MA)3(DMF)PbI5. The structure resulting from the PbI2 rich solution, stoichiometric solution and 

MAI solution are orthorhombic, monoclinic and triclinic respectively149-150. The single crystals of 

these intermediate phases were formed through slow drying process rather than the conventional 
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spin coating process due to the concomitant fast drying rate. These intermediate phases not only 

have a different structure but also exhibit different stability. Stoichiometric structure decomposes 

below 60 oC however, the PbI2 and MAI rich intermediate phases decomposes above 70 oC. They 

observe quite similar needle-like morphology in through optical microscope which we show in our 

results. Study of annealing process reveals the disappearance of the perovskite phase from the as 

cast state in the first minute at high temperature. Perovskite phase reappears at around 20 minutes 

of annealing indicating the slow conversion due to the removal of methylammonium lead chloride 

(MACl) from the substrate. This study has not only helped us to understand the importance of 

ordered solvate and as cast state but also the issue reproducibility found commonly in the literature.  
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Chapter 5. Hybrid Perovskite Thin Film Engineering and the Anti-Solvent Drip 

5.1 Introduction 
 

Among the plethora of deposition routes for the hybrid perovskites, so called one step spin coating 

remains the widely used method. In this method, the precursors (PbI2 and CH3NH3I) are dissolved 

in a single or a co-solvent and subsequently subjected to spin coating to get the thin film. Recently 

the use of anti-solvent during the spin coating of the precursor containing solution has been 

reported extensively which results in smooth, thin films and high power conversion efficiencies 

(PCE). The highest reported PCE of lead halide perovskite take advantage of one step spin coating 

method with the use of anti-solvent drip. Although many researchers followed the trend of this 

anti-solvent drip during the spin coating and report decent device results14, the literature is silent 

about the fundamental understanding of the role that anti-solvent plays when it is employed during 

the process. Moreover, in each report, the timing of the anti-solvent drip ranges between 20 to 50 

seconds without the profound understanding of the process which goes through during the spin 

coating process. The question remains unanswered that why drip time is different for different 

recipes and varies from lab to lab. The significance of timings and structural evolution with the 

anti-solvent can only be answered through in-situ measurements which can probe the process with 

high accuracy.  

As we previously explored the solution to solid transformation during spin coating61, 141, 151, here 

we explore the role of anti-solvent during the spin coating process through our in-situ diagnostics. 

We employ time resolved Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) and 

reflection measurements to observe the evolution of ordered phases and the thickness changes 

during the coating process. We also explore the effect of anti-solvent drip at different times of the 

coating process to learn about its effect at different stages of the as cast films. Although there are 
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reports of many anti-solvents, Chlorobenzene has been the most effectively used in the literature37, 

which is being used in our studies as well. We first explore the widely established recipe of 

precursors dissolved in GBL and DMSO co-solvent system in the ratio of 7:3 and then move 

towards other solvent ratios. We made the solar cells using n-i-p structure where we used TiO2 as 

an n-type layer and doped spiro-OMeTAD as p-type layer. We show the universality of the 

precursor solvates by using relatively stable formamidinium based hybrid perovskites. We 

demonstrate through FTIR and TGA measurements the presence of solvents in as cast state 

forming disordered precursor solvates. Our observations show the presence of delta phase of 

FAPbI3 and FA0.9Cs0.1PbI3 in as cast films42. We made solar cells utilizing the formamidinium 

cation based hybrid perovskite to confirm our methods are in line with the literature.  

 

5.2 Results & Discussions 

5.2.1 Methylammonium lead iodide 

5.2.1.1 Ink to thin film transformation and the role of anti-solvent 
 

In order to develop understanding about the role of anti-solvent drip, it is crucial to understand the 

solution to thin film transformation without the use anti-solvent drip. Here we use time resolved 

GIWAXS during spin coating of the precursor loaded solution of GBL:DMSO (7:3). In figure 5.1 

a, a 2D map has been plotted with time (s) on x-axis and q-value (nm-1) on the y-axis. Scattering 

intensity is plotted as a color scale with purple is minimum and red as maximum. Initially, we 

observe a halo at lower q value, 2 < q < 6 nm-1. This halo later evolves to form highly ordered 

precursor solvates at 40 seconds. Solvate peak positions are 4.58, 4.99 and 6.39 nm-1. We also 

observe scattering signatures of lead iodide (PbI2) at q = 9 nm-1.   
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Figure 5.1 2D maps of time resolved GIWAXS performed during spin coating for the mixed 
solvent GBL and DMSO in 7:3 ratio without anti-solvent drip (a) and with anti-solvent drip (b). 
(c) Power conversion efficiency with respect to the anti-solvent drip time. (d) J-V curve of the best 
device with 19.4 % PCE. 

 

We repeated the same experiment with the employment of anti-solvent drip during the spin coating 

while keeping all other parameters constant. We drip the anti-solvent at around 40 seconds as 

reported previously. Figure 5.1b shows the 2D map of time resolved GIWAXS performed for drip 

based experiment. As soon as the anti-solvent drip is employed, we observe the ordered solvates 

and signatures of scattering from perovskite phase at q = 10 nm-1. An interesting point to notice 

here is we do not observe scattering from PbI2, and the intensity of the solvate scattering is 

significantly reduced which can be observed through the color scheme in the plot.  
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We analyzed the as cast states of these films with and without anti-solvent through Fourier 

transform infrared spectroscopy (FTIR). Figure 5.2 shows the comparison spectra of GBL, DMSO 

and their mixture with the spectra of films of as spun samples.  

 

 

Figure 5.2 FITR spectra of as cast films with and without an anti-solvent drip. These are compared 
with liquid GBL, DMSO and the mixed solvent. In no drip case, the significant peaks of GBL and 
DMSO are found. However, significant reductions in the GBL related peaks can be observed in 
anti-solvent drip case.  
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When anti-solvent drip was not employed, we found the key signatures of DMSO and GBL in the 

as cast state. Significant reduction in the signals from the GBL signatures was recorded when anti-

solvent drip was used indicating the selective removal of GBL from the substrate. Our previous 

report (discussed in chapter 4) suggests that the ordered solvates are the result of strong interaction 

between precursors present in the solution and the solvent molecules. Similarly, we found out 

through these measurements that ordered solvates are not only the trait of DMF based solutions, it 

is also formed with GBL:DMSO based solution.  These observations lead us to the conclusion that 

the anti-solvent drip during the spin coating is suppressing the crystallinity of the ordered precursor 

solvates and helps to promote the crystallization of perovskite phase. The ordered precursor 

solvates contain solvent molecules interacting strongly with the DMSO. 

 

 

Figure 5.3 (a) 1D plot of intensity vs. q for as cast films with different drip times. Inset in the figure 
is magnified on q range 8 to 12 nm-1. (b) Evolution of solvate peak with respect to the spin time.  
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Now we know that the ideal drip time for fabrication of PV devices in literature coincides with the 

time of solvate crystallization. In order to observe the impact of different drip times, solar cells 

were fabricated with the different anti-solvent drip times. The results are outstanding as it clears 

the picture of the importance of drip time for high efficiency and high reproducibility. Figure 5.1c 

shows the comparison of devices fabricated with varying drip time. PCE (%) is shown on the y-

axis and drip time (s) is shown on the x-axis. The substrates after the spin coating were subjected 

to annealing. Subsequently, spiro-OMeTAD was deposited as a hole transporting layer and devices 

were completed with the metal electrode deposition. It is conspicuous from the graph that early 

drip times of 5 and 10 seconds results in 4.3 % and 5.7 % of average PCE respectively. Dripping 

anti-solvent later than 10 seconds shows the improvement trend in the performance. Drip time at 

20, 25 and 30 seconds show the average PCE of 9.99, 12.3 and 14.8 % respectively. From 30 to 

35 seconds we observe a slight increase in average efficiency up to 16 %. Our best device results 

of average efficiency, come up at the drip time of 40 seconds, of 18.3 % which is consistent with 

the previous reports. The JV curve of the best device which shows 19.4 % efficiency with 40 

seconds anti-solvent drip time is shown in figure 5.1d. After the 40 s drip time, the efficiency trend 

starts to decrease with 45 and 50 seconds of anti-solvent drip time show 15.6 and 11.9 average 

PCE respectively. Average efficiency of 7.8, 3.3 and 3.2 % is recorded for the drip time of 55, 60 

and 70 seconds respectively. It is interesting to notice that the best device efficiency at 40 seconds 

drip time and the crystallization time of solvate coincides. It shows significant differences in terms 

of efficiencies when the drip happens before solvate crystallization, at the time of solvate 

crystallization and after the solvate crystallization.  
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Another interesting phenomenon to notice here is that the variation in PCEs with different drip 

time is different. We observe the large spread in efficiency for the too early and too late drip. 

Efficiency dots in the graph are quite consolidated for the drip time of 30, 35 and 40 seconds 

indicating towards high reproducibility. In order to achieve high efficiency with high 

reproducibility, drip time has to be matched with the time of solvate crystallization.  

 

5.2.1.2. Importance of anti-solvent drip time 
 

Power conversion efficiency of a PV device is highly dependent on the time of the drip. This raises 

a question of the effect of drip time on the film crystallinity and morphology. We measure time 

resolved GIWAXS during spin coating to observe the effect of different drip time. We drip anti-

solvent before the solvate crystallization (20 s), at the time of solvate crystallization (40 s), and 

after the solvate crystallization (70 s) during the spin coating. We show the intensity vs. q plot in 

figure 5.3a for as cast samples after 100 seconds of spin coating for each case. Inset of the figure 

is plotted from 8 to 12 nm-1 q value to observe PbI2 and MAPbI3 peaks clearly. We observe intense 

scattering from the precursor solvate when anti-solvent is not used. The PbI2 peak can also be 

spotted in the inset for no drip case. With the drip at 20 and 40 seconds, the intensity of these 

solvates decreases significantly. We also observe scattering signatures from MAPbI3 in these two 

cases. When the drip happens at around 70 seconds when the solvate is already crystallized, we 

observe the similar scattering intensity of solvates and PbI2 peak. 2D maps of these time resolved 

experiments is shown in figure 5.5.  
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Figure 5.4 2D maps of time resolved GIWAXS performed during spin coating. (a) Spin coating of 
hybrid perovskite solution with no anti-solvent drip. Chlorobenzene as anti-solvent was dripped at 
(b) 20 seconds (c) 40 seconds and (d) 70 seconds.  

 

We plot the solvate peak with time in figure 5.3b to understand its evolution. We can observe that 

when the anti-solvent drip is not used, the solvate starts to have ordered phase from around 40 

seconds and stabilized after 60 seconds of spin coating. However, the anti-solvent disrupts the 

natural drying process which forces the early formation of these ordered phases at the same instant. 
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Without drip, the scattering intensity of ordered solvate kept on increasing for 20 seconds and then 

stabilized, but with the drip, the intensity stabilizes at the moment of the drip showing no signs of 

delayed evolution. For the 70 seconds drip, the ordered solvates are already formed, and then the 

drip does not change the intensity of these stabilized solvates. Anti-solvent drip is only effective 

in suppressing the crystallinity of these solvates and promoting perovskite growth when it happens 

before these solvates are crystallized. We radially integrated the solvate peak at 4.5 nm-1 to see the 

orientation differences in each case (figure 5.5). 

 

Figure 5.5 GIWAXS images of as cast thin films immediately after spin coating for (a) no drip 
case and anti-solvent was dripped at (b) 20 seconds (c) 40 seconds and (d) 70 seconds. Highly 
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textured solvate is formed with no drip and 70 seconds drip case. However, the anti-solvent drip 
before the solvate crystallization results in solvate with random powder like orientation.  

 

We found out that the solvate in no drip and 70 seconds drip case is oriented at 90o with respect to 

the sample while drip at 20 seconds and 40 seconds display random orientation. The angle vs. 

intensity graph is shown in figure 5.6. 

 

Figure 5.6 Solvate (4.5 nm-1) peak from GIWAXS was radially integrated to observe orientation 
of solvate. Random orientation for 20 seconds and 40 seconds drip case was found however a 
sharp peak at 90 degrees indicate preferred orientation of solvate for no drip and 70 seconds drip 
case.  
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Figure 5. 7 Microstructure and morphology a) Optical microscope images of as cast films and (b) 
SEM images after annealing at 100 oC. Scale bar of OM images represents 50 μm, and scale bar 
of SEM image represents 1 μm. 

 



139 
 

We captured Optical Microscope (OM) images for each case in as spun state and observed the 

samples under Scanning Electron Microscope (SEM) after annealing and found a significant 

correlation. OM images are shown in figure 5.7a and SEM images are shown in figure 5.7b which 

narrates and confirm our findings from GIWAXS. For the sample without the anti-solvent drip, 

we observe large grains of solvates in OM and large grains of perovskite SEM and the film is not 

fully covering the substrate. With the 20 seconds drip, we observe in OM that the grains are now 

smaller and the film coverage is better than the no drip case.  

 

 

Figure 5.8 Thinning behavior of blank and precursor loaded (a) pure GBL and (c) pure DMSO. 
2D maps of time resolved GIWAXS measurement performed during spin coating for precursor 
loaded (b) pure GBL and (d) pure DMSO. 
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However, when the sample was annealed and observed through SEM, we found that the film is 

smooth with small grains but still not fully covered. Drip at the time of solvate crystallization is 

very smooth films in OM which is also translated after annealing and can be observed in SEM. 

The perovskite film is covering the whole substrate. Large grains and uncovered films can be 

observed when the drip happens after the solvate crystallization. These experiments clearly show 

that the time of the drip is crucial to get fully covered films which are conspicuously reflected in 

PV device performance. 

 

5.2.1.3. Importance of solvent composition 
 

Now we fully understand the system of the co-solvent system of GBL:DMSO (7:3) which is the 

most commonly used in the literature. We now move towards the individual solvents and the role 

they play to form these solvates. We studied the drying behavior of these solvents through time 

resolved reflection measurements. Figure 5.8a shows the drying behavior of blank GBL solvent 

and the precursor loaded GBL. We can observe that in initial 10 seconds, bulk GBL liquid is 

ejected from the substrate due to the constant spinning of the substrate. Subsequently, it starts to 

evaporate. This process is identical with blank solvent and loaded solution. Liquid signatures 

completely disappeared at around 28 seconds indicating the complete removal of the liquid. The 

situation is quite different in the case of blank DMSO solvent and precursor loaded DMSO solution 

(figure 5.8c). As the boiling point of DMSO (189 oC) is lower than GBL (204 oC), the blank DMSO 

completely evaporates at around 22 seconds which is 5 seconds earlier than GBL. However, the 

loaded DMSO solution show the liquid signature until around 43 seconds. DMSO loaded solution 

violates the Raoult's law152-153. This behavior could be because of strong interactions of DMSO 
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and perovskite precursors14. To confirm this behavior and study the ordered phases formed during 

the spin coating, we again measure time resolved GIWAXS for these two cases. 2D GIWAXS map 

for GBL is shown in figure 5.8b and for DMSO in figure 5.8d. We observe a similar halo in GBL 

case till 27 seconds and scattering from perovskite phase from 22 seconds. A low intense solvate 

peak can be observed at 6.4 nm-1. In the case of DMSO, the halo lasts for 50 seconds, and the 

solvate structure resembles the structure we observed in the case of the co-solvent system. We also 

observe the scattering signals from the PbI2 phase. We can correlate that the co-solvent system is 

primarily dominated by the strong interactions of DMSO with the precursors. Another interesting 

point to notice here is that solvate crystallization happens at 50 seconds rather than 40 seconds in 

a co-solvent system which indicates that a thorough study is needed for different ratios of solvent 

ratios to indicate the time of solvate crystallinity.  

We dig deeper into the matter of solvate crystallinity by studying time resolved GIWAXS during 

spin coating for different GBL and DMSO ratios starting from pure GBL to the pure DMSO. In 

figure 5.9a we have shown the 2D GIWAXS maps focused on the 4.58 nm-1 solvate peaks for all 

the cases except for pure GBL where 6.4 nm-1 peak is in focus. We use the symbol G to represent 

GBL and D to represent DMSO. Here we show the 2D GIWAXS maps for DMSO, GD (3:7), 

(5:5), (7:3), (9:1), and GBL. As shown previously in the case of pure DMSO, the solvate 

crystallization happens at 50 seconds and also in the case of more DMSO (GD 3:7) and an equal 

amount of DMSO (GD 5:5) in the system. GD 7:3 system show earlier solvate crystallization at 

40 s. GD 9:1 system follows the similar trend of earlier crystallization at 38 seconds. The amount 

of DMSO in the system is the key ingredient to determine the time of solvate crystallization. All 

these solvent compositions were used to fabricate PV devices in the similar fashion as mentioned 

earlier. The resulting PCEs are plotted with respect to the drip time in figure 5.9b for each solvent 
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composition. In the case of pure DMSO, 20 seconds drip time results in average PCE of 1.52 %, 

but it is significantly improved to 13.8 % when drip happens at 40 seconds. Drip at 50 seconds 

results in average PCE of 16.1% but it goes almost half (8.64 %) when the drip is 10 seconds later 

at 60 seconds. 0.44 average PCE was recorded for the drip time of 70 seconds. As-cast confocal 

microscopy images are shown in figure 5.9c (without anti-solvent drip) and figure 5.9d (with the 

anti-solvent drip). It is evident that pure DMSO case results in large grains with a non-uniform 

coating with natural drying but the microstructure is improved with the use of anti-solvent and red 

color in the image represents the fluorescence from perovskite phase. Average PCEs of 13.68, 

14.35, 16.4, 15.1 and 14.35 % was recorded for the drip time of 20, 35, 40, 45, and 50 seconds 

respectively for the GD 9:1 case. 

The increase in efficiency from 20 s to 40 s is not significant as in the previous case. Moving 

forward, the average PCE starts to decrease and results in 15.18, 14.35, 10.3, 6.7 and 7.2 % for 45, 

50, 55, 60, and 70 seconds drip respectively. When the GBL and DMSO are equal in volume in a 

solution, the system does not remain too sensitive to the time of the drip. Average PCE with 

different anti-solvent drip time remains similar around 16% till 55 seconds.   
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Figure 5.9 (a) 2D maps of time resolved GIWAXS performed during spin coating for different 
solvent ratios. These maps focus on 4.58 nm-1 solvate peak for all except the pure GBL case which 
shows 6.4 nm-1. (b) PCE is plotted with respect to the anti-solvent drip time for different solvent 
ratios. Confocal microscope images for (c) no drip and (d) drip case. The anti-solvent drip was 
conducted before the solvate crystallization.  

 

After which it decreased to 9%. Microstructure shown in figure 5.9c and 5.9d for GD 3:7 and 5:5 

resembles the pure DMSO case indicating that DMSO still dominates the solution processing. The 

most commonly used co-solvent system GD 7:3 has been discussed in detail earlier in this article. 

This system is highly sensitive to the drip time with 40 s drip resulting in the best device 

performance. From confocal microscope image, we can observe the smaller grain size for GD 7:3 

than the previous cases discussed. The GD 9:1 system results in average PCE of 17.48 and 16.49 
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% with the drip time of 10 and 25 s respectively. Here the devices made with 30 s drip time does 

not work well. Similarly, the devices with pure GBL solvent does not perform if the drip is 

conducted after 20 s. The microstructure for GD 9:1 and pure GBL shows smaller grains with more 

fluorescence indicating the formation of perovskite phase. These device results in each case 

indicating the importance of anti-solvent drip time. In each case, after the solvate is crystallized 

the drip becomes ineffective, and we observe poor device performance.  

 

5.2.2. Mixed cations system 

5.2.2.1. Ink to thin film transformation and role of cesium and anti-solvent 
 

The inherent stability issues of methylammonium lead iodide have provided an opportunity for the 

researchers to explore another stable form of hybrid perovskite. As described in the introduction, 

formamidnium lead iodide is relatively stable in the humid environment. We now move on to 

observe the effect of anti-solvent drip in comparatively more air-stable hybrid perovskites based 

on the mixture of formamidinium (FA) and Cs cations. It has been reported that doping of cesium 

in FAPbI3 results in better device performance and stability. The better device performance with 

the doping could be the result of improved morphology and charge transport properties. We have 

seen in the previous chapter and in this chapter that morphological evolution is highly dependent 

on the solution processing technique. We therefore explore the solution processing of FAPbI3 as 

well as FAxCs1-xPbI3. In the literature, the best working recipe for these systems employs the use 

of the mixed solvent system of DMF and DMSO with the volume ratio of 8:2 with the spin coating 

at 1000 rpm for 10 seconds and 5000 rpm for 60 seconds. We use our in situ diagnostics to probe 

the processing of FAPbI3 and FA0.9Cs0.1PbI3.  
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Figure 5. 10 2D maps of time resolved GIWAXS performed during spin coating of (a) FAPbI3 and 
(b) FA0.9Cs0.1PbI3. Anti-solvent drip was conducted during the spin coating at 40 seconds for (c) 
FAPbI3 and (b) FA0.9Cs0.1PbI3. We observe the formation of delta phase in each case and 
perovskite phase formation in the cesium doped with anti-solvent drip.  
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In figure 5.10, we show the time resolved GIWAXS performed during spin coating of FAPbI3 

(figure) and dissolved in mixed solvents of DMF and DMSO with the volume ratio of 8:2. We 

observe the broad peak of halo 3 < q < 6 nm-1 which is quite similar to the halo observed in MAPbI3 

solution processing. The halo peak does not transform into an ordered precursor solvates as 

observed previously. However, we observe scattering from delta FAPbI3 at q = 8.3 nm-1 phase 

which has a hexagonal crystal structure. It took around 90 seconds for the broad halo to disappear. 

The delta phase is an undesirable structure for the solar cell operations. We start to observe this 

delta phase after 62 seconds of spin coating, and the scattering stabilizes after 85 seconds.  

 

Figure 5. 11 Azimuthally integrated GIWAXS images of intensity vs q for spin coated films (a) 
without an anti-solvent drip and (b) with an anti-solvent drip at 120 seconds. In the inset of the 
graph in which anti-solvent drip is utilized is highlighting the q range from 9 – 11 nm-1 to 
demonstrate the formation of perovskite phase with cesium doping.  

 

In situ GIWAXS during spin coating the solution containing a small amount of cesium is shown 

in figure 5.9b. We observe a halo which is quite similar to the one observed without cesium doping. 

The broad peak can be observed till 80 seconds of spin coating which is 10 seconds earlier than 
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the previous case. Similarly, we observe the scattering from the delta phase of FACsPbI3 starting 

from 60 seconds and stabilizing after 100 seconds. The scattering intensity of the delta phase 

formed with cesium doping appears to be less than the pure case. These are the cases where natural 

drying during the spin coating takes place. We interrupt the natural drying process with the anti-

solvent drip and plot the resulting time resolved GIWAXS, performed during the coating process, 

in figure 5.10 c and d. We use the drip time of 40 seconds in this study. As soon as the anti-solvent 

drip is utilized, the scattering signature of halo disappears immediately. We observe the formation 

of the delta phase. Its scattering intensity keeps on increasing till 100 seconds of spin coating and 

stabilizes after that. We do not observe any other peak other than the delta phase. When the anti-

solvent drip is utilized for the cesium added solution (figure 5.10d), we observe the similar 

behavior of the gel precursor solvate and delta phase. However, we observe a weak scattering 

signature of the perovskite phase at q = 10 nm-1 which is labeled as an alpha (α) phase in the figure 

5.10d.  
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Figure 5. 12 Comparison of FTIR spectra of solvents, DMF and DMSO, with the 
spectra of as cast and annealed films of FAPbI3 and FA0.9Cs0.1PbI3. 
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It indicates that the presence of cesium and utilization of anti-solvent drip is crucial to obtain 

perovskite nucleation in the thin film. Individually, the anti-solvent drip and cesium doping results 

in delta phase. When used in combination, it results in the seeds of perovskite co-existing with the 

delta phase. We show the 1D plots of intensity vs. q (nm-1) in figure 5.11 for the no drip (a) and 

drip case (b) at the end of spin coating process (120 seconds). As observed in the previous figure, 

the peak of delta phase can be seen at the end of spin coating process. With the cesium doping, we 

observe that the intensity of the delta phase has significantly reduced. We observe quite similar 

behavior when the anti-solvent drip has been utilized. With the cesium doping and the anti-solvent 

drip, we observe that the scattering intensity of the resulting delta phase is much lower than the 

pure FAPbI3. In the inset of the figure --, we have shown the q range of 9 – 11 nm-1 to highlight 

the perovskite formation. We do not observe perovskite scattering peak for the pure phase. 

Perovskite scattering can be seen in the cesium doped thin films indicating the formation of a seed 

layer of perovskite.  

Interestingly, we do not observe any ordered precursor solvate formation in these systems which 

is a trademark in MAPbI3 solution processing through the solvents of DMF and DMSO. We 

performed FTIR measurements on the as cast and annealed films of the thin films with and without 

cesium doping to investigate the presence of a solvent. 

 

5.2.2.2. Solvent retention and mass loss 
 

In figure 5.12, we show the results of FTIR measurements of the as cast and annealed thin films 

in comparison with the FTIR spectra of the solvents used for solution processing. We show the 

spectrum of DMSO in black and DMF in red. We have plotted as cast FAPbI3 and FA0.9Cs0.1PbI3 
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on top of the solvent spectra. We found the DMSO peaks at wavenumber 695, 941 and 1405 cm-1 

are present in the as cast films. However, the peaks appearing in as cast films, are a bit shifted 

which is explained in the previous chapter. These peaks do not appear in the annealed films spectra 

indicating the complete removal of solvent upon thermal treatment. We do not observe any 

coinciding peaks of DMF solvent in the as cast state.  

 

Figure 5. 13 TGA measurements of as cast (a) FAPbI3 and (b) FA0.9Cs0.1PbI3 to track the mass 
loss during the thermal treatment. 

 

The FTIR results indicate the presence of a solvent in the as cast state of the film. However, we 

did not observe any ordered solvate in GIWAXS measurements. To confirm the presence of 

residual solvent in as cast state we performed TGA measurements. We scrape off the as cast film 

from the substrate and perform TGA measurements on those samples. As we observed solvent 

presence in the FTIR measurements for as cast films and not for annealed films indicate that during 

the annealing process, the solvent evaporates from the substrate. To track the mass loss and 

confirm this finding, we perform TGA experiments for both FAPbI3 and FA0.9Cs0.1PbI3. In figure 

5.13, we show the results of TGA measurements. In both the graphs, time in minutes is plotted at 
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x-axis, mass in percentage is plotted on the left y-axis and temperature in oC is plotted on the right 

y-axis. In both the cases, temperatures were raised to 160 oC and kept at this point for twenty 

minutes. In the case of FAPbI3, we observe that the significant mass loss happens after the 

temperature has crossed 120 oC. The total mass loss recorded is 12.5 %. In the case of 

FA0.9Cs0.1PbI3, we observe that mass loss started at a lower temperature than 100 oC. The total 

mass loss recorded is 14.8 % which is a bit more than the pure case. These measurements, taken 

together with FTIR, confirm the presence solvent (DMSO) in the as cast state film which forms 

disordered solvate making it invisible to the eyes of GIWAXS. Our results show the universality 

of precursor solvates formed with the interactions of the precursor salts and the solvent molecules. 

They may appear in the ordered or disordered state.  

 

5.2.2.3. Effect of cesium doping on morphology and PCE 
 

Finally, we made photovoltaic devices to test the performance with the cesium doping. We show 

the JV curves of FAPbI3 device in figure 5.14a. We reported almost 9 % PCE when the device 

was measured in reverse direction and 8.35 % when measured in forward direction. In figure 5.14b, 

we show the JV curve for the cesium doped perovskite thin film. We report an increase in 

performance from 9 % in pure phase to 14.39 % with cesium doping when the device was measured 

in the reverse bias condition. We report 12.81 % PCE in forward bias conditions. 
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Figure 5. 14 JV curves of the solar cells (0.1cm2) and their corresponding SEM images of (a)(c) 
FAPbI3 and (b)(d) FA0.9Cs0.1PbI3. Scale bar for both images represents 1 µm. 

 

The SEM images for of annealed thin films of FAPbI3 (figure 5.14c) and FA0.9Cs0.1PbI3 (figure 5.14d) 

are shown in the figure 5.14. Scale bar for both images represents 1 µm. It is clear that without cesium 

doping, the morphology appears wrinkled and rough. However, with cesium doping, the annealed thin film 

appears more compact and uniform. Our device performance are in line with the reported power conversion 

efficiencies in the literature.  
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We then made the devices with slightly increased cesium concentration. We show, in figure 5.15 

J-V curves of the solar cells made with FA0.85Cs0.15PbI3 (5.15a) FA0.82Cs0.18PbI3 (5.15b) 

FA0.8Cs0.2PbI3 (5.15c) as an absorber layer. The device architecture is same as previously 

mentioned. The active area for these devices is 0.048 cm2. We observe that in all the formulations, 

the resulting short circuit current is around to 20 mA/cm2 and open circuit voltage is around 1 V 

with high level of reproducibility. Slight modification in cesium content (0.1 – 0.2 M) in the 

formulation does not create a huge impact in the device performance. The device parameters are 

listed in the Table 5.1 

Table 5. 1  PV device parameters with increasing cesium content. The power conversion efficiency 
ranges between 15.5 – 16.5%. 
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Figure 5. 15 J-V curves of solar cells with active area of 0.048 cm2 with different cesium 
concentrations a) FA0.85Cs0.15PbI3 b) FA0.82Cs0.18PbI3 c) FA0.8Cs0.2PbI3. 

 

5.3 Conclusion 
 

In this chapter, we took an in-depth glance at the solution processing methylammonium lead iodide 

perovskite through time resolved GIWAXS. We started the study with the most commonly used 

co-solvent system and found out that anti-solvent drip reduces the solvate crystallinity and promote 

perovskite phase formation during spin coating. We also demonstrate that this system is highly 

sensitive to the time of the drip not only for the high performance but also for the low variance in 
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the performance. Our analysis revealed the presence of GBL and DMSO in as cast films when 

anti-solvent is not used and selective removal of GBL with anti-solvent drip. We show through 

morphological analysis that why drip time is affecting the devices and as cast state is dictating the 

post annealing morphology. Our study also highlights the effect of drip time for resulting device 

performance for different GBL to DMSO ratios in the system.  

We observe that solvate crystallization happens at different times for different solvent ratios which 

were reflected in the device performance and in time resolved GIWAXS measurements. Drip after 

the solvate crystallization does not affect the ordered phase, and poor device performance is 

recorded. We demonstrate the universality of the precursor solvate by studying FAPbI3 and 

FA0.9Cs0.1PbI3, where the solvate is however disordered. The combination of GBL, DMF, and 

DMSO in this chapter opens up the discussion of the use of the solvent mixture. DMSO is a polar 

aprotic solvent and is known for formation of a stable complex structure with PbI2. We have 

observed in our results that DMSO based perovskite solution forms ordered solvate and GBL based 

solution for disordered solvate upon spin coating. Direct perovskite conversion is observed when 

using GBL based inks. It is found in a comparison of DMF and DMAC that the bonding energy 

between PbI2 and DMF is larger for former than the latter154-155. Dimethylacetamide (DMAC) 

based inks have been reported having a similar effect as GBL based inks as it forms dark grey 

perovskite phase during the spin coating. In the light of this reported comparison, reported stable 

PbI2-DMSO complex and our GIWAXS results we could say that PbI2-DMSO bonding energy 

must be higher than PbI2-GBL. However, the bonding energy of PbI2-DMF is in between the 

bonding energies of PbI2 with DMSO ink, and GBL ink as crystallization through DMF ink is 

reported to be faster than DMSO ink which further confirms our results. The reports of solvent 

engineering approach show the removal GBL rather than DMSO when anti-solvent is used through 
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the presence of DMSO signatory peaks in FTIR spectra in as cast films which further confirms our 

results. Interestingly, the miscibility of GBL and DMSO in chlorobenzene is quite similar and 

should not be considered as the major factor of this selective removal. We assign the behavior of 

selective solvent removal as a consequence of weaker PbI2-GBL coordination which would make 

it easier to remove with the use of anti-solvent. PbI2- coordinates better with DMSO rather than 

DMF which retards the formation of perovskite phase during the spin coating and forms PbI2-

DMSO complex. Etgar et al. reports the linear increase in the size of PbI2 –DMSO complex when 

the amount of DMSO is increased in the solution of DMF ink156. 

Results from FTIR indicates the presence of DMSO solvent in the as cast state of the film and 

solvent is removed during the thermal treatment of the films as confirmed through TGA 

measurements. Time resolved GIWAXS measurements performed during spin coating reveal the 

presence of delta phase which has a hexagonal crystal structure and is undesirable for solar cell 

application. We observe scattering from perovskite phase with cesium doping, and the anti-solvent 

drip was employed during the coating process. We make solar cells based on formamidinium 

cation hybrid perovskite to confirm our process is in line with the reported in the literature. With 

cesium content 0.1 – 0.2, the power conversion efficiency was found to range in between 15.5 – 

16.5 %. Formamidinium based inks are dominated by the presence of delta phase, unlike 

methylammonium based inks which are dominated by the solvates formed.  
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Chapter 6: Blade Coated Metal Halide Perovskite at Elevated Temperature: Skipping the 
Intermediate (Ordered) Solvate State 

6.1 Introduction 
 

Application of perovskites in a variety of device architectures such as photovoltaics (PV), detector, 

light emitting diode (LED) has approved their potential for future practical products157-159. An 

intriguing advantage of such hybrid material is its solution processing possibilities. In its most 

successful implementation to date, perovskites are processed by spin-coating the solution onto the 

substrate and subsequently annealing the film to obtained pure phase perovskite. Such small scale 

approach has demonstrated the formation of high quality perovskite crystals, leading to the high 

performance of corresponding devices, PV with efficiency over 20% for instance8-9.  

Lab scale technique (such as spin-coating) nevertheless advanced small-area proof of principal 

devices, lack of controlling the reproducibility and incompatible to large area processing make it 

difficult for future development of any device modules for commercialization. On the other hand, 

scalable approach such as blade coating shows promising potential to solve above draw backs160. 

Compared to spin-coating, blade coating not only requires fewer materials (less waste) but also 

processes the materials in a much faster speed. In addition, the annealing process required by 

perovskite formation could be done during the blade coating process. A constant temperature 

controlled by the thermal source under the blade coating stage yields ideal morphology of 

perovskite crystals. High quality perovskite films, therefore, could be obtained by blade coating 

within just seconds, using the minimum amount of materials. Although spin-coating under high 

temperature could also be done to obtain similar results, one has to contend with heating the chuck 

and rapid temperature quenching of the substrate. The above difficulties make spin-coating hard 
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to yield reproducible results. Blade coating, therefore, becomes a promising technique for future 

practical application of perovskite based devices. 

A few publications to date have shown that highly efficient perovskite solar cells could be 

fabricated by blade coating under a certain temperature. The screening of transition of perovskite 

from solution phase to solid phase under such process has rarely been attempted. There is strong 

evidence in the literature pointing to the fact that the salts and solvent are interacting with each 

other in a complicated way, giving rise to an intermediate precursor phase in the film prior to 

annealing141, 151. The presence of such intermediate precursor phase across solution-processing 

methods points to unique growth mechanisms of poly-crystalline perovskite films than what can 

be explained using conventional models of thin-film nucleation and growth from solution. 

Investigation of such intermediate precursor phase under temperature controlled blade coating 

process should, therefore, offer some clue to the remarkable ability of this processing technique to 

form high quality polycrystalline perovskite films as well as to its better reproducibility.  

In this chapter, we first understand the process of blade coating using the equimolar lead iodide 

solution same as used in chapter 4. Then we move on to the mixed solvents studied in chapter 5. 

We investigate the solution processing through time resolved GIWAXS. We perform in situ optical 

microscopy during blade coating to reveal the solution to thin film transformation through 

morphological perspective. We make solar cells based on blade coating at different temperatures 

and found interesting correlations which are discussed below. 

 

 

 



159 
 

6.2 Results & Discussions 
 

6.2.1 Blade coating of hybrid perovskite using DMF based solution 
 

6.2.1.1 Morphological studies of blade coating at different temperatures 
 

As mentioned in the previous chapters that solution drying kinetics is different for each solvent, 

and the coating process impacts the final thin film morphology. We start our investigations by 

comparing the process of blade coating at 80 ℃ and 135 ℃ for equimolar MAI:PbI2 dissolved in 

DMF solution. TiO2 coated ITO was used as a substrate for all these experiments. We show the 

results of in situ optical microcopy conducted during blade coating with the substrate temperature 

set at 80 ℃ in figure 1a. We observed that the nucleation of perovskite starts to form from left side 

to right side, which agrees with the blade-coating direction. We observe some nucleation sites 

surrounded by the bulk liquid in the first image of an optical microscope. The perovskite domains 

formed at such condition are small and not continuous (not fully cover the substrate surface, figure 

6.1b).  

We then use scan electron microscope (SEM) for further characterization of the morphology. A 

needle like domain (50-100 um) of perovskite can be observed as shown in the figure 6.1. 

Additionally, we found such needle like the domain is composed of many small domains with size 

around 300-400 nm under a magnified view (figure 6.1d). The conclusion from the optical 

microscope and SEM images complement each other as the film does not continue with needle-

like morphology. We repeat the experiment with the substrate temperature set to 135 ℃.  W e 

observe a different shape of the domain can be obtained at a higher temperature. The blade coating 

direction is highlighted on the top of the optical micrographs. In the first image of in situ optical 
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microscopy, we observe liquid is being spread out. The second image of this series is quite 

interesting as it captures the beauty of co-existence of thin film and the solution.  

We observe large grains on the left side of the image and liquid on the right side. In the middle of 

the image, we observe few nucleation sites ready to turn themselves into large grains. In the last 

image of this optical microscopy, we observe a compact and uniform morphology with large 

grains. The grains observed in the low temperature blade coating case was much smaller than the 

grains resulted by the effect of high temperatures. In figure f, we show the optical micrograph after 

the blade coating and found huge grains of various sizes. Under SEM (figure 6.1g), we observe 

the similar morphology as seen in the optical microscope that grains are almost 100 um large. 

However, upon zooming in, we realize that these large grains are comprised of smaller domains 

of 5-10 um as shown in figure 6.1h. The morphological analysis conducted here suggests a crystal 

growth mechanism resembles spherulite formation. Such phenomenon is quite interesting for 

organic-inorganic hybrid perovskite materials because spherulite is a typical organic material 

crystallization behavior. 
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Figure 6. 1 Snap shots of in-situ optical microscope during blade coating. (a) Blade-coated at 50 
℃, (e) Blade-coated at 135 ℃. Optical microscope images of final perovskite film processed at (b) 
50 ℃ and (f) 135 ℃. (c) and (d) SEM images of final perovskite film processed at 50 ℃. (g) and 
(h) SEM images of final perovskite film processed at 135 ℃. 

 

6.2.1.2. Ink to thin film transformation study through in situ GIWAXS and thickness 
measurements 
 

To understand the science behind this morphological differences, we conducted time resolved 

experiments to study the solution to thin film transformation. We measure thickness changes 

during the coating process. In figure 6.2a, we show the thinning behavior of blank DMF solvent 

and precursor loaded DMF solvent for spin coating. As observed in chapter 4, the blank DMF thins 

quite fast and disappears from the substrate in less than 10 seconds. However, due to solute-solvent 

interactions, the precursor loaded solvent took almost 15 seconds to dry. During blade coating at 

80 ℃, we observe that the blank solvent evaporates faster than spin coating and disappears in 5 

seconds (figure 6.2b). We observe a similar trend of precursor loaded solvent. It took around 12 

seconds for precursor loaded solvent to dry which is faster than the spin coating but slower than 

the blank solvent blade coating. In figure 6.2c, thinning behavior of blade coating at 135 ℃ has 

been plotted. We observe that both the blank solvent and loaded solution evaporates in around 3 

seconds which is quicker than the low temperature blade coating and spin coating. It was expected, 

as the boiling point of DMF is 153 ℃ which is close to the substrate temperature in the last case. 

The drying kinetics in each case is different and according to what we have learned in previous 

chapters is that the resulting phases in each case would be different.  
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Figure 6. 2 Thinning behavior of blank and precursor loaded DMF measured during (a) spin 
coating and blade coating at (b) 80 ℃ and (c) 135 ℃. The blank solvent in each case evaporates 
faster than the precursor loaded solution. Time resolved GIWAXS measurements of precursor 
loaded solution during (d) spin coating and blade coating at (e) 80 ℃ and (f) 135 ℃. Schematic 
illustration of blade coating at (g) 80 ℃ and (h) 135 ℃. At 80 ℃ substrate temperature, blade 
coating results in precursor phase and perovskite phase, however, at 135 ℃ coating, direct 
conversion of solution to perovskite phase is observed.  

 

We measure time resolved GIWAXS during spin coating and blade coating at different 

temperatures. Time resolved 2D GIWAXS map for spin coating is shown in figure 6.2d where red 

color being the highest intensity and purple color indicating low intensity. As seen in chapter 4, 

the spin coating of the DMF based solution results in disordered solvate which then converts into 

ordered solvate after 16.5 seconds. The disordered solvate scattering signature is a broad peak from 

2 < q < 6.5 nm-1. The ordered solvate peak positions are 4.5, 5.5 and 6.6 nm-1. With the formation 

of these solvates in the film, some of the lead iodide gets separates out and crystallizes as its 
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scattering signature at q = 9 nm-1 can be observed. However, we do not observe any scattering 

from perovskite phase indicating that it has not been crystallized during spin coating. After the 

crystallization of the film, the system remains constant, and new peaks are not observed. This spin 

coating experiment was conducted at room temperature.  

Time resolved GIWAXS measured during blade coating when the substrate temperature was set 

at 80 ℃ is shown in figure e. Initially, the similar disordered solvate appears as formed in spin 

coating case. The solvate crystallization happens at 13.4 seconds which is faster than the spin 

coating experiment. This result complements the thinning behavior of the solvent and solution. 

Observe three sharp peaks of the ordered solvates with lead iodide similar to the spin coating case. 

Unlike the spin coating case, we observe strong scattering signals from perovskite phase. It shows 

the conversion of disordered solvate into ordered solvate and perovskite. These two phases co-

exist in this case. We observe an increase in the intensity of perovskite phase during the process. 

This could be explained by the faster drying process when the temperature is increased to 80 ℃. 

However, this temperature (80 ℃) doesn’t essentially change the fact that perovskite is converted 

from an ordered solvate. Such results present us a three stage conversion process of perovskite 

(irrespective of processing technique): disordered solvate  ordered solvate  perovskite and 

disordered solvate  perovskite.  

Time resolved GIWAXS measurement conducted during blade coating of hybrid perovskite when 

the substrate temperature was set to 135 ℃ is shown in figure 6.2f. We observe the similar 

disordered solvate in the beginning of the coating process. To our surprise, this disordered phase 

converts directly into perovskite rather than ordered solvates. This is the first time that solvate state 

is skipped in the perovskite processing. The conversion from disordered solvate to perovskite 

happens in less than 3 seconds. These results are complementing the recorded thinning behavior 
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of the solvent and the loaded solution. It explains the difference in morphology occurred due to a 

temperature difference of the substrate. When the disordered solvate skips the ordered solvate state 

and forms perovskite directly, we observe a huge difference in morphology of the resulting thin 

film which is compact and uniform with large grains. Schematic image of blade coating at 80 ℃ 

and 135 ℃ is shown in figure g and h respectively. At 80 ℃ we observe ordered solvate and 

perovskite phase during the blade coating process and after keeping it for annealing, we observe 

that the ordered solvates convert to perovskite. In the schematic image, we show precursor crystals 

in green color and perovskite crystals in black color. When the substrate temperature is 135 ℃, the 

blade coating of precursor loaded solution results in direct conversion into perovskite with large 

grains.  

In figure 6.3 a, b and c, we show the 2D GIWAXS images of as cast films at the end of the spin 

coating process, blade coating at 80 ℃ and blade coating at 135 ℃ respectively. W e observe the 

strong scattering intensity of the ordered solvate in room temperature spin coating case with lead 

iodide and a very weak scattering from perovskite phase. The conversion process of ordered 

solvate into perovskite has begun at room temperature. The 2D GIWAXS image for spin coating 

also highlights the orientation of the solvate. The ordered solvate, lead iodide and the perovskite 

show strong out of plane orientation. In the image for blade coating at 80 ℃, we observe scattering 

from ordered solvate phase, lead iodide, and perovskite phase. 



166 
 

 

Figure 6. 3 2D GIWAXS images of the as costed films of (a) spin coating and blade coating at (b) 
80 ℃ and (c) 135 ℃. (d) TRPL for perovskite film spin-coated at room temperature and blade-
coated at 80 and 150 ℃. 

 

A similar trend of the orientation of ordered solvate is observed in the blade coating case also, 

however, the strong scattering appears in perovskite at around 45 deg.  In figure 6.3c, the as cast 

image of blade coated sample at 135 ℃ is shown. We observe immaculate perovskite phase with 

no other phase (solvate and lead iodide) present. Although we observe a ring for perovskite phase 

indicating the random orientation of crystals, however, the strong scattering signature can be 
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observed at around 45 deg which is similar to the low temperature blade coating case. In addition, 

we used time resolved photoluminescence (TRPL) to test the quality of perovskite films processed 

at a different temperature (figure 6.3d). We found a longer lifetime (through exponential fitting) 

when processing temperature is raised. Lowest lifetime can be observed for the spin coated 

perovskite thin film. These TRPL measurements were conducted on thin films which were 

subjected to annealing after the coating process. This corresponds to the better morphology 

observed at high temperature in figure 6.1. Larger and more uniform grains give fewer traps and 

longer lifetime of carriers. 

 

Figure 6. 4 Comparison of the solvate peaks for different coating processes of spin coating and 
blade coating.  
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In the figure 6.4, we show 1D plot of intensity (a.u.) vs. q (nm-1) for different coating techniques. 

We observe the solvate peaks for room temperature spin coating labeled as RT-SC. The peak 

positions of the three distinctive peaks are 4.5, 5.5 and 6.6 nm-1 for spin coating case. We observe 

more than three peaks in the room temperature blade coating process. This could be the result of 

slow drying process reminiscent to the drop casting where the bulk liquid is allowed to dry at room 

temperature. We observe the peaks at q = 4.1, 4.37, and 5.2 nm-1 shows a shift in the peak positions 

towards the low q value. This indicates the more solvent retention with slower drying process. In 

the case of 80 ℃ blade coating, we observe the peaks at q = 5.0, 6.1, and 7.1 nm-1. These peaks are 

shifted towards higher q value than spin coating and room temperature blade coating. It indicates 

less solvent retention because of higher drying rate. We do not observe any solvate peaks in the 

case of blade coating where the substrate temperature is 135 ℃. W e only observe perovskite peak 

at q = 10 nm-1.  

 

Table 6. 1 List of ordered precursor solvate peaks observed during GIWAXS measurements.  

 

 

We plot the DMF solvate from the literature in this graph to compare the peak positions with the 

solvates formed during the coating process. This DMF solvate was prepared by exposing the 
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perovskite film to the DMF rich environment. The peak positions of this solvate are at q = 4.9, 5.7, 

and 7.2 nm-1. It is interesting to observe that less solvent might be present in this solvated film. All 

these values are listed in Table 6.1.  

In order to test our hypothesis of less solvent retention with higher coating temperature, we 

performed thermogravimetric analysis (TGA) similar to the analysis performed in chapter 4. In 

figure we plot the mass loss (%) on the left y-axis and temperature (℃) on the right y-axis. Time 

(min) is plotted on the x-axis.  

 

 

Figure 6. 5 Thermal gravimetric analysis (TGA) results of spin-coated samples at room 
temperature (RT) and blade-coated samples at different temperature. 
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It shows a decrease in mass loss when raising the temperature during solution processing. Room 

temperature coating showed 24.6% mass loss during the heating. The mass loss recorded for 

sample coated at 50 oC, 80 oC, 100 oC and 120 oC are 10.4%, 7.1%, 1.94% and 0.48% respectively. 

As mentioned previously, at low temperature coating, the process results in ordered solvates 

because of the interactions of precursors and solvent. During the heating process, solvent leaves 

the substrate and results in the mass loss recorded through TGA. When the temperature is above 

100 ℃, the negligible mass loss is observed, suggesting the absence of solvent molecule and less 

solvent retention with high coating temperature.  

6.2.1.3 Effect of coating temperature on PCE 
 

The knowledge unearthed above indicates the promising application of high quality perovskite 

film processed under high temperature into devices. To show the impact of high temperature blade-

coating imposed on device performance, we fabricated perovskite based PV devices. The deviation 

of efficiency of device fabricated by blade-coating under different temperature is shown in figure 

6.6a. We observed lower efficiency and larger deviation of device processed under lower 

temperature (bellow 80 ℃). On the other hand, a higher efficiency (with the champion efficiency 

of 17.54% under 150 ℃) and smaller deviation can be obtained once the temperature is above 100 

℃. These results clearly reflect the difference observed in morphology. 
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Figure 6. 6 a) Deviation of power conversion efficiency of photovoltaic devices when perovskite layer was 
processed at different temperature. J-V curves of devices based on perovskite layer blade-coated at (b) 25 ℃ 
and (c) 150 ℃. (d) EQE of device based on perovskite layer blade-coated at 150 ℃. 
 

 

A direct transition (skipping intermediate phase) of perovskite phase from disordered solvate phase 

offers compact and uniform crystal domains, leading to a higher performance of device and also 

better reproducibility. The PV device parameters are tabulated in table 6.2. We plot the J-V curves 
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of the devices based on the perovskite layer blade coated at room temperature (6.6b) and 150 ℃ 

(6.6c). We report around 5 % PCE for forward sweep and around 7 % PCE for reverse sweep for 

the devices based on perovskite layer processed at room temperature. Similarly, we report 15 % 

PCE in forward sweep and around 17 % PCE for forward sweep. We could not completely 

eliminate the hysteresis phenomena in these devices. We plot the external quantum efficiency 

(EQE) spectra and calculated current density for the best device (6.6d). The EQE and current 

density matches well with the J-V curves shown.  

 

Table 6. 2 List of photovoltaic parameters of solar cells made through spin coating and blade 
coating at different temperatures.  
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6.2.2 Blade coating of hybrid perovskite using mixed solvent based solution 
 

6.2.2.1. In situ optical microscopy captured during blade coating at different temperatures  
 

Note that we here use DMF based solution for PV devices as an example to demonstrate by 

preventing the formation of precursor phase during processing, we can increase device 

performance. We observed the solvated structure in chapter 5, where the solvents used was GBL 

and DMSO. To validate the universality of our findings in this chapter, we conduct similar blade 

coating experiments with the mixed solvent of GBL and DMSO in 7:3 volume ratio. Here we show 

the blade coating through in situ optical microscopy of the precursor loaded solution of mixed 

solvent at room temperature and at 150 ℃.  

Optical micrographs of blade coating at room temperature are shown in figure 6.7a. We started the 

video recording when we observe the first few solid particles in the liquid. It took almost 1000 

seconds to reach this state because of slow drying process which is similar to the drop casting. We 

label it as “t0” to make it simple to explain. In the next second after the t0 point, we observe several 

more nucleation points which keep on growing with each passing second. After 9 seconds we 

observe complete solution to thin film transformation. The resulting thin film is quite similar to 

what we observe in the case of DMF blade coating. We observe needle like morphology and the 

substrate is not fully covered. Optical micrographs of blade coating at 150 ℃ are shown in figure 

6.7b. 
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Figure 6. 7 Snapshots of in situ optical microscopy performed during the blade coating at (a) room 
temperature and (b) 150 ℃.  
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Here the t0 is the time when the blade passed through the region in focus. Even at this time, we 

observe one nucleation point in the first optical micrograph. In the next second, we observe several 

more nucleation points with circles around it. The white arrow in the second image is highlighting 

one of these nucleation points. After 1.5 seconds, we observe the growth of these crystals from 

solution. The co-existence of the solution and solid phase can be seen here. Further growth can be 

seen at snapshot taken at 2 seconds. Here we observe the highlighted crystal has grown bigger than 

the previous image. The process in this case is happening at much faster rate because of the high 

temperature. At 2.5 seconds, we observe that most of the area is not solid however, still some 

solution is left between these large grains. In the last snapshot which shows the time of 3 seconds, 

we observe that the area where early nucleation didn’t happen and where the solution was present 

till 2.5 seconds has now turned into solid with smaller grain size than the ones show early 

nucleation. This whole process is completed in 3 seconds. The results we observe here in optical 

micrographs paint the similar picture as we observed in the case of DMF based solution. The 

morphology of thin film at high temperature resulting from the mixed solvent case resembles the 

previous case of DMF based solution. These results push our hypothesis of the universality of the 

high temperature solution processing further in the right direction.  

 

6.2.2.2 Time resolved GIWAXS measurment performed during blade coating at different 
temperatures 
 

In order to understand further the solution to thin film transformation, now we need to get 

knowledge of the phases formed during the coating process. We have seen the similarities in 

morphology through optical micrographs and to observe the ordered structured formed during the 



176 
 

coating process, we measure time resolved GIWAXS during blade coating process using a mixed 

solvent of GBL and DMSO in 7:3 ratio. In figure 6.8a, we plot the 2D GIWAXS map of room 

temperature blade coating. The axes are same as shown in previous GIWAXS experiments. We 

observe the disordered solvate in the beginning from 2 < q < 6 nm-1. This disordered solvate slowly 

evolves to form ordered solvates and lead iodide. It took around 1080 seconds for disordered 

solvate to convert into a dry state of an ordered solvate. This could be because of the high boiling 

point of both the solvents and the strong interactions of DMSO with the precursor salts of 

perovskite. In figure 6.8b, we show the schematic view of the room temperature blade coating 

process. The yellow precursor solution is blade coated and left to dry at room temperature. Ordered 

precursors are formed and when the film is completely formed without any liquid trace, the 

substrate is subjected to the thermal annealing process for ten minutes at 100 ℃. W e observe needle 

like morphology as shown in the schematic view (figure 6.8b). We show the morphology of 

resulting thin film through SEM. The needle like morphology can clearly be seen in the SEM 

image and surface is not fully covered which can be the reason of poor device performance.  

We performed time resolved GIWAXS during blade coating when the substrate temperature was 

fixed to 150 ℃ (figure 6.8c). We observe disordered solvate peak from 2 < q < 6 nm-1 which 

evolves into perovskite in less than 3 seconds. We do not observe scattering signal from any other 

phase. An immaculate perovskite peak can be seen at q = 10 nm-1. We conduct this experiment for 

10 seconds and could not find any evidence of any other phase emerging. It is quite similar to what 

we observed in the case of blade coating using DMF based solution. Our hypothesis of universality 

with MAPbI3 material appears to hold through for both of the highly reported systems in the 

literature.  
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Figure 6. 8 Time resolved 2D GIWAXS maps performed during blade coating, using GBL:DMSO 
as a solvent, at (a) room temperature and (c) 150 ℃. We observe ordered solvate at room 
temperature coating. However, direct conversion of gel precursor to perovskite can be seen when 
coated at 150 ℃.. Schematic illustration of (b) room temperature coating and (d) 150 ℃ coating 
with their resulting thin film morphology shown through SEM.  
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We demonstrate the schematic view of the blade coating experiment conducted with the substrate 

temperature 150 ℃ in figure 6.8d A yellow solution of methylammonium iodide and lead iodide 

dissolved in mixed solvent of GBL and DMSO is spread out on the hot substrate through the blade. 

During the coating process, we observe the color change on the substrate indicating towards the 

rapid conversion of the solution to perovskite. After the blade coating finishes and all the solution 

is dried up, which is quite fast in this process, the substrate is subjected to thermal annealing for 

ten minutes at 100 ℃.  

 

 

Figure 6. 9 2D GIWAXS images of blade coated perovskite layer processed through a) DMF and 
mixed solvent of b) GBL:DMSO in 7:3 volume ratio. c) 1D plot of intensity vs. q for perovskite 
films coated through both the solvents.   

 

We show the morphology of the resulting thin film through SEM. We observe that the large grains 

observed in optical micrographs in the previous figure were composed of smaller grains indicating 

towards the spherulite structure. The whole process of blade coating at high temperature either 
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with DMF based solution or mixed solvents based solution result in quite similar morphology 

indicating that skipping the solvate state helps to achieve uniform film.  

 

Table 6. 3 Photovoltaic parameters of solar cells fabricated through blade coating at different 
temperatures using mixed solvent of GBL:DMSO.  

 

6.2.2.3 Effect of blade coating temperature on PCE 
 

We fabricated solar cells based on the understanding we developed in the previous discussion and 

list the resulting parameters of the solar cells in the table 6.3. The solar cells made with blade 

coating at room temperature show around 9 % PCE. We observe a drop in PCE when the devices 

were made with the blade coating conducted at 80 ℃ to 7.2 %. From there point on, we observe 

an increasing trend of in PCE with the values of 10.13, 14.39 and 16.22 % for 100, 120 and 

150 ℃ blade coating. Note that these efficiencies are not the average numbers but the 

maximum efficiencies. Solar cells made at 150 ℃ show high fill factor of 73 % with 19.22 

mA/cm2 short circuit current and 1.07 V open circuit voltage. Our observation of direct 

conversion of precursor solution to perovskite results in high PV device performance.  
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6.3 Conclusion 
 

We have investigated the process of perovskite formation during spin/blade-coating under 

designated temperature. In-situ GIWAXS during coating process pointed out the presence of 

precursor crystal phase under low temperature, which templated perovskite crystals’ growth during 

annealing, leading to poor quality of perovskite films. On the other hand, high temperature during 

processing can inhibit the formation of precursor crystal phase, resulting in a direct formation of 

perovskite phase from solvate phase. Such two-stage formation of perovskite not only offers large 

crystal domains but also gives rise to a better PV efficiency and reproducibility. We observed the 

coating process through in situ optical microscopy and use high frame rate camera to record the 

solution to thin film transformation with great precision. We show through optical microscopy that 

room temperature and low temperature coating process results in large grains with needle-like 

morphology. In order to achieve a uniform thin film with full substrate coverage higher 

temperature is required to skip the ordered solvate state and have direction conversion of the 

solution to a thin film. We observe through time resolved photoluminescence that the better 

morphology results in longer charge carrier lifetime.  

We studied the two highly reported solutions to fabricate hybrid perovskite thin films one with 

DMF and other with a mixed solvent of GBL and DMSO. We observe many similarities in both 

the processing of both the solutions. We observe the DMF based ordered solvates and DMSO 

based ordered solvates in each scenario. These ordered solvates convert into perovskite phase upon 

annealing. However, when processed at high temperature, we observe the direct conversion of the 

disordered precursor into perovskite phase and skipping the ordered solvate state. Our method of 

blade coating claims the universality of the high temperature process. We know from the previous 

chapters that these ordered solvates contain a lot of solvent molecules. When the coating process 
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uses high temperature, the solvent dries up faster than the room temperature process without 

allowing the time to form ordered precursor solvate. As discussed in the previous chapter about 

the PbI2 coordination with DMF, DMSO, and GBL, the common point among all is that either 

ordered or disordered solvate resulting from each solvent is not stable at an annealing temperature 

of 100 oC. These solvates convert itself to perovskite phase when enough thermal energy provided 

for the appropriate time. In this chapter, both inks from chapter 4 and 5 have been utilized and 

shown that processing at higher temperature skips the solvate formation and avoid the templating 

effect of the solvate on final thin film morphology. The PbI2-solvent coordination cannot sustain 

the high temperature given the volatile nature of solvents at high temperature. 

Because the blade coating process is a future scalable approach for practical products, above 

phenomenon could serve as a general key to obtain high-quality hybrid perovskite films, and its 

application should not be confined to the device architecture analyzed in this work (PV). We 

believe current study can shed light on the fundamental aspect of perovskite crystal formation, and 

pave the way for future large area device applications.  

 

 

 

 

 

 



182 
 

Chapter 7: Summary and Future Directions 

7.1 Summary 
 

In this thesis, we have shined a light on the richness, complexity and mechanisms of solution 

processing of organic-inorganic hybrid perovskite material. We have discussed the advent of 

organic-inorganic hybrid perovskite solar cells from the shadows of dye sensitized solar cells. The 

short but rich history of hybrid perovskite solar cells speaks volumes about its importance in the 

semiconductor field. We are witnessing an exponential increase in publications in the field of 

hybrid perovskite. Its variety of tuning and tweaking options such as bandgap tuning through 

different anions, possibility of different cations and recently layered perovskite has opened up new 

doors of research to be conducted in order to find the correct material for each application. Hybrid 

perovskite’s use has been reported in different applications such as solar cells, light emitting 

diodes, sensors, transistors, etc. We discuss the various possible solar cell architectures of hybrid 

perovskite as absorber material. Numerous electron transporting and hole transporting material has 

been reported for hybrid perovskite for different intentions such as an increase in power conversion 

efficiencies, trap passivation, and band alignment. We also discuss the plethora of processing 

routes possible to coat hybrid perovskite layer. One of the most commonly used methods is one 

step spin coating method which we have used extensively in this thesis. We briefly talk about the 

recent advancements of layered perovskites which have emerged as a stable form of perovskite. 

Scalability and stability have also been discussed in utmost detail. We also discuss the basics of 

grazing incidence wide angle x-ray scattering and its theory with its application. We discuss the 

reports of GIWAXS used to investigate hybrid perovskite. We also show the reports stating the 

existence of precursor solvate. 
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In chapter 3, we discussed the methodologies used in these experiments. Solar cell fabrication 

described in great detail starting from substrate cleaning to the solar cell measurements. These 

clear instructions can be used by anyone new learning to make solar cells. We only used one step 

spin coating method for perovskite deposition and avoided the two step methods. For scalability 

purpose, we adapted the blade coating route which has been used extensively in our lab for organic 

photovoltaics and transistors. Device characterization through various techniques has been 

explained with the details of the equipment used. Time resolved techniques being the key 

measurements methods used in this thesis have been explained in great detail. We also explain the 

data processing methods of time resolved techniques.  

At the start of this Ph.D., organic-inorganic hybrid perovskite solar cells were emerging. There 

were quite a few publications in the year 2013. There were only two famous recipes, two step spin 

coating and one step spin coating method which are discussed in chapter 2. Several groups were 

reporting different power conversion efficiencies with the same process, and in our group, we were 

also struggling with the reproducibility issue. There were not many publications to look into for 

the fundamental studies. We decided to pave the way ourselves. We investigated the spin coating 

process with in situ measurements. Equimolar lead halide and methylammonium iodide in DMF 

and 3:1 ratio of methylammonium iodide and lead halide in DMF were investigated. We found out 

that the spin coating of hybrid perovskite solution is quite different than the spin coating of 

polymers. The sol-gel like behavior is unique in the solution processing of hybrid perovskite. We 

found out that equimolar solutions lead to form a disordered solvate which transforms into ordered 

solvate except for lead bromide which converts directly into perovskite. We also see a significant 

benefit in the formation of ordered precursor solvates, as this stabilizes the as-cast film and allows 

for the formation of consistent quality perovskite films and solar cells. It is worth repeating here 
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that the levels of solvent-solute interactions and solvent entrapment observed herein are not 

common to all solution processes, e.g., organic and colloidal quantum dot semiconductors. 

However, in the 3:1 MAI:PbCl2 case, the excess MAI leads to more solvent retention as seen in 

the optical microscope image and disrupts the precursor order, leaving some of the solvent in a 

volatile state. The as-cast precursor film mesostructure and composition, therefore, evolve with 

time, making the timing of the conversion process crucial for high-quality film formation, as 

reflected in the sensitivity of solar cell performance to the timing of thermal conversion. 

A new recipe with the mixed solvent of GBL:DMSO in 7:3 volume ratio emerged in 2014. Unique 

point in this recipe is the use of anti-solvent during the spin coating process. We decided to 

investigate the role solvates in this recipe and to get the knowledge about the role of anti-solvent. 

It has been discussed thoroughly in chapter 5. We found out that the precursor solvates are formed 

with the interactions of DMSO and precursor salts. We report here that anti-solvent drip reduces 

the solvate crystallinity and promote perovskite phase formation during spin coating. We also 

demonstrate that this system is highly sensitive to the time of the drip not only for the high 

performance but also for the low variance in the performance. Our analysis revealed the presence 

of GBL and DMSO in as cast films when anti-solvent is not used and selective removal of GBL 

with anti-solvent drip. We show through morphological analysis that why drip time is affecting 

the devices and as cast state is dictating the post annealing morphology. We expand our study to 

investigate different solvent volume ratios and study the role of each solvent. We found out that 

the best composition in terms of high device performance is 7:3 volume ratio of GBL:DMSO. 

However, we observe that the solvate crystallization time is different for each solvent ratio and 

drip time has to be optimized according to the recipe in use.  
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We developed the knowledge of solution processing of hybrid perovskite through two highly 

reported solutions one with DMF and other with a mixed solvent of GBL and DMSO through the 

spin coating process. However, spin coating is limited to lab scale substrates and wastes almost 90 

% of the starting solution. With the understanding of these two solutions in hand, we move towards 

the scalability of hybrid perovskite. We studied the blade coating of these solutions at different 

temperatures. For the simplicity purposes, we first fully explore the solution processing of DMF 

based perovskite solution and then later transferred out developed knowledge to the mixed solvent 

based solution. We observe many similarities in both the processing of both the solutions. We 

observe the DMF based ordered solvates and DMSO based ordered solvates in each scenario. 

These ordered solvates convert into perovskite phase upon annealing. However, when processed 

at high temperature, we observe the direct conversion of the disordered precursor into perovskite 

phase and skipping the ordered solvate state. Our method of blade coating claims the universality 

of the high temperature process. We know from the previous chapters that these ordered solvates 

contain a lot of solvent molecules. When the coating process uses high temperature, the solvent 

dries up faster than the room temperature process without allowing the time to form ordered 

precursor solvate.  

MAI-PbI2 salts form ordered solvates with polar aprotic solvents such as DMF and DMSO. 

Bromide substitution reduces the activation energy required to form perovskite phase which results 

in the direct formation of perovskite phase. 3:1 MAI PbCl2 system results in slow drying due to 

excess amount of MAI. All in all, the stability of as cast film is crucial. We have shown 

experimentally that stable as cast films lead to the less variation in the device performance 

indicating the uniformity of the thin film.  
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Solvent solute interaction is the key factor to study for any perovskite ink discussed in this thesis. 

The boiling point does not remain the key factor determining the drying kinetics when the solvent 

is loaded with the perovskite precursors. The concentration and the ability of the salts to form an 

intermediate state, which depends on the solute-solvent interactions, play dominant role in 

affecting the drying kinetics of each solution. Triple the MAI concentration slows down the drying 

kinetics by a factor of four and results in disordered solvate. Examples of GBL and DMSO solvents 

have been explored in great detail in this thesis. The boiling point of GBL is higher than DMSO 

and dries slower in its as received form. However, DMSO forms stable complexes with PbI2 and 

MAI in the solution and when spin coated it forms ordered intermediate state. This strong 

interaction results in slower drying rate of DMSO than the drying rate of GBL based solution. 

However, DMF and DMSO are found to form hexagonal FAPbI3 in as cast films when MAI is 

replaced with FAI in the solution.  

With data we have collected in all three parts suggests a templating effect of the as cast films to 

the annealed films. The morphology of the as cast films, observed through an optical microscope, 

resembles the morphology of the annealed thin film. We observe the needle-like morphology in 

the DMF based ink through optical microscopy (figures 4.2 and 6.1), and similar morphology was 

observed in SEM (figures 4.16 and 6.1). Similarly, while comparing the as cast images of 

GBL:DMSO based inks with the annealed film morphology, the templating effect becomes 

conspicuous. The different anti-solvent drip time has been explored, and it was clear that drip at 

40 seconds works the best for GBL:DMSO (7:3) inks. The as cast thin film images show complete 

coverage and smooth micrograph for the sample where anti-solvent was dripped at 40 seconds of 

spin time. Similar results were observed in blade coating experiments as well. The initial 

morphology is continued to show its presence in the annealed thin films whenever the intermediate 
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states were observed. It makes a compelling argument towards the importance of studying the ink 

to thin film transformation. Because of the templating effect of the thin film morphology, it is 

crucial to study the drying kinetics and the as cast state of the film which eventually determines 

the performance of the device.  

Anti-solvent drip during the spin coating process hinders the structure formation of the 

intermediate state irrespective of the solvent composition. Anti-solvent drip removes the solvent 

and promotes the perovskite phase formation during the spin coating process. Selection of anti-

solvent in this thesis is restricted to chlorobenzene. However, other groups have reported the use 

of other anti-solvents such as toluene, dichlorobenzene, dichloromethane, etc. All these anti-

solvents are reported to improve the thin film morphology and used during the spin coating. The 

firm criteria to select an anti-solvent is that it should not dissolve the perovskite precursor salts. 

We found out that solution drying rate is different for different inks. In all the time resolved 

GIWAXS measurements conducted for various perovskite inks in this thesis, we observed a broad 

peak signifying the presence of gel-like disordered precursor which dries out to form either ordered 

or disordered solvate state. The gel-like state is unstable and it keeps on evolving to unless it 

converts itself into stable solvates which can be either ordered or disordered.  

Different drip time has been investigated for different inks. Each formulation presents a specific 

time window for the anti-solvent drip to give the best result in terms of morphology and power 

conversion efficiency. We found that the anti-solvent drip is only effective when utilized before 

the conversion of unstable gel-like state into a stable state. In most of the formulations, it was 

found that anti-solvent drip at the time of conversion is the most effective in order to achieve high 

PCE. However, this is not universal for all the inks, as anti-solvent drip produces similar results 

when conducted any time before the formation of an ordered solvate. Anti-solvent drip as an 
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insignificant effect, when conducted after the ordered solvate, is formed. As a universal fact, the 

anti-solvent drip should be utilized before the crystallization of ordered solvate occurs during the 

film formation. 

The drying kinetics is an important parameter to understand for each ink and process as it 

determines the nature of intermediate states. As shown in the blade coating experiments that with 

the increase of the substrate temperature, the peak positions of the intermediate phases shifted 

towards higher q value indicating the shorter d-spacing. The solvate structure shrunk with the faster 

drying rate for the same solution. The precursor solvate state is not stable at an annealing 

temperature of 100 oC. When perovskite ink deposited at a higher temperature, precursor solvate 

state does not form at all. Direct perovskite formation results from the solution at elevated 

temperature coatings and avoids templating effect by avoiding the formation of precursor solvates. 

To sum up, this thesis aimed at developing an understanding of solution processing of organic-

inorganic hybrid perovskite. This thesis takes a deep glance at the reproducibility issues of 

processing. We develop an understanding of the role of anti-solvent and the show the different 

crystallization behavior with its use. We translate our learnings from the lab scale spin coating to 

the industrial friendly blade coating.  
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7.2 Future directions 
 

Organic-inorganic hybrid perovskite research is still in its infancy. Its excellent optoelectronic 

properties have made it an appropriate choice for research for many groups working with 

semiconductors. In the light of the developed understanding in this thesis and research from other 

groups, commercialization of perovskite is not too far away. However, there is still room for major 

improvements. 

Hybrid perovskite’s inherent issues of stability have to be solved. Recently, layered (2D) 

perovskite have emerged as a relatively stable material than the mainstream 3D perovskite. 

Perovskite structure is layered through organic chains in 2D perovskite. Different organic chains 

have been with different perovskite material has been investigated for photovoltaic and light 

emitting applications. However, the fundamental understanding of 2D perovskite is still in the 

dark. Most commonly used 2D perovskite is (PEA)2(MA)2[Pb3I10], in which perovskite structure 

is layered through PEA+ ion (C8H11N). There are other alternatives of these organic chains such 

as BA+(C4H11N), BZA+ (C7H9N), BD+ (C4H12N2), etc. The device architecture for these materials 

is same as the 3D perovskite. The inherent advantages of 3D perovskite such as band gap 

tunability, appropriate charge carrier mobility, high diffusion lengths, etc. with the additional 

advantage of better stability come with 2D perovskite. Other than 2D perovskite, different cations 

such as formamidinium, cesium, and rubidium have shown increased stability over the mainstream 

methylammonium lead iodide. However, as discussed in this thesis, understanding the solution 

processing open up the corridors of having better reproducibility and achieving scalability. There 

is a critical need to understand the solution processing of these material novel 2D perovskite and 

mixed cation perovskite. With the stability of hybrid perovskite in mind, the stability of the other 

layers in a photovoltaic device should also be worked on. Currently, the most commonly used hole 
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transporting layer is spiro-MeOTAD which is not quite stable itself in harsh environments. The 

research to make it stable to replace it with other materials such as nickel oxide, P3HT and PTAA 

has been reported. However, these materials do not result in high PCE. There is a need to have a 

solid research to increase the PCE through highly stable interlayers. These interlayers could 

perform as a charge transporting layers as well as restrict the access of humid air to interact with 

the perovskite layer.  

With the ease of bandgap tunability, hybrid perovskite would be an ideal candidate for tandem 

solar cell applications. It can be installed as a top cell for silicon solar cells. However, there are 

few reports of perovskite-perovskite tandem devices. There are few reports of perovskite-silicon 

tandem and perovskite-CIGS tandem devices which paves the pathway towards low-cost high 

efficiency tandem solar cells. Although the journey has just begun, the results are promising 

enough to continue the search on this path.  

Issues of lead toxicity cannot be ignored. Lead can cause permanent damage to the health of 

humans and animals, and it is not good for the environment. Research to replace lead has already 

begun, and bismuth and germanium based perovskite have been reported. However, due to the low 

power conversion efficiency, this research has not gained the pace it deserves. With the 

understanding developed in this thesis, it would be good to understand the solution processing of 

these lead-free perovskite in order to pin down the optimized conditions for their high 

performance. We now know that solution processing of hybrid perovskite is not quite simple and 

requires intricate understanding to produce high efficiency devices.  

High PCE solar cells have been demonstrated with the hybrid perovskite as an absorber layer. 

However, other applications of this material should be explored with a high level of seriousness. 

Recent reports of perovskite light emitting diodes, x-ray detectors and its use in water splitting is 
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catching up. With its excellent optoelectronic properties, it opens the corridor of its utilization in 

various high end applications. Its low-temperature solution processing makes it an ideal candidate 

for flexible electronics.  

Finally, we believe that the developments reported in this dissertation have made a significant 

contribution in the field of hybrid perovskite. The above mentioned future directions can be studied 

with the processes and techniques used in this thesis to put the progress on fast track. We firmly 

believe that hybrid perovskite will soon be commercialized.  
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