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Abstract 
 

Inorganic perovskite semiconductors have recently gotten great concern in the field of 

photovoltaics due to their excellent optoelectronic properties such as a superb carrier 

dispersion span, resilient light absorption intensity, low defect density, solution 

processability, narrow spectral bandwidth, and halide composition, tuneable direct band gap, 

covering the visible spectral range, high photoluminescence quantum yields, and high 

absorption coefficient. Perovskite materials are susceptible to degradation from heat, light, 

and moisture. On the other hand perovskite material can undergo a phase change from the 

optically active  𝛼-phase to the yellow 𝛿-phase. A decrease in the performance and lifetime of 

the photovoltaic nanotechnology accompanies this phase transition. The above challenges can 

lead to disturbance in the applications of photovoltaic devices.  To overcome the problems, 

we set objectives such as self-doping of all inorganic Cesium lead iodide film and treated 

with additives, doping mixed lead halide perovskite with silver bromide, and treating mixed 

halide perovskite film by mixed antisolvent. Experimentally, we used a solution processing 

method through a one-step spin-coating process, and theoretically, we examined the 

microelectronic crystal structure of the unit cell of the material by density function theory 

(DFT) and theoretical calculation based on Flory-Huggins theory. The optical properties of 

the film were characterized by ultraviolet-visible spectroscopy, photoluminescence 

spectroscopy, and time-correlated single-photon counting (TCSPC) spectroscopy. X-ray 

diffraction (XRD) characterized the films' crystal structure. An infrared spectrum of emission 

and absorption of the perovskite film demonstrated by Fourier transform infrared (FTIR) 

spectrometry. The microstructure of the film's morphology was studied by Field emission 

scanning electron microscopy, transmission electron microscopy (TEM), and atomic force 

microscopy. Primarily, we demonstrate self-doped cesium lead iodide film and treated by 

organic additives. In this case, the complete homogeneity of additive-solvent showing higher 

critical solution temperature (HCST) behavior is for both different additive-solvent mixtures 

chloronaphthalene: Dimethyl formamide > Octanediithiol: Dimethyl formamide > Diethyl 

octane: Dimethyl formamide. When1, 8-diiodooctane (DIO), and 1-chloronaphthalene (CN) 

were used as stabilizers the manifestation process was improved prerequisite to the formation 

of an appropriate bandgap improvement to 1.76eV (doping with CN), 1.78eV (doping with 

DIO) from 1.83 eV (undoped). Secondly, we doped cesium lead mixed halide (CsPbI2Br) 

perovskite film by varying silver bromide (AgBr) concentration to study the consequence of 

AgBr on the perovskite film. The bandgap tenability as a function of the silver doping level 



   

xii 
 

using density function theory through half substitution of lead by silver, and experimentally 

with varying AgBr concentrations in the precursor solution of perovskite film. Resultantly, 

the film maximized the bandgap value from ~1.87 eV to ~1.96 eV.  The lifetime of the film 

was increased from 0.99ns (undoped) to 1.187 ns (doped with AgBr). Generally from 

investigation, we found that doping with an appropriate concentration of silver bromide 

(AgBr) resulted in improved phase purity, increased crystallinity, uniform film coverage, and 

changed surface morphology. Finally, we investigate the effect of mixed polar antisolvents 

(mixed toluene with ethyl acetate) on cesium lead mixed halide perovskite film. Resultantly, 

the observed phase similarity indicated that the mixed CsBr in the perovskite film had no 

negative effect, miscible in precursor solution uniformly, and increased the crystalline size. 

From the overall demonstration, the perovskite film has improved optically, structurally, and 

morphologically. Finally, the self-doping method with additive manufacturing, doping silver 

bromide with all inorganic perovskite, and treating mixed halide perovskite with mixed 

antisolvent ought to help to produce a black γ-phase perovskite for light absorbing material in 

ambient conditions.  
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 Chapter One 

1. General Introduction 

1.1 Background of the Study  

 

    Renewable energy sources are becoming increasingly important as the world faces a 

growing energy crisis. Due to the reduction of fossil energies, the use of renewable energy 

sources, their conversion mechanism from one to another, and conservation by more efficient 

power harvesting devices are the current global issues. It plays a vital role as one of the 

solutions to climate change, carbon dioxide reduction, and minimizing the greenhouse effect 

[1]. The modern world's social prosperity and economic growth depend on sustainable energy 

conversion and the development of novel storage [2]. Among conversion mechanisms of 

renewable energies, converting solar energy into electric energy is the most hopeful 

renewable energy resource and source, solving energy challenges and reducing carbon 

dioxide emissions [3].  

Solar energy was crucial during the green industrial revolution due to its non-pollution, 

renewability, high energy consumption the most promising renewable energy sources, and 

new technology for photovoltaic nanotechnology [4]. Different types of absorption layers of 

photovoltaic materials (solar cells) are produced and modified from period to period to 

develop more effective and efficient devices; such as the amorphous silicon absorption layer 

of amorphous silicon solar cells [5], Cadmium Telluride absorption layer of Cadmium 

Telluride solar cells [6], Monocrystalline silicon absorption layer of solar cells [7], copper 

indium gallium selenide absorption layer of photovoltaics [8], thin-film solar cells [9], 

Polycrystalline silicon solar cell [10], dye-sensitized absorption layer solar cell [11], gallium 

arsenide absorption layer solar cells [12], biohybrid solar cell [13], CuInGaSe solar cells [14], 

multi-junction solar cells [15], quantum dot absorption layer of solar cell[16], plasmonic solar 

cells [14], Concentrator photovoltaic [17], and perovskite photovoltaics [18].  

 Perovskite photovoltaic is prepared from a material called perovskite, which is a crystalline 

compound with the formula ABX3, where the A and B are typically single-ion smaller radius 

cations and double-ion bigger radius cations respectively, and the X-site is typically halide 

anions. Perovskite solar cells have several advantages over traditional silicon solar cells such 

as low cost, fast response time, and high efficiency. Perovskite materials are relatively 
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inexpensive to produce, which makes perovskite solar cells are more cost-effective option 

than silicon-based photovoltaics. Perovskite photovoltaic can achieve an efficiency of over 

21%, which is comparable to the high effectiveness of silicon solar cells. Conversely, solar 

cells formed by perovskite active layer can fast respond to light, which makes them a good 

option for applications of rapid power generation. Despite of numbers its disadvantages such 

as instability, toxicity, and negative impact on the environment, perovskite solar cells are 

promising new technology that could potentially revolutionize the solar energy industry.  

Perovskite light absorbing materials can be categorized under Organic, organic-inorganic, 

and all inorganic perovskite active layers by their A-site arrangements of cations such that; if 

A site is MA+ or FA+, Rb/ Cs doped on MA+ or FA+ and Cs/Rb alone respectively.  

 Due to the volatile meioty of organic components, methyl ammonium, and formamidinium 

showing thermal and chemical instability, searching for solutions was conducted by different 

scholars for all inorganic perovskite semiconductor materials. Among the findings, the A site 

cations were replaced by inorganic cations to overcome the problems. Halide-based all-

inorganic perovskite is a promising material for potential applications in optoelectronics 

devices. They are more efficient, cheaper to manufacture, and can be produced on a large-

scale fabrication compared to organic perovskite photovoltaics [19]. Halide-based all-

inorganic perovskite is used to perovskite materials as a light-absorbing semiconductor. 

Improving the light-absorbing layer was one of the mechanisms of device improvements, 

such as HTL improvement, and ETL improvements.  

Semiconducting halide-based inorganic photovoltaics are energy harvesting devices, and 

have got great consideration outstanding to their wonderful photosensitive properties; such as 

superb carrier dispersion span [20], resilient light absorption [21], low defect density, ability 

to solution processing [22], narrow spectral bandwidth [23], halide composition, tenable 

direct band gap [24] covering the whole visible spectral range [25], high photoluminescence 

significant harvests [26] and high absorption coefficient [27]. All inorganic halide-based 

photovoltaics are a promising material for potential uses in optoelectronics applications. The 

PCE of all inorganic perovskite is exceeded by greater than 21% [28], nevertheless, the cubic 

phase creation with high temperature and phase shift to orthorhombic phase in ambient 

conditions, all inorganic Cesium lead halides perovskite lags from the organic and organic-

inorganic optoelectronics application. The two big challenges faced by halide inorganic 

perovskite (HIP) materials are instability and phase behaviour. Halide inorganic perovskite 

(HIP) materials are susceptible to degradation from heat, light, and moisture. This can lead to 
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a decrease in the performance of the photovoltaic materials over time. Another challenge of 

perovskite light-absorbing material is its phase behaviour. Perovskite material can undergo a 

phase transition from the black 𝛼-phase to the yellow 𝛿-phase (active phase to inactive 

phase). A decrease in the stability of the photovoltaic devices accompanies this phase 

transition.  

 Improving halide inorganic perovskite photovoltaic nanotechnology is the main concern of 

the energy conservation community in this era. Several strategies can be used to improve the 

stability and control the phase change from optically inactive to optically active black phase 

of perovskite photovoltaics, such as adding stabilizing agents to the perovskite films, doping 

perovskite using metal ion and metal halides, and dripping antisolvents into the precursor of 

perovskite, to protect the perovskite from the environment, and operating the optoelectronic 

device at lower temperatures [29-32].  

Additive engineering is used to: tune the tolerance factor, modulate crystallization, and tailor 

the surface energy of perovskite resulting in improved perovskite film stability in PSCs [29]. 

It can afford fine switches of the dynamic film morphology and be investigated for their role 

in the improvement of the optoelectronics performance of perovskite solar cells [30]. Solvent 

additives are used to boost the perovskite film crystallinity, morphology, and stability of the 

film for PSCs [31]. Also, they are the best way for crystallization promotion, surface 

passivation, and ion regeneration [32].  

Metal-ion doping method in perovskite semiconductor optoelectronics is partially replacing 

lead (Pb) or lead halide with other metal ions or metal-halides such as silver iodide (AgI), 

silver bromide (AgBr), etc. Doping perovskite with silver bromide is used to improve the 

morphology and performance of both organic and inorganic perovskite materials [33]. The 

antisolvent dripping and mixed halide composition methods are also the greatest fruitful 

techniques to develop the morphology of Cesium lead halide active-layer films to enhance 

the performance and modify the surface of the films for photovoltaic applications [34]. 

In this dissertation, we set an objective to make an excellent nanocrystalline light-absorbing 

layer thin film for good competence optoelectronic applications, using solvent additives in the 

precursor of self-doped CsPbI3 perovskite film, doping all inorganic perovskite film with 

silver bromide, and treating all inorganic CsPbI3 perovskite film by antisolvents. We prepared 

perovskite film via a solution processing method followed by one-step spin-coating methods 

and characterized the films optically, crystalline, and morphologically. Resultantly we found 
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the film had improved optical properties, increased crystalline size, and smooth surface 

morphology than untreated perovskite films.     

1.2 Statement of the Problems  

The approaches that change behaviour, save energy, and then develop new technology that 

can harvest energy in different applications are imperative. The growth of new materials for 

energy conversion, storing, and power conversion efficiency applications is significant to 

meet the energy challenges of the modern era. However, there are several challenges 

observed while using perovskite photovoltaics. Some of the challenges of optoelectronics 

devices, their instability is the most. Perovskite materials are susceptible to degradation from 

environmental conditions. This can lead to a decrease in the efficiency of the solar over time. 

Another challenge of perovskite light-absorbing material is its phase behaviour.  Perovskite 

material can undergo a phase transition from the optically active phase ( 𝛼-phase) to the 

optically inactive (𝛿-phase). A decrease in the performance of the photovoltaics accompanies 

this phase transition. The phase container is triggered by environmental conditions such as 

temperature, UV- light, and humidity [35]. Several strategies may be used to recover the 

stability and control the phase of CsPbX3 film from degradation and phase changes. To 

secure a black perovskite phase by avoiding a yellow one. The phase changes of the 

perovskite films occur, on the one hand from the annealing temperature of CsPbI3 film. At 

high annealing temperature, the film was black perovskite phase while it changed to the 

yellow phase when the annealing temperature was cooling to room temperature. Different 

strategies to stabilize the perovskite film at lower annealing temperatures may overcome the 

problems.  On the other hand, the performance of the CsPbI3 perovskite film decreased due to 

environmental factors such as humidity, moisture, and UV light. To overcome such 

disturbance, from many strategies solvent stabilizers, and additive materials might be 

hindering the degradation of perovskite materials. CsPbI3Br has morphological defects from 

fast crystallization and unmatched energetic alignment with the charge transport layer. To 

overcome such challenges developing strategies such as metal ion doping, treating with 

solvents/antisolvents and other strategies might be the way of problem-solving methods. 

CsPbI3 film has also degraded since it is affected by temperature influence and environmental 

factors. Composition engineering of halides together with antisolvent treatment methods 

proposed among different problems followed by the layer serving as good optoelectronics 

applications. 
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1.3 Objectives 

1.3.1 General Objectives 

The general objective of this dissertation was to make a high-quality nanocrystalline 

perovskite thin film for good efficiency light-absorbing applications.  

1.3.2 Specific Objectives 

The specific objectives of this thesis were(1) to study the phase behaviour of self-doped 

cesium lead iodide thin film by combining an extra cesium iodide (CsI) into the precursor 

solution of perovskite, followed by examining the effect of solvent stabilizer on the 

photosensitive, physical, and surface morphological properties, (2) to develop the superficial 

morphology of CsPbI2Br thin film with AgBr modification for light-absorbing materials and 

(3) to introduce mix-anti solvents in the mixed-halide all-inorganic perovskite precursor 

during the film making procedure to producing the light-absorbing active layer phase thin 

film for photovoltaic devices. 

1.4 Research hypothesis/ Research questions 

The following research questions were raised while conducting the research. 

 Is the self-doping method applicable in all-inorganic perovskite thin films? What is 

the outcome of organic additives on modulating the surface morphology of all 

inorganic cesium lead iodide films for photovoltaic applications? 

 Does doping silver bromide (AgBr) on CsPbI2Br perovskite thin film improve the 

film's crystallinity and morphology? 

 What methods are introducing mixed anti-solvents in the mixed-halide all-inorganic 

perovskite solar cell during film preparation and what development was seen in the 

active layer of the film?  

1.5 Research Gap   

The energy harvesting capacity of all inorganic perovskite photovoltaics is increased state-of-

the-art from time to time, and the improvement mechanism is highly researched. The phase 

behaviour and instability of all inorganic (CsPbX3, X= I, Br or mix of them) perovskite 

photovoltaics in air condition were not examined more. Due to this, the lifetime of light 

absorption material fabricated through such conditions is not valued for large-area 

fabrication. Because of this, the problems of phase behaviour and instability issues were not 

solved.   
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1.6 Significance of the Research 

This research is expected to search for solar energy harvesting in a photovoltaics-improved 

way, at less cost and with good performance of cesium lead halide thin film to overcome the 

instability and phase change of CsPbX3 (X=I, Br)   thin film, resulting from moisture, oxygen, 

and humidity. The outputs are predicted primarily to improve light-absorbing active layer for 

the solar cell industry by providing emerging material-based solar cells for the recipient 

clients to use excellent stable and optoelectronic property material at low cost and easily 

processed to harvest more energy, and secondly to share the findings to the scientific 

community to apply the emerging cost-effective approach through which the constant 

performance of cesium lead halide solar cells improvement mechanisms. 

1.7 Conceptual Framework 

The framework of the study of this research work from its sample preparation to the final 

result and conclusion is settled in the following forms.   

 

Figure 1. 1 Schematic representation of Conceptual framework 

1.8 Delimitation /Scope of the Study  

The study of this thesis work included all inorganic Cesium lead halide perovskite 

semiconductors such as Cesium lead triiodide (CsPbI3), Cesium lead iodide bromide 

(CsPbI2Br), the effect of dopant(AgBr), a solvent additive such as diithioloctane (DIO), 
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Chloronaphthalene(CN) and Octanediithiol(ODT), and antisolvents on the photosensitive, 

crystalline, and morphology of Cesium lead halide active layer based film semiconductors.  

1.9 Structure of Thesis 

The dissertation contains seven chapters. The first chapter explains the introductory part of 

the perovskite material included in this study. The problem faced in perovskite photovoltaics, 

the research gap showed in perovskite light absorbing materials, the objective to solve the 

problems faced in perovskite light absorbing materials, the significance of the study, and 

conceptual framework are included in this chapter. The second chapter contains some review 

literature related to the content of this study. Although the structure of all inorganic 

perovskite material, Solvent additives, antisolvents, dopant materials, all inorganic perovskite 

material, methods of improving all inorganic perovskite thin films, and the Flory-Huggins 

theory of mixed solvents Oligomer are discussed under this chapter. The third chapter 

contains the material and methodology of the study. In this section, the materials needed for 

the study, the methodology for each perovskite film preparation, the characterization 

techniques for each perovskite film, and the computational method for theoretical calculation 

were included. The fourth chapter discussed about results and discussions of the phase 

behavior and role of organic additives for self-doped CsPbI3 perovskite semiconductor thin 

films. In this chapter, the material, method, characterization techniques, and result of self-

doped and the effect of additives on perovskite film were explained. The fifth chapter 

discussed about surface improvement of CsPbI2Br thin film with AgBr modification for light-

absorbing materials, and the sixth chapter state about facile surface improvement of CsPbI3 

perovskite film via halide composition, treated with mixed-antisolvents in ambient air 

conditions. Finally, the seventh chapter explains the overall conclusion and 

recommendations. 
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Chapter Two 

2 Review Literature 

2.1 Introduction     

All inorganic perovskite Caesium lead halides semiconductors have recently developed great 

devotion in arrears to their outstanding photovoltaic properties, including a superb life span, 

superior energy harvesting, low imperfection density [36], solution processing, narrow 

spectral bandwidth, halides composition, acceptable direct band gap, covering the perfect 

detectible spectral range [37], high photoluminescence quantum yields [38], high absorption 

coefficient. Different generations of photovoltaic materials improved from period to period 

by their power conversion efficiency of all inorganic perovskite photovoltaic [39, 40] 

nevertheless having poor stability [41], low crystallinity [42], and less durability than 

organic-inorganic perovskite-based solar cells [43], which lags all inorganic perovskite from 

organic and hybrid perovskites. Thus, improvements must be needed by implementing 

different methods, to develop the photovoltaic nanotechnology, to boost the enactment and 

constancy of the film morphology, and photovoltaics. Among the mechanisms to improve 

photovoltaic enhancements of Caesium lead halides, additive engineering [44], antisolvent 

engineering [26], boundary engineering, and doping with metal ions [44] are more valuable 

techniques. 

2.2 The Structure of all Inorganic perovskite Thin Films 

The period of investigation of privileged perovskite materials has an enduring history that has 

been intensively studied. Perovskite was 1st discovered by Gustav Rose, and its structure was 

discovered by Russian investigator L.A. Perovski in 1839 when studying the structure of 

calcium titanate oxide (CaTiO3) in metamorphic rock [46]. Then any mineral material owing 

the structure of the form ABO3, where A and B are respectively bigger and smaller ionic 

radius metal cations, and the remaining is categorized under oxide perovskites [47]. 

Similarly, metal halides perovskites(MHPs) structure is represented by the general formula of 

ABX3 [48], where A is an organic monovalent cation [ (MA+, FA+ ), or non-organic single-

ion cation (Cs+, Rb+)], B is a double-ion metal cation (lead (Pb2+), Sn2+(thin), and germanium 

(Ge2+)), and the X is a halogen or mixed halides anion or mix of them [49]. 
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 Figure 2.1 The crystal structure of ABX3                                                                          [50]           

An expression from Figure 2.1 for the Goldsmiths tolerance factor (t) was derived from the 

space between two ions is the same as the summation of their radius, that is 

    2A X B Xt R R R R   where rA, rB, and rX are the ionic radius of A, B, and X ions in the 

range octahedral factor range 0.8 1  .0t   [ 51]. 

2.2.1 The Structure of CsPbI3 

CsPbI3 perovskite thin films are a group of all inorganic semiconductor devices that have 

attractive consideration due to their great usage for the energetic layers of light-absorbing 

materials and other optoelectronics devices and have a bandgap of 1.73 eV [52]. These 

materials are composed of a layered structure of Cesium cation (Cs+) and lead iodide anions 

(PbI3
-) with cesium cation occupying the octahedral interstitial sites between the lead iodide 

layers. The perovskite structure is highly ordered, with long-range cation-anions ordering and 

short-range cation-cation and anions-anions ordering. This extraordinary degree of level is 

supposed to be responsible for the excellent optoelectronic properties of CsPbI3 perovskite 

thin films. The working principles of the inorganic CsPbI3 active layer for photovoltaic 

application were introduced by Eperon and co-workers in 2016 [53]. CsPbI₃ is a Cubic 

Perovskite structured material that crystallizes in the cubic Pm̅3m space group. The structure 

consists of a cubic lattice of PbI6 octahedral (Figure 2.2), with Cs⁺ ions inhabiting the body-

centered positions and I⁻ ions covering the face-centered positions [54]. The Cs⁺ ions are 

attached to 12 equal I⁻ atoms to form CsI₁₂ cuboctahedra, which share corners with twelve 

equivalent CsI₁₂ cuboctahedra. The CsI₁₂ cuboctahedra faces with 6 equivalents CsI₁₂ 

cuboctahedra and face with eight equivalents PbI6 octahedral. According to Liu et al 

illustration of the following structure of the film [45], when it heating (annealing) by high 

temperature, the phase of the film changes from optical inactive ( -phase) to optically active 

phase ( -phase), and when it cooled it changing to  -phase,  -phase, and finally into  -

phase dramatically. 
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Figure 2.2 The crystal structure of CsPbI3 perovskite thin film and its phase change                      

[45,54]  

CsPbI3 perovskite thin films can be synthesized by a variety of methods such as spin coating, 

spray pyrolysis, and vapor-based methods such as molecular beam epitaxial and chemical 

vapor deposition [45]. The optimal synthesis method can have an important influence on the 

properties of the resulting thin films, such as the crystallinity, grain size, and defect density. 

The photovoltaic properties of CsPbI3 active layer thin films are highly reliant on the film 

thickness. The energy harvesting coefficient of CsPbI3 thin films increases with increasing 

film thickness while the photoluminescence quantum yield decreases. This is because thicker 

films have more defects, which can act as non-radiative recombination centers [52]. CsPbI3 

perovskite thin films have been shown to have excellent photovoltaic performance, and their 

perovskite solar cells are inexpensive to manufacture, which makes them a promising 

candidate for commercialization. 

2.2.2 The Structure of CsPbI2Br 

Cesium lead iodide bromide (CsPbI2Br) is a halide hydride perovskite material that is 

demonstrated for its photovoltaics applications, and its bandgap is suitable for absorbing 

sunlight. The crystal structure of CsPbI2Br is Orthorhombic with the space group Pnma [55] 

presented in Figure 2.3. The unit cell consists of two CsPbI2Br layers, with each layer 

consisting of a square lattice of CsPbI2Br octahedral. The Cs+ cation occupies the octahedral 

interstices between the CsPbI2Br two layers. The composition of iodide and bromide in an 

inorganic thin film for the active layer of light-absorbing material has a bandgap of 1.91eV 

and greater constancy in the black (cubic) phase is predictable to be a hopeful candidate as 

light-absorbing material in photovoltaics. CsPbI2Br can be synthesized by a variety of 

methods, including thermal evaporation, solution–phase methods, and electrochemical 
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deposition methods. CsPbI2Br is a promising material for use in photovoltaics and it is an 

energy bandgap semiconductor with extraordinary efficiency.  Due to its poor quality and low 

PCE, stabilizing it with more efficient material such as metal halide doping (Example AgI, 

AgBr), antisolvent dripping, halide composition, and additive engineering play a vital role in 

overcoming instability problems [56]. Mixing Br into CsPbI3 to form CsPbI3-xBrx (0 < x < 

0.3) can successfully grow the tolerance factor and develop phase stability. The energy 

bandgap of CsPbI3-xBrx film raised with the add-up of Br content. The absorbance of the 

perovskite increases with increasing the thickness of the films.  

      

 

 

 

 

 

 

 

Figure 2.3  The crystal arrangement of the Cs4Pb4I8Br4  cubic β-phase unit cell                [28] 

The Figure shows the crystal structure of β-phase Cs4Pb4I8Br4. The gray, yellow, red,. 

Magneta red balls denote Cs, Pb, I, and Br atoms.   

2.2.3 Solvent Additives and their Structures  

Organic molecules (additives) such as chloronaphthalene, diiodooctane, Octanediithiol, 

theophylline, theobromine, and caffeine (xanthines) have been commonly used for proved to 

be a good engineering solution and used for organic electronics. The strategy has been widely 

explored in balk hetero-junction (BHJ), particularly the effect of adding 1, 8- diiodooctane 

(DIO) to the solvent since it allows morphological control of the active layer of PeSCs. 

  DIO is a versatile organic molecule and with the addition of it in the precursor solvent, the 

structure crystallinity increases, ultimately improving carrier mobility in the perovskite films. 

The insertion of DIO into the precursor of perovskite film can recover their enhancement in 

several ways[39]. First, DIO can help to inhibit the degradation of energy harvesting material 

by anion vacancies. It can scavenge these vacancies, preventing them from trapping electrons 

and holes. Second DIO can help to increase the permanence of the perovskite solar cells. 

Perovskite solar cells are typically unstable in the air, and they can degrade over time due to 
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exposure to oxygen and moisture. DIO can help to protect the perovskite materials from these 

environmental factors, leading to a longer lifetime for the solar cell[25]. Third, DIO can help 

to improve the effectiveness of the active layer of optoelectronics. DIO can increase the 

number of electron-hole pairs that are generated by light, and it can help to transport these 

pairs to the metal anion semiconductors. This makes DIO an important additive for 

photovoltaics, which are hopeful new technologies for renewable energy.  

   ODT is a sulfur-containing compound that has been shown to develop the permanence of 

active layer materials in air and moisture. ODT is thought to act as a sacrificial electron 

donor, providing to the organic cations to prevent them from being oxidized. ODT is a 

relatively inexpensive and easy-to-use material and it is effective in a variety of applications. 

The following chemical structures are some of the structures of solvent additives (Figure 2.4) 

and some are found in Figure 4.1. 

 

 

 

  

 

 

Figure 2.4 The Chemical structure of some Organic additives 

2.2.4 Silver Bromide (AgBr) and Its Structure   

Silver bromide (AgBr) is a soft, pale-yellow, water-insoluble, halite, rock salt structure and 

grows in the cubic Fm̅3m space group well known (along with other silver halides) for its 

unusual sensitivity to light [56]. Ag¹⁺ is bonded to six equivalent Br¹⁻ atoms to form a corner 

and edge-sharing AgBr₆ octahedral mixture (Figure 2.5a). The corner-sharing octahedral is 

not tilted. The bond lengths of Ag-Br are 2.89 Å, a melting point of 426 °C, and a boiling 

point of 1140 °C.  AgBr is soluble in concentrated hydrochloric acid and nitric acid.  This 

property has allowed silver halides to become the basis of modern photographic materials and 

doped by adding an extra molecule to the precursor of the perovskite used to increase charge 

carriers' conductivity in perovskite materials [57]. Silver bromide is a light-sensitive 

compound that decomposes when exposed to light and gives silver metal and bromine gas-

tempering AgBr crystals between 250° and 400°C and shifting reproducibly to lower 

tempering Ag values when the AgBr crystals are cooled rapidly after tempering. The AgBr 
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doping approach minimizes the defect density of Cesium lead halide (CsPbX3), surface 

functionalization used for energy harvesting, and improving film quality.  

 

Figure 2.5 The crystalline structure of (a) AgBr (b)AgBr doped CsPbI2Br perovskite film [58] 

2.2.5 Antisolvents and their Chemical Structures 

Antisolvent dripping is a common method in perovskite photovoltaics to facilitate the 

removal of the residual solvent and carefully control the nucleation situation and 

crystallization growth of the active layer of optoelectronics. Extraordinary performance, 

crack-free active layers with enhanced grain sizes are reached by using mixtures of different 

antisolvents such as the mixture of ethyl acetate (EA) with chlorobenzene (CB), and Ethyl 

Acetate (EA) with toluene (T), Ethyl Acetate (EA) with Isopropyl Alcohol (IPA) in which 

resulted in improved photovoltaic properties [57-59]. From different analyses ethyl acetate 

(EA) acted as a solvent that assists in dissolving the excess perovskite precursor due to its 

polar nature; toluene, IPA, and CB enhanced crystallization by reducing the solubility of the 

perovskite[60]. A polar antisolvent Toluene (C7H8) has an exact mass of 92.06 and a 

molecular weight of 92.14 and Ethyl acetate (C4H8O2)(polar antisolvent) has an exact mass of 

88.05 and a molecular weight of 88.11 mixed and produced ethyl propionate with 

toluene(C12H18O2) having an exact mass of 194.13 and has a molecular weight of 194.27 

shown in Figure 6.2. On the other hand, Ethyl acetate (C4H8O2) mixed with a nonpolar 

antisolvent Chlorobenzene (C6H5Cl) to produce an ethyl acetate compound with 

chloromethyl (benzene) (C11H15ClO2) is one of the mixed antisolvents. The chemical 

structure of single and mixed antisolvents is found in Figure 6.2.   

2.3 Defects in All-inorganic Perovskite 

 In real prerequisite crystals, defects are point defects such as vacancies, interstitial, and 

antistatic, among which vacancies (mainly A-site and X-site) are exclusively detected due to 

their sufficiently low construction [26]. Antisite defects are the most important defects in 
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most compound semiconductors. The vacancy defects in perovskite films afford nonradiative 

recombination centers and increase ion migration. Intrinsic defects in the deep levels of the 

active layer of the film structure are surficial and physical; lattice defects affect the durable 

constancy of halide optoelectronics.  The defect-tolerant nature of the perovskites is mainly 

attributed to their electronic band structure in which the highest energy level of the valence 

band in semiconductor is anti-bonding in nature (with mixed halide ¾/5p and Pb 6s) and the 

lowest energy level of conduction band gets stabilized by strong spin-orbit coupling in nature 

Perovskite solar cells, which having a good photovoltaic properties, has got attention in the 

past decade.  Emerging more high-performance perquisite would keep exciting the PCE of 

PSCs, which is a great operation for the field [58]. 

 

 

 

 

 

 

Figure 2. 6 Factors contributing to the defect-tolerant behaviors of lead halide perovskites   a. 

Typical point defects in LHPs, including vacancies, interstitial and anti-site atoms, in the 

direction of growing establishment energy (or decreasing chance of existence), and their 

depths in the band gap. b. Schematic representation of electronic band structure of typical 

defect-in tolerant semiconductors and LHPs.[58] 

2.4 Methods of Improving all Inorganic Perovskite Thin Film 

 The phase of cesium lead halide perovskite film is not constant in ambient conditions and 

degrades (changes) into an optically inactive phase in ambient conditions. Stabilizers such as 

organic additives, metal ion doping, and halide composition engineering with antisolvents 

were proposed to overcome the degradation of the phase of CsPbX3 perovskite film.  

2.4.1 Solvent Additives Method 

The solvent additives method is the insertion of a minor element of high tempering point 

solvent into the precursor of dissolved another host solvent to support imperfection 

passivation, well-ordered nucleation and manifestation, enhancement of PCE, and 

optimization of the active layer in terms of phase separation and molecular packing. Also, 

solvent stabilizers are used to develop the coverage and uniformity of the thin film, stabilize 
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the intrinsic structure, and withstand the performance limiting factors of all inorganic PeSCs, 

improving the performances of both polymer and perovskite photovoltaics. Solvent additives 

are mostly used in organic solar cells by modulating the morphology to boost crystallization 

via forming an intermediate phase [59]. The strategy of additives for light-absorbing active 

layer-based solar cells seeks to recover the balance between stability and energy harvesting 

efficiency. Organic molecules (additives) such as chloronaphthalene, diiodooctane, 

Octanediithiol, theophylline, theobromine, and caffeine (xanthines) have been commonly 

used for proved to be a good engineering solution and used for organic electronics. DIO, CN, 

and ODT have established solvent additives to simplify the aggregation to improve phase 

separation, used in organic perovskite to tune the film [60], and chelate with lead to the 

intermediate phase [61]. The strategy has been widely explored in balk hetero-junction 

(BHJ), particularly the effect of adding 1, 8-diiodooctane (DIO) to the solvent since it allows 

morphological control of the active layer of PeSCs. With the addition of DIO in the solvent 

the structure crystallinity increases, ultimately improving carrier mobility in the perovskite 

films. DIO (C8H16I2) additives are used for photon excitation and energy transportation [62], 

to improve the surface morphology of the perovskite [63], and to develop the miscibility in 

light-absorbing active layer [64]. Also, DIO enhances the high energy harvesting and 

constancy of the film, hence developing the perovskite device and increasing the PCE [65]. 

CN is a common additive in polymer-based organic solar cells [66] used in crystallization 

control and mobilization of holes. CN is used to resist the film from degradation [67], 

increase the PCE of BHJ-based photovoltaic devices [68], and extend crystal growth [69]. 

ODT additives are used to increase the conductivity of photovoltaic [70], control the 

electrical and surface morphology properties of GSCs, improve phase separation [71], extend 

the lifetime of the OSCs, improve absorption [72], and maximize the mobility of the hole in 

the active layer of OSCs [73]. 

2.4.2 Metal Ion Doping Method  

Currently, metal halide perovskite film is doping lead (Pb) with other metals such as and 

resultantly improves the performance and the phase of the films [74]. Also, by increasing the 

hardening temperature of the light-absorbing layer, the particle size of the film was enlarged, 

and the crystallinity was improved [75]. Presently, studies established that by warming 

reinforced spin-coating technique bright dispensation [76], intermolecular conversation, and 

boundary passivation [77], the mixture of antisolvents and additive drip techniques of the 

metal halide optoelectronics can be reserved. The PCEs are increased, but it isn't easy to 
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manage due to the complex steps to preparation of films and sensitivity to oxygen, moisture, 

and UV light of precursor of the active layer. The enhancement of all-inorganic metal halide 

film performance is still a problem due to the difficult preparation method and the sensitivity 

of perovskite precursor to environmental conditions. Many scholars conduct different 

investigations to develop the enhancement and consistency of metal halide photovoltaics. 

Some scholars investigated the reduction of trap density of perovskite film by stabilizing the 

CsPbI3 film using guanidinium iodide (GAI) as an additive [788] and got an improvement on 

the hole-transporter base. Other groups studied the CsPbIBr2 film using an AgI additive [79]. 

They found less in number of grain boundaries, and increased particle extent, crystallinity, 

and photosensitive energy harvesting while reducing transporter recombination and trap 

density from the film of PSCs [80]. Also in other investigations, investigators improved the 

Cesium lead halide film by reducing the grain boundary and the surface defect followed by 

enhancement of charge using Mn+ doping on the film [34], Improved the Cesium lead halide 

film morphology uniformity, crystallinity, and desired phase by high annealing temperature 

[81]. On the other ways, some groups of investigators improved the all-inorganic perovskite 

film quality, uniform surface morphology, and low tramp density by passivation of Phenyl 

ethyl ammonium bromide and CsBr perovskite film [37] while other groups doped AgBr in 

CsPbBr3 precursor and from observation results, they reduced defect density and were 

pinhole-free in the investigated films [16]. 

2.4.3 Antisolvents Treatment   Methods 

Antisolvent treatment is a technique that is used to induce fast and condensed nucleation of 

film that leads to constant and pinhole-free pictures. These techniques are achieved by 

dripping an antisolvent into the precursor solution, which results in the solubility reduction of 

the solute in the original solvent and consequently generates supersaturation driving forces 

[35]. Antisolvent treatment is a process that is used to prompt fast and condensed nucleation 

of the active layer that leads to constant and voidless films. This process involves the 

insertion of antisolvents into the precursor solution of perovskite, which results in the 

reduction of the concentration of the saturated solution in the original solvent and 

consequently generates a supersaturation driving force.  This driving force causes the solute 

to precipitate out of the solution and form crystals [38]. The type of antisolvent used, the 

degree of supersaturation, and the crystallization temperatures are all factors that can affect 

the manifestation procedure and the resulting kinds of stuff of the active layer of 

optoelectronics. Antisolvent has been shown to develop the effectiveness, stability, and 
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uniformity of active layers of photovoltaics. The process leads to the establishment of 

uniform and void-free films, which reduces the amount of light that is lost due to scattering 

and reflection. Additionally, the process can help to develop the constancy of the solar cell by 

dropping the amount of defects in the film. The mixed antisolvent method is a variation of the 

traditional antisolvent method. In this method, two different antisolvents are used in 

combination. This can help improve the extraction effect and lead to the development of even 

more similar and pinhole-free films. The crystallization of perovskite by antisolvents reaches 

supersaturation and solidification by revealing a solution of the product to another solvent in 

which the product is sparingly soluble. During the crystallization of perovskite crystals, the 

methods of annealing, the time of annealing, and the annealing temperature strongly affect 

the crystalline quality and crystal structure in perovskite film. Compared with the single 

antisolvent treatment, the mixed antisolvent combines the advantages of two antisolvents 

[82]. The mixed antisolvent treatment method prompts fast and condensed nucleation of 

perovskite that leads to constant and voidless films.  A better extraction effect can be reached 

by regulating the mixing ratio of different antisolvents. The mixed antisolvent is better than 

the single antisolvent treatment because it combines the advantages of two solvents. A better 

extraction effect can be reached by regulating the mixing ratio of different antisolvents. The 

crystallization of perovskite by antisolvent reaches supersaturation and solidification by 

revealing a solution of the product to another solvent in which the product is sparingly 

soluble. During the crystallization of perovskite crystals, the methods of annealing, the time 

annealing, and the annealing temperature strongly affect the crystalline quality and crystal 

structure in perovskite film [83].  Antisolvent is added to the solution resulting in the 

reduction of solubility of the solute in the original solvent and consequently generating a 

supersaturation driving force. Antisolvents are classified as oxygenated solvents, 

hydrocarbon solvents, and halogenated solvents. Solvents contain oxygen in their molecular 

structure known as oxygenated solvents, that contain hydrogen and carbon atoms are 

hydrocarbon solvents and those that contain halogens are halogenated solvents. Compared 

with the single solvent, the advantage of mixed solvents is that they combine the advantages 

of two solvents and a better extraction effect can be achieved by adjusting the collaborating 

ratio of different stabilizers [84]. Factors affecting the crystallizations are types of solvents, 

degree of supersaturations, crystallization temperature, and agitation, rate of cooling, 

impurity and additives, suspended particles, seeding and flow regime, and the surface of 

crystallizations [85]. 
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2.4.4 The Flory-Huggins theory of mixed solvents Oligomer  

The polymer solution of thermodynamics describes the dispensation of liquid solvents that 

can be preserved as an oligomer. The Flory-Huggins theory is a thermodynamic theory that 

describes the mixing of two or more solvent components in a situation [86]. The theory is 

based on the assumption that the molecules of each component are independent of each other 

and that the interactions between the molecules are only due to the entropic effect of mixing. 

The theory predicts that the free energy of mixing two components is given by:   

2 2nRTχmG       Where mG the free energy of collaborating, n is the number of moles of 

each component, R is the constant(gas constant), T is the temperature, and is the Flory-

Huggins interaction parameter [87].  

The Flory-Huggins interaction limit measures the strength of the interactions between the 

molecules of the two components. In this study, the processing solvent stylizers (solvent 

additives) are treated as oligomers.  An oligomer is a polymer that is composed of a small 

number of monomers. The Flory-Huggins theory can be used to describe the mixing of a 

polymer with an oligomer. The free energy of any two miscible solvent additives is given by 

the Flory-Huggins interaction parameter:   1 2
1 2 1 2

1 2

ln lnmG

RT X X

 
  


    where 𝜙1and 𝜙2 

are volume fractions of two different solvents, 1X
and 2X

are relative molar volumes of two 

different solvents. The Flory-Huggins theory predicts that the allowed energy of mixing a 

solvent additive/antisolvent with an oligomer will be less than the free energy of fraternizing 

a solvent additive with a monomer [88]. This is because the oligomer has a larger number of 

monomers than the solvent, and the interactions between the monomer of the oligomer are 

stronger than the interactions between the monomer of the polymer. The Flory-Huggins 

philosophy can be used to predict the miscibility of a polymer with an oligomer. The 

miscibility of a polymer with an oligomer is determined by the values of the Flory-Huggins 

interaction parameter [89]. If the Flory-Huggins interaction parameter is positive, the 

additive/antisolvent and the oligomer will be immiscible and if it is negative, the 

additive/antisolvent and the oligomer will be miscible.  
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Chapter Three 

3 Materials and Methods  

3.1 Materials 

The materials chemicals and liquid solvents for this research work where lead iodide (PbI2, 

99.99%, Sigma-Aldrich, Darmstadt, Germany), cesium iodide (CsI, 99.99%, Sigma-Aldrich, 

Darmstadt, Germany), Cesium bromide (CsBr, 99.9%, Sigma-Aldrich, Darmstadt, Germany), 

and Silver bromide (AgBr, 99.99%, AR chemicals, Delhi, India), Dimethyl formamide (DMF 

99.5%, AR chemicals, Delhi, India), Dimethyl sulfoxide (DMSO, 99%, AR chemicals, Delhi, 

India), chlorobenzene (≥99.5%, AR chemicals, Delhi, India), Toluene(≥99.5%, AR 

chemicals, Delhi, India), and Ethyl acetate (99%, grade LR, model SYMAX). Indium thin 

oxide slide, square (ITO glass, Sigma-Aldrich, Darmstadt, Germany), Experimental glass, 1, 

8-diiodooctane (DIO, 98%, TCI chemicals, Tokyo, Japan), 1-chloronephtaline (CN, 99%, 

TCI chemicals, Tokyo, Japan), and 1,8-octanediithiol (ODT, 95%, TCI chemicals, Tokyo, 

Japan) which were used as received without further purification. 

3.2 Methods 

The precursor solutions and film preparation by the one-step solution processing method. 

Solutions are homogeneous mixtures that are mixed so thoroughly that neither 

component can be observed independently of the other. In this work, we dissolved the solute 

into the solvent by moles per unit volume stoichiometry to colloid a homogenous mixture as 

liquid solutions.   Since the solubility of the solid increases with increasing temperature, we 

used room temperature (RT) to 343 K to homogenize the liquid solution in the given period. 

The mixture of different ratios of solute chemicals such as CsI &PbI2 (2:1, 1:1), CsBr& PbI2 

(1:1), and AgBr, liquefied in the mixture of dimethyl formamide (DMF) and dimethyl 

sulfoxide (DMSO), and DMSO alone respectively. In the first case 2% ODT, 2% DIO, and 

2% CN were added to the precursor of the perovskite film (2CsI/ PbI2) which dissolved in the 

mixture of DMF&DMSO. For the second case, CsBr, and PbI2 dissolved in the DMSO, and 

AgBr was added as dopants. For the last cases, equal amounts of CsI &PbI2 dissolved in the 

mixture of DMF&DMSO (4:1) and 5% CsBr were added concerning CsI and treated with 

mixed antisolvents such as toluene & ethyl acetate (TEA), Chlorobenzene & ethyl acetate 

(CBEA) during spin-coating.    
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3.3 Material Characterizations 

The prepared perovskite films were characterized by different techniques to study the thin 

films' optical, crystallinity, and morphology properties.    

3.3.1 X-ray Diffraction (XRD) 

The structural properties, particle size, and arrangement of the perovskite film of all inorganic 

perovskite thin films were examined by X-ray diffraction (XRD) analyzer (model: the Rigaku 

mini flex-300/600 diffractometer, Tokyo, Japan, and model: the Drawell XRD-700 diffract 

meter, Tokyo, Japan) with Cu Kα (3KW) X-ray radiations (λ = 1.5406 Å) having a source 

potential of 40 kV and source current of 15 mA. The ordinary crystallite size of the film was 

guessed from the Scherer formula where D = average particle size (nm), λ = wavelength (nm) 

of the light source,   β= is the full width at half maximum (FWHM) of the corresponding 

diffraction peak, θ= the diffraction angle (degree), and K (0.94) is the Scherer constant [90]. 

3.3.2 Fourier transform infrared spectroscopy (FT-IR) 

FTIR is an analytical method used to identify inorganic materials and is extremely sensitive 

to increases in humidity as the optical windows are made of hygroscopic materials. The 

attenuated total reflection (ATR) was engaged to record the FT-IR spectra of the perovskite 

thin films in the range 4000–400 cm-1 with a resolution of 4 cm-1 were performed with a 

PerkinElmer spectrum two FTIR spectrometers in transmittance mode. 

 

 

 

 

  

 

 

 

 

Figure 3.1 The Photograph of FTIR spectrometry 

3.3.3 Ultraviolet-Visible (Uv-Vis) Spectrometry 

The absorption intensity of the all-inorganic perovskite film was investigated by ultraviolet-

visible (UV-Vis) spectroscope (PerkinElmer Lambda 25, Kyoto, Japan). Absorption edges 

result from electronic transitions between a valence band's top and the conduction band's 
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bottom. Any photon with energy greater than this band gap will be absorbed. The intensity of 

an absorption band is related to the concentration of the absorbing ion in the crystal. Thus, 

optical spectra can determine the amount of particular ions in crystals. The light passing 

through a crystal at a given wavelength can be measured in units of present transmission,

0%T=100  I/I  where I0 is the intensity of light incident upon the crystal, and I is the intensity 

passing through the crystal. Most instruments present the intensity in absorbance units: 

Absorbance, 10 0( ) - log /  A I I  [91].  

The band gap energy of a semiconductor describes the energy needed to excite an electron 

from the valence band to the conduction band. An accurate determination of the band gap 

energy is crucial in predicting photophysical and photochemical properties of 

semiconductors. In particular, this parameter is often referred to when photocatalytic 

properties of semiconductors are discussed. In 1966 Tauc proposed a method of estimating 

the band gap energy of amorphous semiconductors using optical absorption spectra. His 

proposal was further developed by Davis and Mott. The Tauc method is based on the 

assumption that the energy-dependent absorption coefficient α can be expressed by m the 

following equation    
1/ . B(   Eg)( ) mh vs h   where h is the Planck constant, ν is the photon’s 

frequency, Eg   is the band gap energy, and B is a constant. The m factor depends on the 

nature of the electron transition and is equal to 1/2 or 2 for the direct and indirect transition 

band gaps, respectively [88,90] 

The reservation of energy bandgap is based on the plot of energy versus energy density

2  ( .)  h vs h  , where α is the absorption coefficient, h is Plank’s constant, and ν is the 

frequency of the incident photon. 

3.3.3 Photoluminescence (PL) spectrophotometer 

Photoluminescence (PL) spectrophotometer is a contactless, non-destructive technique of 

probing the electronic arrangement of materials, governed by stimulated emission of 

radiation. When light is irradiated onto a sample, photo-excitation starts, absorbing light and 

imparting excess light energy into a material, the sample can disintegrate this extra energy in 

two ways: by energy emission or through luminescence. The light can be analyzed spectrally, 

spatially, and temporally. In photoluminescence spectroscopy, we measured the light energy 

of emitted light as a function of wavelength by using optical spectroscopy. PL occurs when a 

specimen emits light after absorbing a photon from an external light source such as a UV 

energy source. When the high-energy source is used to stimulate, all available electrons are 
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excited into their energy state [92]. On the other hand, Photoluminescence (PL) spectroscopy 

is a form of light emission spectroscopy in which the light emission comes from a process 

called photo-excitation. As the light is directed onto a sample, the electrons inside the sample 

move into excited states. When electrons jump from the excited states to their equilibrium 

states, the energy can be released as light. PL spectra were noted by measuring the light 

energy of the emitted radiation as a function of varying excited wavelengths. This work 

investigated the thin films photoluminescence (PL) emission spectra by a steady-

state/transient fluorescence spectrophotometer (SHIMADZU RF-6000, Kyoto, Japan) with an 

excitation wavelength of 420 nm and 520 nm. 

 

 

 

 

 

 

 

 

 

Figure 3.2  Working principle of Photoluminescence (PL) spectroscopy  

3.3.4 Time-resolved photoluminescence 

Time-resolved photoluminescence is used to detect the radioactive decay of the samples in 

which excited electrons have a radioactive decay channel. Theoretically, the time-resolved 

PL intensity measurement rate equations are given by    0exp /N t N t   , where

 1/ A A    , 𝑁 is the exaction condition, and A and 𝐴′ are the radiative & nonradiative 

recombination respectively.  The decay curve of the emitted photon should be exponential 

[93]. This research recorded the PL lifetime using time-correlated single-photon counting 

(TCSPC) (model: Fluor log 3 TCSPC, Horiba, and Houston, TX). 

3.3.5 Scanning Electron Microscopy (SEM) 

SEM is a versatile and powerful microscopic technique for material characterization and uses 

electrons for imaging, morphological studies, and nano & microstructure studies. The 

microstructure image of all-inorganic perovskite thin films was characterized by Field 
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emission scanning electron microscopy (FE-SEM, Carl ZEISS microscopy, MAIA3 XMH 

(model 2016) 119-0025, Germany). 

3.3.6 Transmission electron microscopy (TEM) 

TEM is a microscopic method that utilizes a particle beam of electrons to visualize specimens 

and produce extremely magnified images up to several million times. Its working method is 

to record a topography image of the specimen from the electron beam after it has passed 

through a thin film of the specimen under study [47]. In this case, electrons are transmitted 

through a sample, forming an image. Transmission electron microscopy relies on interactions 

between photon energy and a thin transparent sample of the concentration material for its 

characterization. The nanostructure image of the perovskite thin film was obtained using a 

high-resolution transmission electron microscopy (HR-TEM, Model: JEOL, JEM-2100, 

Peabody, MA, USA) with an operating voltage of 200 kV. 

3.3.7 Atomic force microscope (AFM) 

 The atomic force microscope is a scanning probe microscope in which a topographical image 

of the sample surface can be achieved based on the interactions between a tip and a sample 

surface as shown in Figure 3.3. The idea of AFM for the first time demonstrated in 1986 by 

Binnig and Quate while demonstrating a small probe tip at the end of a cantilever [91]. 

 

 

 

 

Figure 3.3 Principle of Atomic Force Microscopy 

AFM uses a sharp tip to probe the superficial features by scanning and can image the surface 

topography with extremely high magnifications, up to one million times comparable or even 

better than electronic microscopes. The film's surface morphology and roughness of all 

inorganic perovskite thin films were characterized by AFM (AFM, model Park NX10). 

3.3.8 Computational Methods  

The computational method was calculated by the projector-augmented wave method, 

included in the VASP code, and was used for all DFT calculations. The Perdew-Burke-
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Ernzerhof (PBE) parameterization of the generalized gradient approximation- underestimated 

(GGA-U) was used to describe the conversation correlation function, and the exchange-

correlation function was used for all structural relaxation. The electronic band arrangements 

of the unit cells of perovskite were intended by Cambridge Serial Total Energy Package 

software (CASTEP, Materials Studio 2017, Vélizy Villacoublay, France)[38]. The unit cell in 

the Brillouin zone was employed to estimate the electronic band structures. 
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Chapter Four 

4. Phase Behavior and Role of Organic Additives for Self-Doped CsPbI3 

Perovskite Semiconductor Thin Films   

Abstract: The phase change of all-inorganic cesium lead halide (CsPbI3) thin film from 

yellow δ-phase to black γ-/α-phase has been a topic of interest in the perovskite 

optoelectronics field. Here the main focus is securing a black perovskite phase by avoiding a 

yellow one. In this work, we fabricated a self-doped CsPbI3 thin film by incorporating an 

excess cesium iodide (CsI) into the perovskite precursor solution. Then, we studied the effect 

of organic additives such as 1, 8-diiodooctane (DIO), 1-chloronaphthalene (CN), and 1, 8-

octanedithiol (ODT) on the optical, structural, and morphological properties. Specifically, we 

employed Flory-Hugging’s theory based on the oligomer level of additives’ molar mass to 

elucidate the binary additive-solvent solution thermodynamics. We found that the miscibility 

of additive-solvent displaying an upper critical solution temperature (UCST) behavior is in 

the sequence of CN: DMF > ODT: DMF > DIO: DMF, which trends could be similarly 

applied to DMSO. Black γ-phase exhibits in the XRD graph with referenced peak for 

self-doped and DIO & CN doped CsPbI3  perovskite film showed phase 

improvements in line with the Selected area diffraction pattern of TEM. Multiple domains 

of self-doped CsPbI3 with DIO and relatively flat images with CN show improvements in the 

morphology of the films. The FTIR result showed that self-doped CsPbI3, self-doped 

with DIO, and self-doped with CN are similar structures indicating that after the 

yellow phase changes to the black γ-phase, the structure of the perovskite film was 

stable with self-doped and self-doped with DIO & CN the energy band gap reduced 

to 1.83 eV, 1.78 eV, and 1.76 eV respectively, showing an appropriate energy 

bandgap improvement for photovoltaic applications. Finally, the self-doping strategy 

with additive engineering should help fabricate a black γ-phase perovskite although the 

mixed phases of δ-CsPbI3, γ-CsPbI3, and Cs4PbI6 were observed in ambient condition. 

However, the results may provide insight into the stability of metastable γ-phase CsPbI3 at 

room temperature.   
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4.1. Introduction 

Metal halide perovskites (MHPs) have the general formula of ABX3, where A is methyl 

ammonium (MA) CH3NH3
+, formamidinium (FA)CH(NH2)2

+, methylhydrazinium 

CH3(NH2)2
+, aziridinium (CH2)2NH2

+, cesium (Cs), or rubidium (Rb), B is lead (Pb), tin (Sn) 

or manganese (Mn), and X is halide (Cl, Br, I) or its mixture [94-98]. MHPs can serve as a 

semiconducting active layer for photovoltaic (PV) cells, photodetectors (PD), light-emitting 

diodes (LEDs), field-effect transistors (FETs), and sensors [99, 100]. Due to the thermal 

instability of organic cations, all-inorganic cesium lead halide (CsPbX3, X= Cl, Br, I) 

becomes an alternative material by incorporating the inorganic cesium instead of MA or FA 

[101-105].  CsPbX3 is known to have long charge carrier diffusion length, strong light 

absorption, defect tolerance, thermal tolerance, narrow spectral bandwidth, tunable direct 

bandgap, high photoluminescence quantum yields (PLQY), and solution/melt processability 

[106-118]. The power conversion efficiency (PCE) of all-inorganic CsPbX3 perovskite solar 

cells (PSCs) has reached ~21.15% [119] whereas the best PCE of FAPbI3 solar cell is ~ 26% 

in 2023 [120].  

Among cesium lead halides, the cubic phase α-CsPbI3 has the smallest tolerance factor 

    2A X B Xt r r r r     = 0.805, where
Ar ,

Br , and 
Xr  are the radius of cation A, cation B, 

and anion X, respectively [121,122]. This t value slightly falls out from the structural stability 

condition of 0.813 ≤ t ≤ 1.107, indicating that α-CsPbI3 may undergo a rapid phase 

transformation below 320 °C [123]. Hence, α-CsPbI3 (black cubic) is structurally unstable 

and converted into β-CsPbI3 (black tetragonal), γ-CsPbI3, (black orthorhombic), and δ-CsPbI3 

(yellow orthorhombic) at room temperature [106-126]. Specifically, δ-CsPbI3 is non-

perovskite but thermodynamically most stable at room temperature, suggesting that this phase 

should be avoided for perovskite optoelectronics. However, because of its energy bandgap 

(Eg) of 1.73 eV [105] affording a significant photon harvesting, CsPbI3 has received more 

attention than the other cesium lead halides (CsPbCl3 with Eg= 3.03 eV and CsPbBr3 Eg= 

2.23 eV) for PeSC applications [127-128]. In this process, the researchers have tried to 

overcome the intrinsic phase instability of CsPbI3 through additive engineering, quantum 

dots, dimension engineering, composition engineering, metal ion doping, solvent engineering, 

surface/defects passivation, and interfacial engineering [129-136].  

In 2015, Snaith and coworkers demonstrated the working all-inorganic CsPbI3 solar cell for 

the first time, in which hydroiodic acid (HI) was identified to stabilize γ-CsPbI3 at a relatively 

lower temperature, ~100°C [137]. Marronnier et al. observed the temperature-dependent 
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phase transformation from orthorhombic-to-cubic (δ→α) upon heating whereas cubic-

tetragonal-orthorhombic (α→β→γ) upon undercooling, indicating that CsPbI3 could 

temporally retain its black γ-phase at room temperature [138]. Zhang et al. improved the 

crystal structure stability of γ-CsPbI3 through interface engineering by depositing γ-CsPbI3 on 

the top of iodine-doped reduced graphene oxide [139]. Wang et al. enhanced the γ-phase 

CsPbI3 stability and minimized trap density through controlling crystallization dynamics by 

chlorine doping [140]. Liu and coworkers demonstrated that the γ-phase could be stabilized 

by reducing defect densities acting as both recombination center and ion migration space, for 

which they employed an acyloin ligand (1,2-di(thiophen-2-yl)ethane-1,2-dione (DED)) as a 

phase stabilizer and defect passivation [118]. Huang et al. recognized that the intrinsic 

instability of γ-phase originates from the small ion radius of cesium. Hence, to solve this 

problem, they incorporated small amounts of poly (alkyl amine hydrochloride) (PAACl) 

additive to the perovskite precursor solution and improved the stability of γ-phase CsPbI3 

[141]. Vaynzof and coworkers demonstrated the fabrication of a relatively stable γ-CsPbI3 

thin film through co-evaporation of CsI and PbI2 with a small amount of 

phenylethylammonium iodide (PEAI), affording a preferable crystal orientation (columnar 

domains) with reduced defect densities [142]. Recently, Zhu and coworkers identified the 

excess CsI itself (i.e., more than 1 = CsI/PbI2) identified a favorable formation of black γ-

phase instead of yellow δ-phase, which is interesting in that it used a self-component rather 

than external one [143].  

Additive engineering has been frequently employed to enhance the performances of polymer 

solar cells (PSCs) and PSCs [130, 144, 145]. In the case of PSCs, the phase-separation scale 

should be controlled within the exciting diffusion length (~10-47 nm depending on fullerene 

or non-fullerene acceptor and conjugated polymer) [146-148]. On the other hand, in the 

PeSCs, it is important to control the nucleation and crystal growth of perovskite from the 

colloidal perovskite precursor dispersion via intermediate phase engineering (IPE) [149,150], 

which is for obtaining a high-quality perovskite layer (ideally a single crystal but practically a 

polycrystalline with minimized defects). Specifically, 1, 8-diiodooctane (DIO), 1-

chloronaphthalene (CN), and 1,8-octanedithiol (ODT) have been commonly used for organic 

electronics [151-155].  

In 2007, Heeger and coworkers demonstrated that the addition of a few volume percent of 

alkanedithiols including ODT has contributed to the enhancement of PCE from 2.8% to 5.5% 

through improving the bulk-heterojunction morphology of PSCs [156-158]. Then in the next 

year the same group identified that DIO was the best among 1,8-di(R)octanes (R: SH, Cl, Br, 
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I, and CO2CH3) as an additive for PSCs and suggested two criteria: (a) selective solubility of 

the electron acceptor and (b) high boiling point of additive [158]. Then to date, this additive 

strategy has been continuously applied for non-fullerene-acceptor (NFA)-based PSCs as well 

as all-polymer solar cells (all-PSCs) [151, 158]. For example, in 2020, Li et al. observed the 

vertical composition and crystallinity could be regulated by employing the DIO additive, 

contributing to the photophysical properties of the active layer in NFA-based PSCs [153]. 

Then, in 2021, Boa et al. observed the synergetic effect of two additives, CN and thiophene 

derivative, on the optimization of the active layer in terms of phase separation and molecular 

packing, resulting in high-efficiency NFA-based PSC [152]. Recently, Liu et al demonstrated 

CN promoted the self-aggregation of polymer donors in all-PSCs [151]. However, in the field 

of PeSCs, conventional solvent additives such as DIO, CN, and ODT are relatively less 

studied for all-inorganic PeSCs although there are some for the hybrid PeSCs [159-163]. For 

example, in 2014, Jen and coworkers demonstrated that the bidentate halogenated additive, 

DIO can enhance the crystallization of MAPbCl3 through a temporal chelation between DIO 

and PbCl2, i.e., enhancement of solubility of PbCl2 [159]. In 2015, Chen and coworkers 

proved that the CN additive is beneficial in regulating the crystallization of MAPbI3-xClx 

[160]. In 2018, Peng et al. observed that the DIO additive also could enhance the crystallinity 

of MAPbI3-xClx for high-efficiency PeSCs just like CN [161]. In the same year, Tsai et al. 

proved that DIO is useful for the crystallinity, coverage, and uniformity of the MAPbI3 thin 

film for PeSCs [162]. Then recently, Ghorai et al. reported the ligand-mediated revival of 

degraded α-phase CsPbI3 nanocrystals by using 1-dodecanethiol (DSH), in which a heavily 

distorted α-CsPbI3 could be converted to the cubic CsPbI3 phase via the trigonal Cs4PbI6 

through the etching with the surface ligand/passivator, DSH [163].        

In this study, we studied the all-inorganic CsPbI3 perovskite thin film doped with the excess 

cesium iodide with molar ration, CsI/PbI2= 2, which was inspired by Qui et al.’s interesting 

results with CsI/PbI2= 1, 1.05, 1.5 and 4 in a nitrogen filled glove box [143]. However, in our 

case, we carried out all the experiments in ambient conditions, indicating the results may 

suggest air processability and stability for the CsPbI3 thin film. Then we examined the 

organic additive (DIO, CN, and ODT) effects on the structural, optical, and morphological 

properties of the self-doped CsPbI3 thin film for the first time. Hence, through this work, the 

dual effects, self-dopant and external additives can be elucidated in air. Furthermore, we 

report the phase behavior of binary additive-solvent system for the first time based on the 

Flory-Huggins theory, presenting the role of additive in a typical solvent (DMF and DMSO) 

medium used for perovskite electronics.   
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4.2. Materials and Methods 

4.2.1 Materials 

The materials used for the experimental works are lead iodide (PbI2, 99.99%%, Sigma-

Aldrich, Darmstadt, Germany), cesium iodide (CsI, 99.99%, Sigma-Aldrich, Darmstadt, 

Germany), DMF (99.5%, AR chemicals, Delhi,  India), DMSO (99 %, AR chemicals, Delhi, 

India), chlorobenzene (≥99.5%, AR chemicals, Delhi, India), 1,8-diiodooctane (DIO, 98%, 

TCI chemicals, Tokyo, Japan), and 1-chloronephtaline (CN, 99%, TCI chemicals, Tokyo, 

Japan), and 1,8-octanediithiol (ODT, 95%, TCI chemicals, Tokyo, Japan) were used as 

received without a further purification. 

4.2.2 Methods 

The perovskite precursors (0.8 mmol CsI and 0.4 mmol PbI2 without/with organic additives) 

were dissolved in 600μL DMF and 400 μl DMSO solvent mixtures and stirred overnight at 

room temperature. Here, the additive was DIO, CN, or ODT, which was 2% of the 

DMF/DMSO mixed solvents by volume. Then, the perovskite precursor solution was filtered 

by a polytetrafluoroethylene (PTFE) syringe filter with 0.22 μm pore size. Then, 70 μl of 

colloidal perovskite precursor dispersion was dispensed on the top of the ITO glass substrate. 

Here, the spin coating was processed with 1,000 rpm for 10 sec and then 4,000 rpm for 40 

sec. During spinning (after ~20 sec), 200μL CB antisolvent was dispensed on the top of the 

wet perovskite precursor film. Then, the thin-film samples were gently annealed on a hotplate 

at 120 ℃ for 10 min and cooled down to room temperature for further characterization. Note 

that Qiu et al. [143] annealed their thin film on 320°C (i.e., a phase transition temperature for 

black α-phase CsPbI3 with cubic structure) for 3 min in a N2-filled glove box. However, we 

processed our thin film in the air without transferring to a glove box because we have an 

interest in the air stability of all-inorganic CsPbI3 samples. 

4.2.3 Characterization 

The ultraviolet-visible (UV–Vis) absorption data were obtained using UV-Vis spectroscopy 

(SHIMADZU UV-2600, Kyoto, Japan) in the 300-800 nm wavelength range. The 

photoluminescence (PL) emission spectra of the self-doped CsPbI3 thin films were acquired 

using a spectrophotometer (SHIMADZU RF-6000, Kyoto, Japan) at the excitation 

wavelength of 420 nm the PL peak was found to range in between 570-670 nm. The PL 

decay curves were recorded by using a time-correlated single photon counting (TCSPC) 

(Model: Fluorolog 3 TCSPC, Horiba, USA). The transmission electron microscopy (TEM) 

images were obtained by using a high-resolution TEM (HR-TEM, Model: JEOL, JEM-2100, 



   

30 
 

Peabody, MA, USA) with an operating voltage of 200 kV. The structural properties of the 

self-doped CsPbI3 thin films were investigated by using the X-ray diffraction (XRD) analyzer 

(model: the Rigaku mini flex-300/600 diffractometer, Tokyo, Japan) in the angle range 

between 2𝜃 = 10° − 80 °. The microstructural morphologies of the thin films were 

characterized by using the field-emission scanning electron microscopy (FE-SEM, MAIA 

3XMH TESCAN, and Kohoutovice, Czech Republic). The atomic force microscopy (AMF) 

tapping-mode images were obtained by using the Park NX10 AFM (Park Systems, Suwon, 

Korea). The Fourier-Transform infrared spectroscopy (FT-IR) analysis was performed in a 

transmittance mode by using the PerkinElmer Spectrum Two FT-IR Spectrometer (Waltham, 

MA, United States). Here, the attenuated total reflection (ATR) was employed to record the 

FT-IR spectra of the self-doped CsPbI3 thin films without/with organic additives in the range 

4000-400cm-1 with a resolution of 4 cm-1 [164]. 

4.2.4. Computational methods 

The electronic band structures of the unit cells (δ-CsPbI3 and γ-CsPbI3) were calculated using 

the Cambridge Serial Total Energy Package (CASTEP, Materials Studio 2017, Vélizy-

Villacoublay, France) software. The Perdew-Burke-Ernzerhof (PBE) parameterization of the 

General Gradient Approximation (GGA) was used to portray the exchange-correlation 

function. The unit cell in the Brillouin zone was employed to estimate the electronic band 

structures. For the geometry optimization, the energy, maximum force, maximum 

displacement, and maximum stress were 5×10-5 eV/atom, 0.01 eV/Å, 5×10-4 Å, and 0.02 GPa, 

respectively.  

4.3. Results and Discussion 

Figure 4.1 shows the chemical structures of (a) additives (DIO, CN, and ODT) and (b) 

solvents (DMF, DMSO and CB). Here CB was used as an antisolvent during the solvent 

engineering process. Tables 1 and 2 summarize the properties of additives and solvents, 

respectively. Specifically, DMF and DMSO have Guttmann’s donor number (DN) of 26.6 

kcal/mol and 29.8 kcal/mol whereas CB has DN = 3.3 kcal/mol, indicating that DMF and 

DMSO can have a strong coordination bonding with haloplumbate containing Lewis acid 

Pb2+ but CB cannot [164]. Therefore, the less polar CB molecule could act as an antisolvent, 

which has a weaker basicity as well as a smaller solubility parameter (δ) of 9.5 (cal/cm3)1/2 

than the other two solvents (DMF and DMSO) [163,165].            
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Figure 4. 1 Chemical structure of organic additives and solvents. (a) Organic additives: DIO, 

CN, and OTD. (b) Solvents: DMF, DMSO, and CB 

Table 4.1 Group contribution to (cohesive energy) for estimating the solubility parameter (δ) 

Here, group

cohE  and 
cohE  are cohesive energy per group and entire molecule, respectively. 

2MW  is 

molecular weight, 
2  is density, 

2V  is the molar volume of organic additives, b.p. is boiling 

point, and 
2  is solubility parameter, respectively. Here, the subscript-2 denotes an additive 

molecule whereas the subscript-1 will be used for solvent [166, 167]. 

Additive Group 
group

cohE   

(J/mol) 

Group  

Number 
cohE  

 (J/mol) 
2MW  

(g/mol) 
2  

(g/cm3) 

2V  

(cm3/mol

) 

b.p. 

(°C) 

2  

(MPa)1/

2 

2  

(cal/cm3)1/

2 

DIO 
-CH2-  4,190  8 

71,620 366.02 0.818 447.5 167-169 19.0 9.3 
-I  19,050  2 

CN 

-Cl  12,990   1 

58,056 162.62 1.194 136.2 111-113 20.7 10.1 

-CH=CH-  10,200 3 

>C=C(H)

- 
4,860 

1 

>C=C< 9,606a 1 

ODT 

-CH2-  4,190  8 

77,050 178.36 0.970 183.9 269-270 18.8 9.2 -S- 8,800 2 

-H  12,965 * 2 
    * It was estimated from the solubility parameter data in the literatures [168, 169].  

Table 4.2 Properties of solvents and antisolvent. 
1MW  is molecular weight, 1  is density, 

1V̂  is 

the molar volume of solvent, b.p. is boiling point, 
1 is solubility parameter [165], and DN is 

Guttmann’s donor number [164], receptively. Here, the subscript 1 denotes the solvent 

molecule.    

 

 

 

 

Solvent 1MW  

(g/mol) 
1  

(g/cm3) 
1V̂  

(cm3/mol) 

b.p. 

(°C) 
1  

(MPa)1/2 

1  

(cal/cm3)1

/2 

DN 

(kcal/mol

) 

DMF 70.09 0.948 73.9 153 24.8 12.1 26.6 

DMSO 78.13 1.100 71.0 189 29.7  14.5 29.8 

CB 112.56 1.110 101.4 132 19.5 9.5 3.3 
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In this study, for preparing a perovskite precursor solution, we used the mixed solvents 

composed of DMF: DMSO = 3:2 volume ratios according to the literature report [170]. Then, 

we added DIO, CN, or ODT as a solvent additive into the perovskite precursor solution, 

resulting in the change of solvent quality, good or poor. Hence, we investigated the phase 

behavior of binary additive-solvent systems. Note that although we used a mixed DMF: 

DMSO solvent system, we should decouple it for understanding phase behavior theoretically. 

The Flory-Huggins theory can describe polymer solution thermodynamics [171-173]. In this 

study, the processing solvent additives can be treated as an oligomer. Note that oligomer has 

a molecular weight whose degree of polymerization ≤ 10. Compared to the solvents such as 

DMF and DMSO, the molecular size of the organic additives (DIO, CN, and ODT) falls into 

the oligomer level (see Tables 4.1 and 4.2). Hence, for the binary additive-solvent mixture 

modeled as an oligomer-solvent system, the Gibbs free energy of mixing could expressed as 

eqn. (1) according to Flory-Huggins theory [171] 

         1 2
1 2 12 1 2

1 2

ln lnmixG

RT r r

 
    


                                                                                          (1)    

where 
1 ,

2 ,
1r , and 

2r  are the volume fraction and relative molar volumes of components 1 

(solvent) and 2 (additive), respectively. In addition, R [= 1.987 cal/ (K·mol)] and T (K) are 

the gas constant and temperature, respectively. Importantly, the 
12  interaction parameter 

could be defined as  
2

12 1 1 2V̂ RT     [171, 174], where 
1V̂ is the molar volume of solvent 

whereas 
1  and 

2  are the solubility parameter of the component 1 and 2, respectively. 

Table 3 shows the 12  and 2r  for each system when 
1 1r   for a solvent (DMF or DMSO). 

Then the binodal curve can be calculated based on the below two equilibrium equations.  

    
1 1

                                                                                                                              (2) 

  
2 2

                                                                                                                                (3) 

Where 
i mix iG n     is the chemical potential of component,  1, 2i   and  & 

are oligomer-lean phase and oligomer-rich phase, respectively [171-173].  

Table 4.3 Flory-Huggins interaction parameter (𝜒 ) and molar volume ratio (𝑟 ) when for the 

solvent such as DMF or DMSO. 

System 
 

DIO:DMF CN:DMF 
ODT:DMF DIO:DMS

O 

CN:DMSO ODT:DMS

O 

12   291.6/T 148.8/T 312.8/T 966.2/T 691.8/T 1003.7/T 

2 *r   6.1 1.8 2.5 6.3 1.9 2.5 

            * Note that
2 10r  indicates that the component 2 can be treated as a model oligomer.   
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Figure 4.2 shows the temperature-composition phase diagrams (i.e., the binodal curves) of (a) 

additive: DMF and (b) additive: DMSO systems, which were constructed by solving 

equations (2) and (3), simultaneously. First all, the original Flory-Huggins theory can capture 

a big essential picture without losing the physical meaning [171], indicating that we should 

understand the predicted phase behavior qualitatively, not quantitatively. Second, as indicated 

in Table 4.3, the phase behavior is largely governed by
12 2 and r . Third, small 

12  denotes 

better miscibility between additive and solvent, indicating that the additive-DMF system is 

better miscible than the additive-DMSO system (see Table 4.3). In Figure 4.2, the additive-

solvent miscibility has a similar sequence for both solvents, (a) CN: DMF > ODT: DMF > 

DIO:DMF for the additive-DMF solution, and (b) CN:DMSO > ODT:DMSO > DIO:DMSO 

for the additive-DMSO solution. However, the additive-DMF solution shows the 

immiscibility region below room temperature (< 300 K) whereas the additive-DMSO solution 

displays it at a higher temperature (< 1,000 K), indicating that the additive-DMF system has a 

better miscibility than the additive-DMSO mixture. Hence, in the DMF: DMSO= 3:2 

mixture, if we employ an organic additive, the solvent quality is going to be down, 

specifically because the additive is not much miscible with DMSO. Hence, we can expect 

that versatile iodide plumbate ( 2-n
nPbI  with n=2-6) are going to be more aggregated (i.e., self-

interactions are increased) if the additive is present in the perovskite precursor solution. Here 

it is noteworthy that (1) the perovskite precursor solution is a colloidal dispersion, and (2) 

DMF and DMF-DMSO mixture are retrograde solvent systems [175-176]. Hence, the 

addition of organic additive will have the similar effect to the raise of temperature in the 

sense that the self-interactions among haloplumbate are enhanced, which may affect the 

perovskite crystallization process resulting in a different morphology of the final perovskite 

thin films. See Figure 4.S1 and Table 4.S1 in Supplementary Materials for the Flory-Huggins 

interaction parameter at 298 K (= 25 °C).   
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Figure 4. 2 Phase diagrams of binary additive-solvent systems: (a) additive-DMF system, and 

(b) additive-DMSO system. 

Here, the additive could be DIO, CN or ODT, which has a molar volume with oligomer level 

compared to the typical solvents such as DMF and DMSO. 

At room temperature, the thermodynamically stable phase for CsPbI3 is yellow δ-phase [104, 

124-125]. However, when temperature is increased to 587 K, it can undergo a phase 

transition into black α-phase [124-126]. Then when α-phase was cooled down, it can 

transform to β-phase at 554 K and to γ-phase at 457 K. Hence, at room temperature, CsPbI3 

could stay in yellow δ-phase (Figure 4.3a) or black γ-phase (Figure 4.3b), which are both 

orthorhombic. In this work, to escape yellow δ-phase (i.e., non-perovskite), we added excess 

CsI into the perovskite precursor solution, which we call ‘self-doping’ because CsI is a part 

of its original precursor solution. However, when we add an excess CsI, it is known that 

Cs4PbI6 could be formed together with γ-phase CsPbI3 [177] (see Figure S2 for the trigonal 

phase of Cs4PbI6). For clarification, at this moment, it is noteworthy that in the field of 

conjugated polymer, ‘self-doping’ indicates the polymer contains charge and become 

polyelectrolyte [178]. However, here we use the ‘self-doping’ for the case of the perovskite 

doped with its own component (i.e., perovskite precursor) by excess addition.  
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Figure 4. 3 Crystal structures of (a) yellow δ-phase CsPbI3 and (b) black γ-phase CsPbI3 

Figures 4.4a and b show the electronic band structure for (Figure 4.4a) yellow δ-phase and 

(Figure 4.4b) black γ-phase CsPbI3, calculated based on the unit cell structure shown in 

Figure 4.3. Figure 4.4c and d display the density of states for structure for δ-phase and γ-

phase CsPbI3, respectively. Here, the estimated energy bandgap is 2.87 eV for δ-phase and 

1.90 eV for γ-phase, respectively. The results are slightly larger than the experimental values 

which will be explained in Figure 4.9 of  Uv-Vis absorption and energy bandgap section.  
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Figure 4. 4 (a) Yellow δ-phase CsPbI3 with the energy bandgap, Eg= 2.87 eV, and (b) black 

γ-phase CsPbI3 with Eg= 1.90 eV. Density of states: (c) Yellow δ-phase CsPbI3 and (d) 

black γ-phase CsPbI3. Here, EF stands for Fermi energy 

Figure 4.5a shows the XRD pattern of self-doped CsPbI3 without additives whereas Figure 

4.5b displays the XRD patterns of self-doped CsPbI3 with the organic additives, DIO, CN, 

and ODT, which may highlight the results of air-processed cesium lead iodide samples. First 

of all, when CsPbI3 was prepared with excess CsI, we can observe γ-phase CsPbI3 with 

orthorhombic structure. However, at room temperature, the most stable structure is 

unfortunately δ-phase CsPbI3. Specifically, when γ-phase CsPbI3 is exposed to a humid 

condition, it is known that it transforms into the stable δ-phase CsPbI3 (non-perovskite as 

shown in Figure 4.3a) [179]. Furthermore, the excess CsI compounds afford the formation of 

the trigonal Cs4PbI6 phase. Hence, as shown in Figure 4.5a, the self-doped CsPbI3 shows the 

XRD patterns mainly originating from the three compounds such as γ-/δ-phase orthorhombic 
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CsPbI3 and trigonal Cs4PbI6 [180]. Note that in this study, the reaction condition was 2CsI + 

PbI2, which could be sources for the reactions of CsI+PbI2 and 4CsI+PbI2, producing γ-/δ-

CsPbI3 and Cs4PbI6 and others. Interestingly, Cs4PbI6 is known to be used for synthesizing 

CsPbI3 compounds [181]. Hence, as shown in Figure 8a, the self-doped CsPbI3 sample’s 

black γ-phase exhibits the XRD peaks at 2θ = 13.9°, 19.9°, 28.1°, 32.1°, and 41.3°, 

corresponding to the orthorhombic crystallographic planes, (020), (200), (040), (013), and 

(242), respectively. On the other hand, its yellow δ-phase displays the XRD peaks at 2θ = 

10.6°, 13.2°, 27.2°, 31.2°, and 36.8°, corresponding to the crystallographic planes, (002), 

(102), (122), (016), and (043), respectively. Note that for this peak assignment, the Inorganic 

Crystal Structure Database (ICSD), 4127359 and 27979, were used for γ-phase and δ-phase, 

respectively. In the case of Cs4PbI6, the XRD peaks are observed at 2θ = 12.0°, 23.4°, 26.4°, 

42.0°, and 53.9°, corresponding to the trigonal crystallographic planes, (012), (300), (131), 

(060), and (354), respectively [182]. Figure 8b shows the XRD patterns for the self-doped 

CsPbI3 with versatile organic additives, DIO (brown), CN (violet), and ODT (green solid 

line). As shown in Figure 4.5b, in the case of the green-colored data, the additional small-

multiple peaks were observed indicating that the phase purity is worst among the samples. 

Remind that only the self-doped CsPbI3 ( gE = 2.59 eV) with the additive ODT displayed the 

significant blue shift in UV-vis spectra in Figure 4.9b and d, indicating that the useful black 

γ-phase might be minimized when ODT was employed as an organic additive for the self-

doped CsPbI3.       

 

Figure 4. 5 XRD patterns for (a) self-doped CsPbI3¬ without organic additive and (b) self-

doped CsPbI3 with organic additives such as DIO (brown), CN (violet) and ODT (green). 
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Note that the blue solid line is for γ-CsPbI3 from Inorganic Crystal Structure Database 

(ICSD-4127359) whereas the red solid line is for δ-CsPbI3 from ICSD-27979. The pink filled 

circles indicate the XRD peaks from the trigonal Cs4PbI6 phase [180].  

We investigated whether the organic additive stays with the self-doped CsPbI3 or not based 

on the FT-IR spectroscopy. Accordingly, we obtained Figure 4.6 explaining the functional 

group in the sample compounds. Largely speaking, the self-doped CsPbI3 without/with 

additive (DIO or CN) are showing the characteristic FT-IR spectra with the three main peaks 

at 894 cm-1, 758 cm-1 and ~443 cm-1 [183], indicating that DIO and CN molecules like other 

solvents such as DMF/DMSO did not stay in the perovskite film after thermal annealing at 

120 °C for 10 min (within the detection limit of IR instrument). However, in the case of 

ODT-added sample, the film displays several additional peaks at 3774 cm-1, 2920-2848 cm-1 

and 1483 cm-1, originating from O–H vibration (from absorbed water) and/or C–C stretching 

vibration, C–H stretching, and C–H scissoring, respectively [184-187].The presence of C-H 

vibration from ODT’s alkyl moiety indicates that ODT could be ionized (i.e., R–SH → R–S–

+ H+) and reacted with the perovskite precursor (haloplumbate). Note that alkylthiol (e.g., 

ODT) has been used to form a self-assembled monolayer on the surface of metal 

nanoparticles through the reaction between thiolate anion (RS–) and metal (e.g., Au) [188], 

suggesting the biding reaction between thiolate anion and haloplumbate (specifically, soft 

lead element).  The characteristic peak between 894 cm-1  - 443 cm-1 originating from C-H 

streaching and  C-O streaching for all perovskite films. 
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Figure 4. 6 FTIR spectra of self-doped CsPbI3 without and with organic additives, DIO, CN, 

and ODT 

Figure 4.7 shows SEM image of the self-doped CsPbI3 without/with organic additives, DIO, 

CN, and ODT. The self-doped CsPbI3 without additive displays the rod-like textural 

morphology (Figure 4.7a) whereas the self-doped CsPbI3 with additives shows commonly 

some nano scale spots on the surface of films (Figure4.7b, c, and d) which is in line with Kim 

et al.’s report [189]. However, depending on the additive species, the morphology is 

somewhat different. The self-doped CsPbI3 with DIO shows a multiple domains whereas the 

sample with CN exhibits a relatively flat image. Interestingly, the self-doped CsPbI3 with 

ODT displays some abnormal texture in the diagonal direction (flow-like image), indicating 

that a film is not uniform because of the ODT’s special character (e.g., probably the 

ignitability of ODT; in this case, there might be columbic interactions and chemical reactions 

between thiol with haloplumbate in the perovskite precursor solution state). AFM tapping 

mode images could be found in Figure S4, in which the self-doped CsPbI3 with ODT shows 

the rod-like shape instead of granular spots, indicating that the sample could be nonuniform 

(from different degree of phase transformation) when processed in air.   
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Figure 4. 7 SEM images: (a). Self-doped CsPbI3, (b) self-doped CsPbI3 with DIO, (c) self-

doped CsPbI3 with CN, and (d) self-doped CsPbI3 with ODT 

Importantly, for understanding both the two PL peaks and the two-step PL decay, we 

examined the high-resolution TEM (HR-TEM) image for the self-doped CsPbI3. As shown in 

Figure 4.8, the selected area diffraction pattern (Figure 4.7a) as well as the high-resolution 

TEM image (Figure 4.8b) could be identified, displaying the nanocrystals embedded in the 

crystalline matrix. As an example, we selectively checked another sample, the self-doped 

CsPbI3 with the additive ODT, the result could be found in Figure 4.S3, displaying a similar 

nanostructure image, i.e., the nanocrystals domains embedded in the crystalline matrix.       
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Figure 4. 8 (a) Selected area diffraction pattern and (b) high-resolution TEM image of the 

self-doped CsPbI3 sample. 

Figure 4.9a and b show Uv-vis absorption spectra for (a) the yellow δ-phase CsPbI3 and (b) 

the self-doped CsPbI3 without/with three organic additives (DIO, CN, and ODT). As shown 

in Figure 5a, when CsI: PbI2 = 1:1 under ambient conditions, the resulting structure is a 

yellow δ-phase orthorhombic crystal (recall Figure 4.3a). On the other hand, Figure 4.9c and 

d display the determination of bandgap based on the Tauc plot,  
2

h  vs. h , where  is the 

absorption coefficient, h  is Plank’s constant, and is the frequency of incident photon [190]. 

Resultantly, the yellow δ-phase CsPbI3 exhibits the optical bandgap (
gE ) of 2.84 eV at the 

wavelength (  , i.e., absorption edge) of 437 nm whereas the self-doped γ-phase CsPbI3 

displays 
gE = 1.83 eV. However, when the organic additive (DIO, CN, and ODT) was 

incorporated into the perovskite precursor solution, the resulting film showed different energy 

bandgap like 
gE = 1.78 eV at  = 697 nm for DIO, 

gE =1.76 eV at  = 705 nm for CN and 
gE = 

2.59 eV at  = 479 eV for ODT, confirming that the presence of additive affected the 

crystallization process of perovskite (γ-phase) and non-perovskite (δ-phase). Here, it is 

notable that when the organic additive (DIO or CN) was incorporated into the film, 
gE  was 

reduced from 1.83 eV to 1.78 eV (DIO) or 1.76 eV (CN). This reduction suggests that the 

internal crystal structures of thin films were better organized when the additive was present in 

the perovskite precursor solution. The result was in line with γ-phase of XRD result (Figure 

5), the structural property of FTIR result (Figure 4.6) and selected area of diffraction pattern 
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of TEM image (Figure 4.7).   On the contrary, when the organic additive ODT was employed 

for the perovskite-film process, gE was widened from 1.83 eV to 2.59 eV (but still smaller 

than 
gE =2.84 eV of yellow δ-phase), indicating that the contribution of γ-phase CsPbI3 might 

be minimized in this sample. Here, we guess that if ODT is ionized (R‒SH → R‒S+ + H+) in 

the perovskite precursor solution, the octacarbon-chainlike cation (-S+) may partly increase 

the d-spacing of perovskite layers just like low dimensional perovskite [191-193] and/or the 

accompanying polarity change of a colloidal dispersion medium may induce the formation of 

more δ-CsPbI2 and Cs4PbI6 with a larger bandgap under ambient condition.                

 

 

Figure 4. 9 UV-Vis absorption spectra of (a) yellow δ-phase CsPbI3 and (b) black γ-phase 

CsPbI3 and its derivative (e.g., Cs4PbI6 or low dimensional structure). Tauc plot for 

determining bandgap of (c) yellow δ-phase CsPbI3 and (d) black γ-phase CsPbI3 and its 

derivatives. 
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Finally we check whether the lifetime of the perovskite film improved or not using PL & PL 

lifetime analysis. Figure 4.10a shows the PL spectra of self-doped CsPbI3 without/with 

organic additives. Interestingly, the PL spectra exhibit two different peaks at ~636 nm and 

590 nm for the self-doped CsPbI3 without additive (the black solid line in Figure 4.10a). 

However, when DIO, CN, and ODT were added for the self-doped CsPbI3, the PL peak 

positions were shifted to 627nm/597 nm (DIO), 636nm/583nm (CN) and 637nm/586nm 

(ODT), respectively. Here, it is interesting that the PL peak position of ODT-added sample is 

comparable to those of others, which is different from the results of UV-Vis spectra in Figure 

4.9b. One possibility is that in Figure 5b, there is a small bump around ~600 nm, which might 

be partially linked to the above PL emission. Here it is noteworthy that the environmental 

condition was air (not a controlled glove box), making the samples exhibit diverse 

characteristics (i.e., the degree of internal phase transformation might be different). Figure 6b 

displays time-resolved PL (TRPL) decay curve of self-doped CsPbI3 without/with organic 

additives. First of all, the decay curve looks two steps, i.e., a normal decay and additional 

small bump, which makes the regular model (single, double, triple exponential fitting) not 

suitable for describing the PL decay data. Hence, according to the literature report [191], we 

estimate the PL lifetime at the 63% decay point in Figure 4.10 b. Resultantly, the PL lifetime 

is ~1.1 ns (self-doped CsPbI3, DIO and CN) and ~0.9 ns (for self-doped CsPbI3 with ODT). 

However, as shown in Figure 4.10b, there are PL decay tail curve, indicating that DIO > CN 

> ODT ≈ ‘without additive’. Hence, we assume that the two PL peaks as well as the 

two-step TRPL decay curves related to displayed may be from the nanocrystals 

embedded in the crystalline matrix of the TEM image (Figure 4.7). Therefore, it seems 

that additive engineering contributes to the slight enhancement of PL lifetime.        
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Figure 4. 10 Self-doped CsPbI3 without/with organic additive: (a) PL emission spectra and 

(b) Time-resolved PL decay spectra. 

4.4. Conclusions  

We demonstrated that the self-doped CsPbI3 with CsI: PbI2=2:1 could be useful for retaining 

a black γ-phase mixture by escaping a pure yellow non-perovskite δ-phase under ambient 

condition. In addition, when DIO and CN were employed as an organic additive, the 

crystallization process was partially modified leading to the energy bandgap of 1.78 eV 

(DIO) and 1.76 eV (CN) instead of 1.83 eV (without additive). However, in the case of the 

CsPbI3 with ODT, the bandgap become more wide like ~2.59 eV, which might originate from 

the ionizability of ODT affecting the crystallization process. Interestingly, the PL spectra 

shows two emission peaks and the PL decay curves displayed two steps, suggesting a 

compound mixture, about which HR-TEM showed the embedded nano-domains in a 

crystalline matrix. In the case of additive-solvent’s phase behavior, the predicted miscibility 

is CN: DMF (or DMSO) > ODT: DMF (or DMSO) > DIO: DMF (or DMSO) based on the 

Flory-Huggins theory. Specifically, additive is less miscible with DMSO, indicating that the 

presence of additive (DIO, CN and ODT) makes the solvent medium be poorer than that 

without additive. Future work may include the tunability of the phase purity for the self-

doped CsPbI3 perovskite under ambient condition for the perovskite solar cell applications. 

Finally, considering the interchangeability between two orthorhombic phases (γ-phase and δ-

phase) and between two crystalline compounds (Cs4PbI6 and CsPbI3), our results provide 

insight on the stability of γ-phase CsPbI3 perovskite thin film. In other words, the meta-stable 

γ-phase thin film processed under a controlled environment (e.g., N2 filled glove box) will 

undergo a phase transformation and the phase purity will decrease with time.  
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Chapter Five 

5. All-Inorganic Cesium Lead Mixed-Halide Perovskite CsPbI2Br Thin 

Films: AgBr Doping Effects on Material Properties 

 

Abstract: All-inorganic perovskite semiconductors have received a significant interest for 

their potential stability over heat and humidity. However, the typical CsPbI3 displayed the 

phase instability in spite of its desirable bandgap of ~1.73 eV. Herein, we study the mixed 

halide perovskite CsPbI2Br by varying Ag-doping concentration. For this purpose, we 

examined its bandgap tenability as a function of Ag-doping level by using density functional 

theory (DFT). Then, we study the effect of Ag on the structural and optical properties of 

CsPbI2Br. Resultantly, we find that Ag-doping may not only allow partial bandgap tenability 

from 1.91 eV to 2.05 eV and increase photoluminescence (PL) lifetime from 0.990 ns to 

1.187 ns, but also contribute to the structural stability according to the x-ray diffraction 

(XRD) data. Furthermore, through analysing the intermolecular interactions based on Hansen 

solubility parameter, the solvent engineering technique is explained in relation to the solvent 

trapping phenomena in the CsPbI2Br layer. However, Ag-doping may result in pinhole-like 

defect morphology in films when introduced into the perovskite precursor solution via AgBr 

ionic compound. 

5.1. Introduction 

Metal halide perovskites (MHPs) are a next-generation semiconductor for electronics and 

optoelectronics such as emerging photovoltaics (PVs), light-emitting diodes (LEDs), field-

effect transistors (FETs), photodetectors, and sensors [95,104,194-198]. MHPs have a 

chemical formula of ABX3, in which A-site = organic, inorganic, or hybrid (MA, FA, Cs, or 

mixture); B-site = metal (Pb, Sn, or mixture); X-site-= halide (Cl, Br, I, or mixture). Here, 

MA and FA stand for methyl ammonium (CH3NH3
+) and formamidinium (HC(NH2)2

+), 

respectively [199,200]. In 2009, Miyasaka group demonstrated for the first time that MAPbI3 

and MAPbBr3 can serve as a visible-light sensitizer for PV cells, resulting in the power 

conversion efficiency (PCE) of 3.81% and 3.13%, respectively [94]. Then in 2012 and 2015, 

MHP solar cells reached ~10% and ~20% PCE, respectively, displaying the dramatic 

advancement in the PV technologies for a short period of time [201-202]. Then, currently, the 

certified PCE of MHP solar cells is more than ~26%, indicating that perovskite PVs is on the 

way to commercialization by competing with the traditional silicon PVs [203-205].            
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Meantime, in 2014, Snaith group compared three materials, CsPbI3, MAPbI3 and FAPbI3, 

which have the bandgap (Eg) of 1.73 eV, 1.57 eV, and 1.48 eV, respectively, and focused on 

the FAPbIyBr3-y (y= 0 to 1) perovskite system, demonstrating the usefulness of the slightly 

larger FA cation as well as the tunability of bandgap [199]. Then in 2015, researchers paid 

serious attention to the fact that the organic-inorganic MHP solar cells have an intrinsic 

stability problem such as vulnerability in heat and humidity, originating from the presence of 

organic moieties such as MA and FA [206-207]. For example, Cahen and Hodes group 

compared hybrid organic-inorganic MAPbBr3 and all-inorganic CsPbBr3 for demonstrating 

that the A-site in ABX3 structure does not have to be organic cation only for high quality 

PVs, paving the pathway for all-inorganic MHP solar cells with enhance stability [206]. 

Then, in the same year, the working all-inorganic CsPbI3 solar cells with PCE of ~1.7-2.9% 

were reported for the first time by kinetically overcoming the phase instability [207]. This is 

because thermodynamically the most stable phase of CsPbI3 is non-perovskite yellow 

orthorhombic at room temperature (RT) [208]. Then during the past decade, all-inorganic 

MHP solar cells have been further advanced based on the perovskite family of CsPbI3, 

CsPbBr3, CsPbIBr2, and CsPbI2Br [209-210]. Among these, the two extreme materials are 

CsPbI3 and CsPbBr3 because the former has high visible light-absorption but poor phase 

stability, whereas the latter has good phase stability but low light-absorption owing to its 

wide bandgap. Hence, it should be obvious to find an optimum condition between the two 

extremes thorough composition engineering, resulting in the many research on CsPbI2Br with 

the bandgap of ~1.8-1.9 eV. Here, CsPbI2Br shares the promising merits of MHPs such as 

high absorption coefficient, tunable bandgap, long exciton diffusion length, low exciton 

binding energy, and ambipolar transport with high mobility, resulting in PCE > 17% [211-

213]. In addition, based on its specific bandgap, it can serve as a photoactive material for top-

cell in the tandem structural PV cells [213]. 

However, CsPbI2Br also has some disadvantageous properties such as morphological defects 

from fast crystallization and un-matched energetic alignment with charge transport layer 

[209-210]. Hence, many research groups have interest in doping engineering especially for 

the B-sites (i.e., Pb replacement) in the CsPbI2Br structure [214-222]. For example, Zhu et al. 

reported the antimony (Sb3+) doping in the B-site of CsPbI2Br, resulting in the decrease of 

surface defects, suppression of charge recombination, and improvement of phase stability 

[214]. Ma et al. demonstrated the triple improvement in film quality, radiative recombination 

and energy-level alignment through the zirconium (Zr4+) doping in the B-site of CsPbI2Br 

[215]. Han et al. reported the improved passivation, Fermi level adjustment (n-type doping), 
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and crystallinity by adding calcium (Ca2+) into CsPbI2Br [216]. In the case of Zhang et al., 

they doped both A-/B-sites for the air-stable Cs1-xRbxPbI2Br with guanidinium (GA+), 

resulting in high crystallinity, appropriate surface morphology, favorable electronic property 

and reduced trap-density [217]. Guo et al. proved that niobium (Nb5+) doping can increase the 

perovskite tolerance factor and stability the α–CsPbI2Br phase [218]. Yang et al. reported the 

air-stable CsPb1-xGexI2Br (x= 0.1, 0.2, and 0.3) perovskites by germanium (Ge4+) doing, 

resulting in a better effective recombination lifetime and low trap densities [219]. Liu et al. 

doped CsPbI2Br by indium (In3+) and chlorine (Cl-), resulting in inhibition of yellow photo-

inactive phase and improvement of long-term ambient stability [220]. Duan et al. studied the 

lanthanide (La3+, Ce3+, Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, Ho3+, Er3+, Yb3+, and Lu3+) doping into 

CsPbI2Br, resulting in the increased grain size and carrier lifetimes [221]. Lau et al. reported 

the less toxic strontium (Sr2+) doping into CsPbI2Br, providing the passivation effect [222]. 

All of these clearly demonstrate that CsPbI2Br could be an improved functional 

semiconductor by partially substituting the Pb2+ sites with other metal ions for the next-

generation optoelectronic devices, motivating our works [209-210,223].                   

Hence, in this study, we doped CsPbI2Br with AgBr by expecting the co-doping effects from 

both Ag+ ions and Br- ions for the first time. However, it is noteworthy that Chen et al. 

demonstrated the defect passivation of CsPbBr3 with AgBr through the substitutional Ag+-

doping on Pb2+-sites [224]. However, in our case, we studied the CsPbI2Br system containing 

the mixed halide, indicating that not only Ag+ but also Br- could serve as a dopant, affecting 

the properties of MHP thin film. This is because the additionally added bromine ions may 

compete with iodine ions when complexed with Pb2+, suggesting that Br- will act as a co-

dopant with Ag+ ions. Note that bromine ion (DN = 33.7) has a higher Gutmann donor 

number (DN: Lewis basicity) than iodine ion (DN = 28.9) [225-226], suggesting that Br can 

replace I in CsPbI2Br with high probability. First, based on the density functional theory 

(DFT), we calculated the silver-doping effect (the substitutional doping on the B-sites) on the 

electronic structure of CsPbI2Br. Then, by adding AgBr into the perovskite precursor solution 

with PbI2:AgBr = 1: 0.01-0.03 (molar ratio), we studied the doping effects on the optical, 

structural, and morphological effects. In addition, we explained the solvent-engineering 

mechanism [104,227] because, through this process, the trace of solvent-antisolvent was 

trapped during the film formation, detected by infrared (IR) spectroscopy. For this purpose, 

we interpret the intermolecular interaction between solvent and antisolvent based on the 

Hildebrand and Hansen solubility parameter [228-229]. 
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5.2. Materials and Methods 

5.2.1 Materials 

Lead iodide (PbI2, 99.99%, Sigma-Aldrich, Darmstadt, Germany), cesium bromide (CsBr, 

99.9%, Sigma-Aldrich, Darmstadt, Germany), and silver bromide (AgBr, 99.99%, AR 

chemicals, Delhi, India), chlorobenzene (CB, ≥99.5%, AR chemicals, Delhi, India), and 

dimethyl sulfoxide (DMSO; 99.0%, Sigma-Aldrich) were purchased and used without further 

purification. 

5.2.2 Methods      

The perovskite precursor solutions were prepared to form CsPbI2Br perovskite (without or 

with AgBr), for which the composition was controlled as follows, CsBr(PbI2)1-x(AgBr)x with 

x= 0.00, 0.01, 0.02, and 0.03. Here, the control sample is as follows: CsBr (1M) and PbI2 

(1M) in 1 mL DMSO. Then, after stirring overnight at 70℃, the solutions were filtered by a 

polytetrafluoroethylene (PTFE) syringe filter with 0.22 μm pore size. Then 70 μl of solution 

was dropped on top of the glass substrate and spin-coated at 1500 rpm for 45 seconds. During 

spinning, after ~25 sec, 200μL CB antisolvent was dispensed on top of the wet perovskite 

precursor film. After spin coating, the sample was annealed thermally at 70 ℃ for 2 minutes 

and subsequently at 280℃ for 10 minutes. Then all the characterizations were carried out in 

the air. 

5.2.3 Thin Film Characterizations 

The X-ray diffraction (XRD) patterns were obtained using the Drawell XRD-700 

diffractometer, Tokyo, Japan) with Cu Kα (3KW) X-ray radiations (λ = 1.5406 Å) having a 

source potential of 40 kV and source current of 15 mA in the diffraction angle range between 

2𝜃 = 10° − 80 °. Scanning electron microscope (SEM) images were obtained using the 

benchtop SEM (JCM-6000 Plus, JEOL, Japan). On the other hand, the high-resolution 

transmission electron microscopy (HR-TEM) images were investigated by using the model 

(JEM-2100, JEOL, Japan). The absorption spectra of the film were investigated by 

ultraviolet-visible (UV-Vis) spectroscopy (PerkinElmer Lambda 25, Kyoto, Japan) in the 

wavelength range of 300-800 nm. The photoluminescence (PL) lifetime curves were recorded 

by using the time-correlated single-photon counting (TCSPC) (model: Fluor log 3 TCSPC, 

Horiba, and Houston, TX, USA). The Fourier-transform infrared (FT-IR) spectroscopy data 

were obtained using the PerkinElmer spectrum two FT-IR spectrometer in transmittance 

mode from 4000 to 400 cm−1. All measurements were taken at room temperature in ambient 

conditions.  
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5.2.4 Computational Method 

The electronic band structures of the compounds (CsPbI2Br and Ag-doped CsPbI2Br) were 

calculated based on the density functional theory (DFT) using the Vienna Ab initio 

Simulation Package (VASP) software in the supercomputing resources provided by Indian 

Institute of Science, Bengaluru, India. The Perdew-Burke-Ernzerhof (PBE) exchange-

correlation functional was used for all structural moderation. The origin software was used 

for sckething  band structure of  of the perovskite film. 

5.3. Results and Discussion  

The projector augmented wave (PAW) method, which is included in the VASP code, was 

used for all DFT calculations [230]. The Perdew-Burke-Ernzerhof (PBE) exchange-

correlation functional was used for all structural relaxation [231]. After optimizing the 

CsPbI2Br based on the tetragonal β-CsPbI3 crystal structure (space group P4/mbm), the lattice 

parameters were determined to be a = b = 6.395 Å and c = 5.988 Å. These values are very 

close to Chen et al.’s reports, a = b = 6.40 Å and c = 5.97 Å for pseudo-cubic α-phase 

CsPbI2Br [232]. Next, the 2 × 2 × 1 supercells (Figure 1) were built using the optimized 

structure as a basis to study the electronic structures of Cs4Pb4−xAgxI8Br4 (x = 0, 1, 2, 3, and 

4) perovskites. Here, when x= 0, the structure is equivalent to 4 times of the pure CsPbI2Br 

perovskite as shown in Figure 1a (supercell), whereas when x= 1, 2, 3, or 4, the structures 

become the silver doped perovskite as shown in Figure 1b. Here, note that the radius of Br- is 

smaller than that of I-, which allows CsPbI2Br to form a stable crystal structure compared to 

CsPbI3. In this study, Pb-Br and Pb-I have the bond length of 2.9940 Å and 3.1975 Å, 

respectively.  

According to Shannon [233], the effective ionic radius at the relevant coordination number 

(CN) is as follows: Cs+ (CN=XII) (1.88 Å), Pb2+ (VI) (1.19 Å), I- (VI) (2.20 Å), and Br- (VI) 

(1.96 Å). Hence, if we calculate Goldschmidt’s tolerance factor,     2A X B Xt R R R R   , t  

is 0.851 for CsPbI3, 0.855 for CsPbI2Br, and 0.861 for CsPbBr3, respectively. Here,
AR ,

BR , 

and
XR are the radius of A, B, and X, respectively. On the other hand, if we calculate the 

effective octahedral factor,
B XR R  ,  is 0.541 for CsPbI3, 0.561 for CsPbI2Br, and 0.607 

for CsPbBr3, respectively. Note that for CsPbI2Br, we used the average 

 
2

2 1 3 2.12I Br I Br
R R R      Å for the radius of mixed halogen. Note that to be cubic phase, 

the perovskite should have 0.81 1.11t  and 0.44 0.90  [209-210].  
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Note that the ionic radius of cesium is dependent on CN. For example, if cesium has CN of 

VI, VIII, IX, X, XI, and XII, the ionic radius is 1.67 Å, 1.74 Å, 1.78 Å, 1.81 Å, 1.85 Å, and 

1.88 Å, respectively. Hence, if some literature employs CN = VI instead of XII for cesium 

ion, the ionic radius will be 1.67 Å. Therefore, they reported t = 0.807 for CsPbI3 and t = 

0.815 for CsPbBr3, respectively [218]. However, Cs+ cation has 12-fold coordination site 

[234], indicating Cs+ (CN=XII) (1.88 Å) is correct. Importantly, material should have a 

tolerance factor of 0.9-1.0 to form an ideal cubic structure [235], indicating the 

aforementioned t values are far away from the ideal values. In other words, they can easily 

undergo structural deformation. Furthermore, thermodynamically, the most stable structure of 

CsPbI3 is non-perovskite orthorhombic yellow delta-phase with Eg = ~2.82 eV at RT whereas 

that of CsPbBr3 is orthorhombic gamma-phase with Eg = ~2.3 eV [164, 235-237]. Therefore, 

it should be reasonable to study CsPbI2Br for improving the structural stability of CsPbI3 via 

composition engineering (e.g., B- and X-site modification in ABX3 structure) for solar cell 

applications.       
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Figure 5.1 (a) Unit cell and supercell of CsPbI2Br with lattice parameters, a= b= 6.395 Å and 

c= 5.988 Å. (b) B-site doping by silver for CsPbI2Br supercell with size of 2×2×1. 

Figure 5.2 shows (a-e) the electronic structures of pseudo-cubic α-phase Cs4Pb4-xAgxI8Br4, 

and (f) the resulting bandgap as a function of the silver doping level. Here, we assumed that 

the silver atom may stay with CsPbI2Br as a substitutional dopant in line with the literature 

report [224]. First, except for Cs4Pb4-xAgxI8Br4 (x= 3), all the others display the direct 

bandgap characteristics. Second, although the bandgap of CsPbI2Br is known to be ~1.8-1.9 

eV[239-241], the DFT results exhibit that it is 1.361 eV, indicating the typical 

underestimation of bandgap (smaller values) [242-243]. Hence, we need to focus on the trend 

of bandgap. Third, when Cs4Pb4-xAgxI8Br4 (x= 2), the bandgap is the largest, 1.966 eV. 

Fourth, when Cs4Pb4-xAgxI8Br4 (x= 4), i.e., 4[CsAgI2Br], the bandgap is the smallest, 1.060 

eV. Finally, this trend of the bandgap is summarized in Figure 2f, providing the insightful 

silver-doping effect on the electronic structure of CsPbI2Br qualitatively. 
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Figure 5.2 Band structure of pseudo-cubic α-phase Cs4Pb4-xAgxI8Br4 when (a) x= 0, (b) x= 1, 

(c) x= 2, (d) x= 3, and (e) Bandgap as a function of AgBr contents (%). 

In this study, we introduced Ag atoms into the CsPbI2Br crystals by dissolving AgBr 

compounds into the perovskite precursor solutions, indicating that there are mutual effects 

from both Ag+ cations and Br- anions. Here, in the perovskite precursor solutions, Br- anions 
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can serve as a processing additive because the bromine anions have high Guttmann’s donor 

number (DN =33.7, Lewis basicity) [225-226] affecting the crystallization of perovskites via 

the modified interactions between DMSO (DN = 29.8) and perovskite precursors in solution 

state. Figure 5. 3a shows the each bandgap by optical observation, for which Tauc plot was 

employed as usual. First of all, CsPbI2Br without AgBr, the bandgap is 1.84 eV, which falls 

in the general bandgap (~1.8-1.9 eV) of CsPbI2Br [239-241]. Here, it is notable that CsPbI3 

and CsPbBr3 have the bandgap of ~1.73 eV and ~2.3 eV, respectively. However when AgBr 

was employed in the perovskite precursor solutions, the resulting bandgap increased slightly 

from 1.87 eV at 1 % AgBr to 1.95 eV at 2% AgBr and 1.96 eV at 3% AgBr. Figure 5.3a 

shows the absorbance spectra of the perovskite film and Figure 5.3a shows the summary of 

the results, i.e., the bandgap as a function of AgBr-doping concentrations. Remind that the 

bandgap is a key factor with stability and cost for practical solar cells, determining the 

theoretical PCE based on the Shockley-Queisser limit [244]. Importantly, Ravi et al. pointed 

out that in CsPbX3 perovskite, the conduction band minimum (CBM) is dominantly affected 

by Pb 6p whereas the valence band maximum (VBM) is mainly determined by anti-bonding 

hybridization Pb 6s and X np orbitals, specifically, the major effect from X np [245]. 

Therefore, the bandgap shift in Figure 5.4 could be explained as follows. Ag-doping may 

affect CBM-shift whereas Br-codoping may contribute to VBM-shift although these effects 

will be small-scale because of the amounts (~1-3%) of AgBr-doping concentration. Then, we 

measured the PL lifetime for the CsPbI2Br when AgBr was 0, 1, 2, and 3 %. Accordingly, as 

shown in Figure 5.5, the PL lifetime was enhanced from 0.990 nm (0% AgBr) to 1.187 nm 

(3% AgBr) with increasing AgBr amounts, suggesting that the AgBr doping helps 

minimizing the nonradiative transition according to the many literature reports (e.g., the 

defect passivation by B-site doping) [214-222, 224].  
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Figure 5.3  (a) UV-Vis spectra of CsPbI2Br as a function of AgBr concentration. (b) Bandgap 

as a function of AgBr doping concentration (%). 

Optical bandgap determination for CsPbI2Br as a function of AgBr concentration by Tauc 

plot. 

 

Figure 5.4 Optical bandgap determination for CsPbI2Br as a function of AgBr concentration 

by Tauc plot. 
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Figure 5.5 PL lifetime of CsPbI2Br thin film as a function of AgBr concentration. 

Then we examined the FT-IR spectra for the CsPbI2Br thin film as a function of AgBr doping 

level in the perovskite precursor solutions. As shown in Figure 6a, we can find only the FT-

IR peaks from the solvents remaining inside of the CsPbI2Br thin film.  This observation 

indicates that the trace amounts of solvent molecules may survive in the trapped state inside 

of the perovskite film although the annealing temperature (> 250 °C) was higher than the 

boiling points of solvents (DMSO: 189 °C and CB: 132 °C; structures are in Figure 5.6b). 

Here, the detailed peak assignment is as follows [246]: First, in the high-frequency regions, 

3025-2849 cm-1, =C-H and –C-H vibration were observed from DMSO and CB molecules 

inside of the CsPbI2Br crystals. At 1676 cm-1, -C=C vibration from the aromatic ring of CB 

was detected. On the other hand, at 1387 cm-1, 1092 cm-1 and 738 cm-1, -CH3, S=O and –C-

Cl vibration were displayed, respectively. Finally, the small peak at 463 cm-1 is ascribed to 

the molecular vibration of the antisolvent CB.  

Importantly, through Figure 5.6c, we may explain the solvent engineering [227] process 

related to the solvent trapping phenomena. Here, the solvent engineering procedure is as 

follows. The antisolvent (chlorobenzene) dripping on top of the wet perovskite precursor film 

(solvent: DMSO) during spinning results in the fast crystallization and deposition of a 
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perovskite film. Here, for understanding the intermolecular interactions, the solubility 

parameter (δ) data [228] of solvent, antisolvent, and perovskite are needed. First, DMSO and 

CB have  = 14.5 (cal/cm3)2 and  = 9.5 (cal/cm3)2, respectively [247]. In the case of 

CsPbI2Br, we may estimate it from the water contact angle (
c = 32.76°) data reported by Chen 

and co-workers [248]. Li and Neumann [249] suggested the relation between contact angle 

and surface energy,  
2

cos 1 2 expc sv lv lv sv           
 

, where lv , sv , and sl  are 

surface energies for liquid-vapour, solid-vapour, and solid-liquid, respectively. The constant 

  is 0.000115 m4/mJ2 and lv is 72.8 mJ/m2 for water, respectively. Then, by inputting 
c = 

32.76°, we may estimate sv = 63.05 mJ/m2. Then, from the relation of

 
2

3cal cm 1.829058 sv   
  

 [250-251], we obtained  = 14.5 (cal/cm3)2 or  SI unit  =  × 

2.0455 = 29.7 MPa1/2, respectively (Table 1). Hence, because CsPbI2Br and DMSO have the 

same solubility parameter, there is a high probability that DMSO may be trapped in the 

CsPbI2Br. However, in the case of CB, the two solvent-antisolvent (CB and DMSO) 

molecules are miscible because of the entropy-driven mixing, affording CB to wash DMSO 

during its dripping process. However, when CB was dropped on top of the wet perovskite 

precursor film, CB might be also trapped into the crystal structure of CsPbI2Br although CB 

and CsPbI2Br have two different polarity, i.e., CB is slightly polar (polarity index = 2.7) but 

CsPbI2Br and DMSO (polarity index= 7.2) are highly polar [252]. Hence, CB’s trapping 

could be understood based on the physical trap instead of mutual affinity between CB and 

CsPbI2Br. On the other hand, DMSO can be trapped by two reasons, both affinity and 

physical confinement. Accordingly, even after thermal annealing at 280°, the trace amounts 

of solvents could be still trapped according to the FT-IR spectra in Figure 5.6a. 
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Figure 5.6 (a) FT-IR spectra of CsPbI2Br with or without AgBr when processed with 

dimethyl sulfoxide (DMSO) and chlorobenzene (CB). (b) Chemical structures of DMSO and 

CB. (c) Solvent engineering process. 

When CB is dripping on top of the wet perovskite (precursor) film, DMSO can be washed 

away. During this process, some solvent molecules could be trapped in the perovskite thin 

film. 

Table 5.1 Solubility parameter, molecular weight, density, and molar volume of solvent, non-

solvent, CsPbI2Br.    (SI unit) =   ×2.0455. 

 

a this is estimated based on the lattice parameters, a=b = 0.640 nm and c= 0.597nm. 

Chemical   (MPa1/2)  [(cal/cm3)2] MW (g/mol)  (g/cm3) ˆ
iV (cm3/mol) 

DMSO 29.7 14.5 78.13 1.10 71.03 

CB 19.4 9.5 112.56 1.11 101.41 

CsPbI2Br 29.7 14.5 673.82 4.79a 140.67 
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Figure 5.7a shows the XRD patterns of CsPbI2Br as a function of AgBr doping concentration. 

First, in the absence of AgBr, the CsPbI2Br perovskite thin film displays the typical (100) and 

(200) peaks [253]. However, by increasing AgBr concentration (see ~2-3% AgBr), the other 

peaks such as (211), (300) and (222) are intensified, indicating that the crystallographic 

ordering decreases with increasing AgBr concentrations. This observation implies that the 

crystallization kinetics was changed when AgBr was introduced into the perovskite precursor 

solutions. Second, we estimated the crystallite size (D) by using Scherrer’s relation of

 0.9 cosD B   , where λ (= 0.154 nm) is the wavelength of x-ray whereas B is the 

full-width-at-half-maximum (FWHM) at the diffraction angle θ. The results are summarized 

in Figure 7b and Table 2. As shown in Figure 7b, there is no clear linear trend when AgBr 

was introduced into the perovskite precursor, implying that although the morphology might 

be changed through different crystallization kinetics, the crystallite size (i.e., the average 

single crystalline domains in the polycrystalline structure) is not much changed but similar to 

all the condition whether doped or not.  

 

Figure 5.7 CsPbI2Br as a function of AgBr doping: (a) XRD patterns and (b) crystallite size. 

Table 5.2 Crystallite size in CsPbI2Br as a function of AgBr doping concentration. 

Plane AgBr (%)  2θ (°) B (rad) D (nm) 

(100) 

0 15 0.003036 46.1 

1 15 0.003601 38.8 

2 15 0.003334 41.9 

3 15 0.003573 39.1 

(200) 

0 30 0.003640 45.4 

1 30 0.004319 33.2 

2 30 0.003140 45.7 

3 30 0.004347 33.0 
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Figures 5.8 a and b shows the stability test of the perovskite thin-film, (a) CsPbI2Br without 

AgBr and (b) CsPbI2Br with 1% AgBr doping. These two samples were selected for this test 

because the surface morphology is relatively uniform than the others (~2-3 % AgBr doped 

perovskite samples). Interestingly, the both samples show the growing of the minor peaks at 

(211) and (222) crystallographic planes with time, indicating that the orientational ordering 

decreases with time. Here, it is notable that except for single crystalline perovskite thin films, 

all the polycrystalline films are thermodynamically metastable because the defect area 

(including polycrystalline nature) makes the surface energy increase. Hence, for lowering the 

Gibbs free energy, the sample can undergo phase transition. In this case, by decreasing the 

orientational order (i.e., increasing (211)-(222) XRD peaks), the film may reduce its free 

energy. Furthermore, when we see the CsPbI2Br sample without AgBr-doping in Figure 8a, 

compared to the same sample (but different batch) in Figure 5.7 (black solid line), the 

additional strong peak at (300) crystallographic plane was observed [i.e., more orientational 

order because the (100), (200) and (300) planes are equivalent], indicating the batch-to-batch 

partial uncertainty depending on the drying process in the laboratory under ambient 

conditions. Importantly, 1% AgBr doped CsPbI2Br shows structural stability (i.e., the XRD 

peak position is the same with aging time), but 0% AgBr sample shows clearly the major 

peak’s shift to the left direction (i.e., a partial expansion of crystal; see the dotted red-line box 

in Figure 8a). This aging-effect data proves that the AgBr doping should contribute to the 

structural stability of CsPbI2Br perovskite films. The results are reasonable because AgBr 

addition increases stability (wider bandgap and improved tolerance to environments) 
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Figure 5.8 Structural stability test by XRD: (a)&(c) CsPbI2Br without AgBr and (b)&(d) 
CsPbI2Br with 1% AgBr. 

Figure 5.9 shows the SEM images displaying the microstructural morphologies of the 

CsPbI2Br sample as a function of AgBr doping concentration. First, the CsPbI2Br thin films 

[(a) without AgBr and (b) with 1% AgBr] are relatively uniform whereas the other films 

[with ~2-3% AgBr] are non-uniform by displaying the crystal domains and defect sites. 

Probably, the samples (Figure 5.9 c and d) were grown very fast (or fast aggregate) in the 

presence of high doping (~2-3% AgBr). However, remind that according to XRD data in 

Figure 5.7, the crystallite size is not much different from sample to sample depending on the 

AgBr doping. The average crystallite size is 41.5 ± 3.4 nm and 39.3 ± 7.2 nm at (100) and 

(200) crystallographic planes, respectively. However, as shown in Figure 5.9, the film 

processing condition should be improved further in future. Finally, we examined the drop 

cast CsPbI2Br sample on the TEM copper grid without any annealing process (Figures 5.10a-

c). Also Figure 10d displays the selected area electron diffraction (SAED) pattern of 

CsPbI2Br displaying the phase impurity, which is different from the XRD pattern in Figures 

5.7a and 5.8, indicating that without annealing (> 250 °C), the sample has high phase 

impurity, e.g., non-perovskite yellow phase (see Table 5.3 containing estimated 2θ date for 
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comparison purpose). Hence, the pseudo-cubic α-phase CsPbI2Br with ‘iodine atoms’ might 

be kinetically stable (not thermodynamically) due to polymorphism [208,234], although the 

kinetics should be further investigated from the viewpoint of stability in future. Therefore, 

‘iodine’ has double sides, increasing light absorption but causing stability problems under 

ambient conditions.      

 

Figure 5.9 SEM images: (a) CsPbI2Br without AgBr, (b) CsPbI2Br with 1% AgBr (c) 

CsPbI2Br with 2% AgBr, and (d) CsPbI2Br with 3% AgBr. 
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Figure 5.10 HR-TEM image of CsPbI2Br with different scale bar: (a) 2 nm, (b) 5 nm, and (c) 

10 nm. (d) Selected area electron diffraction (SAED) pattern of CsPbI2Br displaying the 

phase impurity at room temperature. 

Table 5.3 Analysis of SAED image for CsPbI2Br without annealing at room temperature. 

Perovskite Diameter (1/nm) Radius (1/nm) d-Spacing (nm) 2θ (°) 

CsPbI2Br 

3.91 1.96 0.51 17.3 

5.23 2.63 0.38 23.2 

6.32 3.16 0.32 28.2 

8.05 4.03 0.25 36.1 

10.08 5.04 0.20 45.7 

12.10 6.05 0.17 55.5 
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5.4. Conclusions 

CsPbI2Br is an interesting light-harvesting semiconductor for next generation, displaying the 

bandgap of ~1.84-1.96 eV and the improved stability compared to CsPbI3. First, we 

demonstrated that it was possible to tune the bandgap of CsPbI2Br by substituting the lead 

atoms by silvers based on the DFT calculation. Here, the bandgap reached the maximum by 

substituting the half of Pb by Ag. Second, when we added AgBr into the perovskite precursor 

solution from 1% to 3% vs. PbI2, the bandgap increased monotonically from ~1.87 eV to 

~1.96 eV, which is in line with the trend predicted by DFT calculation. Third, the PL lifetime 

was enhanced by employing AgBr into the perovskite precursor solution, e.g., from 0.990 ns 

(CsPbI2Br without AgBr) to 1.187 ns (CsPbI2Br with 3% AgBr). Fourth, the FT-IR spectra 

showed that the solvents (DMSO and CB) were trapped inside of the CsPbI2Br-AgBr (0-3%) 

thin films based on the physical trap and/or affinity. Fifth, the XRD patterns displayed the 

strong (100) and (200) peaks, but when AgBr was introduced (or time increased), the minor 

peaks at (211) and (222) crystallographic planes were partially enhanced, indicating that the 

orientational order was diminished by AgBr doping and/or time passing. Sixth, when AgBr 

was introduced into the film, the crystallization process was changed, affecting the 

morphologies of films according to the SEM data. Seventh, based on the XRD data, AgBr 

doping contributed to the structural stability of CsPbI2Br perovskite films. Finally, 

considering the golden triangle (efficiency-stability-cost) of solar cells, some innovative ideas 

should be further required to secure the stability of all-inorganic perovskite (CsPbI2Br) thin 

film as a next-generation semiconductor for optoelectronics.   
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Chapter Six 

6. Facile Improvements of mixed Cesium lead halide (CsPbI2.93Br0.07) 

Perovskite Thin Film, The Effect of Antisolvent Treatment on Photo 

physical Property 

Abstract: All-inorganic CsPbI3 perovskite films have just gotten pronounced attention 

having to their skyrocketed photosensitive properties, and higher chemical stability. The 

cubic phase creation with high temperature and phase shift to orthorhombic phase in ambient 

conditions, all inorganic Cesium lead triiodide (CsPbI3) lags far from the organic and 

organic-inorganic photovoltaic application by its performance and device stability. Also, the 

poor phase stability and degradable surface morphology are observed defects of the CsPbI3 

perovskite film. Among the mechanisms to improve Cesium lead triiodide perovskite thin 

films, composition engineering is the first method due to its simple mechanisms and between 

halogen participations.  In this demonstration, we examined the mixed precursor of the 

perovskite with a small concentration ratio of CsBr to CsI (CsBr: CsI, 5%: 95%) and treated 

it with mixed antisolvents (mixture of Toluene and ethyl acetate, & Chlorobenzene and ethyl 

acetate). The result showed that 5% CsBr mixed CsPbI2 perovskite film treated with mixed 

antisolvents toluene& and ethyl acetate (TEA) had good absorbance spectra, high 

photoluminescence intensity, great thermal stability, large crystal sizes, and smooth surface 

morphology, pinhole-free and minimized voids when compared to control film treated with 

mixed antisolvent toluene& and ethyl acetate (TEA). The result indicated that the halide 

perovskite film treated with mixed antisolvent was a good active layer for photovoltaic 

devices. 

6.1 Introduction 

6.1.1 Background of the Study 

The growth of cesium lead halide perovskite photovoltaics is a major focus of the energy 

conservation community today. The cubic phase formation requires high annealing 

temperature and phase change to optically inactive phase in ambient condition, all inorganic 

cesium lead triiodide (CsPbI3) lags behind organic and organic-inorganic light absorbing 

materials due to air instability. Various approaches to overcome air instability issues of the 

Cesium lead triiodide perovskite layer, such as metal ion doping with lead ion, antisolvent 

dripping, additive engineering,  and halide exchange and sharing [252-255].  Among halide- 
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sharing mechanisms, mixing a small amount of cesium bromide with cesium iodide in CsPbI3 

films of perovskite films of precursor was the best technique to improve the enactment of the 

perovskite film by developing the morphology of the film. Only iodine-doped CsPbI3 

perovskite is used to reduce the energy band gap [256-257] which helped the film to non-

radiative recombination centres. In contrast, bromine-doped perovskite is used to enhance 

stability, and maintain consistent performance [258-259], and requires less annealing 

temperature for better film formation compared to only iodine-doped. Also, fractional 

replacement of I with Br ion can stabilize the a-phase of perovskite films [260].  

The mixture of CsBr & CsI with PbI2 makes the CsPbI2Br perovskite layer have a band gap 

of 1.93 eV [261-262] and extraordinary potential used to improve power conversion 

efficiency enhancement, resist moisture, requires less amount of temperature to film 

formation, improve the quality of the crystal,[21,41] to form cubic phase at low annealing 

temperature, to produce micro-strain in perovskite phase, to minimize tramp density[263-

267]  improve the surface of the film harmonize the small scale structural and photosensitive 

possessions of the mixed perovskite film. Mixed halides make perovskites with high 

compositional elasticity and photosensitive performance, and also improve perovskite solar 

cell stability. CsI and CsBr have formed negative energy because they are thermodynamically 

stable [268-272].    In this work, we mixed 5% of CsBr in the CsPbI2.93 precursor of the 

perovskite film with a small concentration in the following expression. 

   .
0.07 2.93 2.93 0.07

CsBr CsPbI CsPbI Br   Nevertheless, the mixing of Br increased a 

bandgap to large (1.93–2.03 eV) compared to 1.73 eV that of CsPbI3 [82,273]. Therefore 

after mixing with 5% of CsBr, we treated with two mixed antisolvents such that 50% each 

toluene& ethyl acetate (TEA), and Chlorobenzene & ethyl acetate (CBEA) to produce a good 

bandgap active layer for photovoltaics [274].  

Antisolvent increases the number of nuclei during film formation, which consequences in a 

more uniform and voidless perovskite film. This in turn, leads to improved photovoltaic 

performance, lower hostesses, and greater stability [273]. The combination of anti-solvents 

has a critical effect on the formation of perovskite for light absorption uses. To governor the 

perovskite nucleation and particle growing rate for realizing excellent performances 

perovskite film, an solvent stabilizer is typically hosted into the single-step process [275] 

Compared with the single antisolvent treatment, the mixed antisolvent is that they combine 

the advantages of two solvents and a better extraction effect can be reached by regulating the 
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mixing ratio of different antisolvent [276]. The thermal stability of mixed antisolvent (For 

example the mixture of toluene and Ethyl acetate) is better than that of single antisolvent 

(Ethyl acetate).  The amount of antisolvent dissolved in the mixed solution is less than the 

sum of the amounts for the individual solvents. In this case, ethyl acetate has higher polarity 

and higher dipole moment mixed with Toluene and CB; therefore green antisolvent 

minimized the toxicity of other antisolvents [277]. The green antisolvents afford smooth, 

compact, low-defect, and full-coverage perovskite films, comparable to the typical 

halogenated antisolvent-processed perovskite films. The green antisolvent also demonstrated 

promising PCEs of 13.46%, CsPbI2Br, based PSCs [278].  

This work demonstrates the high importance of green antisolvents as a universal method to 

obtaining good performance perovskite films for fabricating high-efficiency PSCs. The 

mixed antisolvents dripping technique in CsPbI3 perovskite film is one of the greatest ways 

for solvent industries to progress the superficial of light-absorbing layer of film and to 

enhance the enactment of the solar cell [279]. The investigated mixed antisolvents with equal 

ratios of concentration to improve stability and PCE of perovskite photovoltaics shown from 

different scholars work such that mixture of toluene and diethyl ether (T&DEE), methyl 

acetate, and chloroform [280-281]. The mixture of toluene and chlorobenzene (T & CB), 

chlorobenzene and diethyl ether (CB & DEE) are some of the investigated mixed antisolvents 

aimed at improving the stability and performance of photovoltaic nanotechnology [282-283]. 

The antisolvent treatment methods distended perovskite particle sizes and passivized particle 

restrictions [284].  

The solubility of the inorganic halides in the antisolvent and the miscibility of the solvent 

stabilizer with the dimethyl formamide (DMF)/ dimethyl sulfoxide (DMSO) in the precursor 

of perovskite are the main two categories points of antisolvents [285]. The configuration of 

the perovskite precursor, the property of antisolvents, and the dripped time and the annealing 

temperature of spin coating of antisolvents are the main factors when the perovskite film is 

treated by antisolvent engineering [234]. The different experimental results showed that the 

spectral absorption, the photoluminescence intensity, the energy band gap, the crystal size, 

and the surface morphology of CsBr mixed perovskite film were improved compared with 

the controlled film.  
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6.2. Materials and Methods 

6.2.1 Materials 

Materials and chemicals used for this experimental work are Cesium iodide (CsI, 99.99%, 

Sigma-Aldrich, Darmstadt, Germany), Cesium bromide (CsBr,99.9%, Sigma-Aldrich, 

Darmstadt, Germany), Lead iodide(PbI2, 99.99%%,  Sigma-Aldrich, Darmstadt, Germany), 

Dimethyl formamide (DMF, 99.5%, AR chemicals, Delhi, India), Dimethyl sulfoxide 

(DMSO, 99%,  Sigma-Aldrich), ITO glass, Toluene(≥99.5%, AR chemicals, Delhi, India), 

Chlorobenzene (CB, ≥99.5%, AR chemicals, Delhi, India), and Ethyl acetate (99%, grade 

LR, model SYMAX). The purchased chemicals and solvents were used without further 

purification. 

6.2.2 Methods 

0.4mmol CsI and 0.4mmol PbI2 were added to the mixture of 1.6 mL dimethyl formamide 

(DMF) and 0.4 mL dimethyl sulfoxide(DMSO) with a fraction of (4:1) in line with and then 

stirred for 3hr at room temperature and cooled at room temperature[287]. For the mixed 

halide case 0.4mmol PbI2, 0.3998 mmol CsI, and 0.0002 mmol CsBr(95%: 5%) were added 

to the mixture of 1.6 mL DMF and 0.4 mL DMSO with a ratio of (4:1) in line with and then 

stirred for 3hr at room temperature and cooled at room temperature. Then, the solution was 

filtered by a polytetrafluoroethylene (PTFE) syringe filter with 0.22 μm pore size and 80μl of 

precursor solutions drop on indium thin oxide glass substrate while spin coating by single-

step spin coating method with a rotation speed of 4000 RPM for 40 seconds. At the end of the 

35th second, about 250 μl equal ratios of antisolvents are proud of using a 1000 μl pipette. 

The ratios of antisolvents to precursor solutions are about 3:1. The ratio of mixed antisolvents 

was taken as 50% each, toluene and Ethyl acetate (T: EA, 1:1), and chlorobenzene and ethyl 

acetate (CB: EA, 1:1)). After spin coating, the film sample was annealed on a hotplate 120℃ 

for 10 minutes in a dark area and characterization conducted in air condition. For the 

geometry optimization, the energy, maximum force, maximum displacement, and maximum 

stress were 5×10-5 eV/atom, 0.01 eV/Å, 5×10-4 Å, and 0.02 GPa, respectively. 

6.2.3 Characterization  

The particle size and arrangement of the CsPbI3 and CsBr mixed with different 

concentrations of CsPbI3 film were performed by X-ray diffraction (XRD) (model: the 

Drawell XRD-700 diffract meter, Tokyo, Japan) with Cu Kα (3KW) X-ray radiations (λ = 

1.5406 Å) having a source potential of 40 kV and source current of 15 mA in the diffraction 

angle range between 2𝜃 = 10° − 80 °. The microstructure image of the CsPbI3 and CsPbI3 
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mixed with different concentrations of CsBr was investigated by Field emission scanning 

electron microscopy (FE-SEM, Carl ZEISS microscopy, MAIA3 XMH (model 2016) 119-

0025, Germany), High-resolution transmission electron microscopy (HRTEM, Model: JEOL, 

JEM-2100). Also, the film's surface morphology with/without CsBr was studied by AFM 

atomic force microscope (AFM, model Park NX10). The engagement spectra of the film 

were investigated by ultraviolet-visible spectroscope (PerkinElmer Lambda 25, Kyoto, Japan) 

in the wavelength range of 300-800 nm. The FTIR measurements were performed with a 

PerkinElmer spectrum two FTIR spectrometer in transmittance mode from 400 to 4000 cm−1 

with a resolution of 4cm1. All demonstrations were taken at room temperature in air 

condition. 

6.3. Results and Discussion 

6.3.1 The structures and properties of solvent and antisolvents 

Figure 6.1 shows the chemical structure of antisolvents, (a) Toluene, (b) chlorobenzene, and 

(c) Ethyl acetate. Here from Table 6.1, we understand that Toluene and chlorobenzene are 

structured without oxygene while greene antisolvent ethyl acetate contains oxygen at its 

structure. Ethyl acetate has a higher polarity index and dipole moment than toluene (polar) 

and chlorobenzene (non-polar). Figure 6.1 shows the combination of having less polarity 

indexed and less dipole moment antisolvents (Toluene and chlorobenzene) with having 

higher polarity and higher dipole moment antisolvent, Ethyl acetate. Toluene and 

chlorobenzene are immiscible and miscible anti-solvents with host solvents respectively.  
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Figure 6.1The chemical structure of antisolvents and solvents. (a) Toluene, 

(b)Chlorobenzene, and (c) Ethyl acetate (d) mixed antisolvents Toluene & Ethyl acetate 

(TEA) (e) mixed antisolvents Chlorobenzene & Ethyl acetate (f) DMF (g) DMSO. 

From the previous work we showed that the Guttmann’s Donor number of DMF, DMSO & 

CB are 26.8, 29.6 and 3.3 Kcal/mole respectively [274]. 

Table 6.1 Polarity index and boiling point of antisolvents 

Antisolvents Polarity index Boiling point  (°𝑪) Dipole 

moment 

Chemical 

Formula 

Toluene 2.4 110.6 0.36 D C6H5CH3 

Chlorobenzene 2.7 132.0 1.50 D C6H5Cl 

Ethyl acetate 4.4 77.1 1.88 D C4H8O2 

 

6.3.2 Optical Result and Discussion  

Figure 6.3 presents several scientific findings regarding the analysis of controlled (CsPbI3) 

and 5% CsBr mixed with CsPbI3 perovskite films. Subfigure (a) illustrates the Uv-vis 

absorbance spectra, where it is observed that the CsPbI3 film treated with TEA experienced 

an increase in absorbance, while treatment with CBEA resulted in a slight decrease. This 

suggests that TEA is a more effective antisolvent than CBEA. Additionally, the controlled 

film and the film mixed with 5% CsBr exhibit similar absorption edges, indicating that an 

insignificant quantity of bromine to iodide does not suggestively impact the absorption stuff 

of the perovskite films. The absorption range for pure CsPbI3 mixed with 5% CsBr and 

treated with antisolvents TEA& CBEA was observed to be 300-800 nm, and the absorption 

structure within this range remained similar.  Moving to subfigure (b), the Tauc plot of the 

energy bandgap calculated 
2 .  (  )h vs h   [288] is depicted. The controlled film demonstrated 

an energy bandgap of 1.67 eV, while the controlled film treated with TEA exhibited a slightly 

higher energy bandgap of 1.68 eV.  However, when the CsPbI3 was treated with TEA and 

CBEA and mixed with 5% CsBr, the energy band gaps increased further to 1.72 eV and 1.76 

eV, respectively [289]. The lower energy bandgap observed in the case of mixed CsBr (1.67 

eV) compared to CsBr mixed CsPbI3 (1.76 eV) can be attributed to the perovskites treatment 

with bromine. Conversely, the increased energy bandgap resulting from the mixed CsBr 

treated with CBEA indicates that the iodine-containing film has a more significant effect on 

the bandgap than the presence of the bromine.  Additionally, the treatment capability of 

CBEA was found to be inferior to that of TEA in the perovskite films [292]. In subfigure (c), 

the results of photoluminescence (PL) intensity are presented. The intensity of the films 
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increased in the following order: controlled film, controlled film treated with CBEA, 

controlled film treated with TEA, and 5% CsBr mixed controlled film treated with CBEA and 

TEA. Interestingly, the intensity of the film further increased when  5% CsBr was mixed in 

the precursor of the controlled perovskite films and stabilized with TEA, aligning with 

similar investigated by Johnston et al. and Olalerus et al. [291-292]. Moreover, it was 

observed that both the controlled film and controlled film treated with CBEA exhibited aft at 

596nm in their PL intensity.  In contrast, when the 5% CsBr mixed CsPbI3 perovskite film 

was treated with mixed antisolvents, a blue shift occurred at 594 nm. This suggests that 

bromine-containing perovskite films experience a blue shift in their PL intensity compared to 

films containing only iodine.  

 

  

  

 

 

 

Figure 6. 2  The optical spectra of (a) Uv-Vis absorbance and (b) the Tauc plot of energy 

band gap perovskite film and 5% CsBr mixed with CsPbI3 perovskite film 

Figure 6.3 shows the effect of annealing temperature and antisolvent dripping time (Figures 

6.4a&b) of 5% CsBr mixed with CsPbI3 precursor and treated with TEA mixed antisolvent 

perovskite film. In this investigation we examine 5% CsBr mixed CsPbI3 perovskite film 

using four different annealing temperature ranges 100 ,  120 ,  1 )( 40  , 160C C C and C      after 

spinning and four different antisolvent dripping times (last 5 sec, 10 sec, 15 sec, and 20 sec) 

before ending the spin coating time. The absorption spectra of 5% CsBr mixed CsPbI3 

perovskite film annealing with variable temperature shown (Figure 4a) that the absorption 

spectra increased with increasing the annealing temperature 

100  120  )( 140  160C C C C        [293]. Figure 6.4b shows the absorption spectra of  5% 

CsBr mixed with CsPbI3 perovskite film treated with TEA at different dripping times of 

antisolvent. Interestingly the absorption spectrum of the film increased with the dripping time 

of antisolvent before ending the spin coating time to 5 10  15 20sec sec sec   sec. From the 
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series of spin coating, the last 5-second antisolvent dripping time perovskite film had a good 

absorption spectrum. On the other hand with a variation of antisolvent dripping time, the PL 

intensity of the film fluctuated from red to blue and blue to red shift (Figure 6.4b). Before 

ending the dripping time of 20 seconds and 10 seconds the PL intensity was observed as a 

blue shift related to the dripping time of 5 seconds while a redshift showed when 15 second 

dripping time compared to other dripping times [294], among all antisolvent dripping time, 

the last 5 seconds had high PL intensive time. From the overall optical analysis of the Uv-Vis 

absorbance and PL intensity, 160℃ and 5 seconds are preferable annealing temperature and 

dripping time respectively. The result indicates that the mixed CsBr concentration in the 

precursor of the perovskite creates a microstrain in the lattice of mixed perovskite film [295]. 

On the other hand, the selected concentration of CsBr (5 % CsBr) mixed CsPbI3 perovskite 

treated with two mixed antisolvent(Toluene mixed with ethyl acetate(TEA) and 

chlorobenzene mixed with ethyl acetate (CBEA)) dripping at 5 seconds before the end of spin 

coating time and annealing at 160℃ was shown in Figure 4(a-d). In both absorbance and PL 

intensity analysis shown, the perovskite treated with a mixture of Toluene and ethyl acetate 

(TEA) antisolvent has a good absorbance and higher photoluminescence intensity than the 

film treated with the mixture of chlorobenzene and ethyl acetate (CBEA).  

 

 

   

   

 

 

 

Figure 6. 3  Optical spectra of Pure & mixed halide perovskite with annealing temperature 

and dripping time 

(a) the absorbance intensity of CsBr mixed CsPbI3 perovskite with different annealing times, 

(c) the absorbance spectra of CsBr mixed CsPbI3 perovskite with different antisolvent 

dripping time 

Figure 6.5 shows the Fourier transform infrared spectroscopy (FTIR) figure of CsPbI3 

perovskite film and 5%CsBr mixed CsPbI3 perovskite film treated with/without mixed 
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antisolvents. Interestingly there was a structural difference observed with the mixture of CsBr 

in CsPbI3 perovskite film resulting from properties of bromine. The perovskite treated with 

mixed antisolvents had no change, indicating no negative effect on the structural property of 

the film while controlled and mixing CsBr in the controlled film treated with mixed 

antisolvents [273]. Strictly speaking, the controlled thin film treated with/without antisolvent 

has three characteristic similar peaks 876 cm-1,764 cm-1, and 449 cm-1. But CsPbI3 perovskite 

film mixed with 5% CsBr has different characteristic peaks from controlled film and has 9 

common characteristic peaks 1682 cm-1, 1499 cm-1, 1387 cm-1, 1270 cm-1, 1086 cm-1, 1052 

cm-1,738 cm-1, 699 cm-1, 660 cm-1. The characteristic peak difference for controlled film and 

5% CsBr mixed film indicates the improvement in morphology of the film, and enlargement 

crystal size. 
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Figure 6. 4  The FTIR spectra of CsPbI3 perovskite film and different concentrations of CsBr 

mixed with controlled perovskite film 

The XRD configurations of the CsPbI3 and CsPbI3 mixed with 5% of CsBr and treated with 

antisolvent films are presented in Figure 6. The spreading peaks at 2𝜃 =27.44 °, 28.54°, 

38.8°, 45.6°, and 54.5° can be indexed to the (211), (121), (222), (400), and (332) plans of the 

CsPbI3 perovskite level respectively. The lattice parameters of the CsPbI3 film were 

calculated to be a= 6.21 Å, b= 6.21 Å, and c = 5.82 Å, which are in good promise with the 

reported values [80,296].  The phase similarity indicated that the mixed CsBr in the 

perovskite film had no negative effect, miscible in precursor solution uniformly, and 

increased the crystalline size. Clearly, the figure shows that in the precursor of the controlled 

film mixed with 5% CsBr, there was a small approximation (~ 0.01°) shift to the left, which 
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might be from properties of bromination (bromine as additives).  The addition of CsBr to the 

CsPbI3 film increased the intensity of diffraction peaks, indicating an increase in the 

crystallinity of the film. This is likely due to the lattice match between the CsPbI3 and CsBr 

phases, which can lead to the removal of defects and dislocation from the film. The intensity 

of 5% CsBr mixed with controlled film and treated with TEA was the highest, and a single 

perovskite phase with the P63mc space group. Toluene and ethyl acetate are miscible 

solvents, meaning that they can be mixed together in any proportion to form a single phase. 

This is because the two solvents have similar intermolecular forces, which allows them to 

interact with each other and form a homogeneous solution. The Flory-Huggins interaction 

parameter for toluene and ethyl acetate is -0.01, which indicates that the two solvents are 

strongly attracted to each other. This is due to the fact that both solvents are polar, and the 

dipole-dipole interactions between the molecules of the two solvents are strong enough to 

overcome the dispersive forces that would otherwise cause them to be immiscible, this 

indicated that the mixed antisolvents toluene and ethyl acetate (TEA) developed the phase 

value of the perovskite film. The film prepared with CBEA showed a small amount of 

impurity peaks, which were attributed to mixture of non-polarity compound Chlorobenzene 

and a polar compound ethyl acetate. When they are mixed together, the two compounds will 

form a heterogeneous mixture. This is because the non-polar chlorobenzene will not dissolve 

in the polar ethyl acetate and form two phases [294]. 
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Figure 6. 5  XRD patterns of controlled and 5% CsBr mixed with controlled perovskite film 
treated with mixed antisolvents 

As shown in field emission scanning electron microscope images, Figure 6.7, the morphology 

of the pristine CsPbI3 film was much pinhole, even if  after treatment with TEA (Figure 7a), 
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as evidenced by the formation of rod-like structures. The morphology of the 5% CsBr mixed 

film treated with TEA (Figure 6.7b), was also investigated. The 5% CsBr mixed perovskite 

film treated with TEA exhibited a denser surface, with fewer pinholes and a more rode like 

structured morphology than the controlled film treated with TEA (Figure 6.7b). The result of 

this study indicates that the surface-morphology of the CsPbI3 film can be enriched by mixing 

small concentration CsBr, treated with TEA. This improvement in morphology is likely due 

to the removal of defects from the films [295], which indications to an increase in the film's 

energy harvesting efficiency.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 6 The field emission scanning electron microscope (FE SEM) images of (a) CsPbI3 

perovskite film treated with TEA, (b) 5% CsBr mixed CsPbI3 perovskite film treated with 

TEA. 

The high-resolution transmittance electron microscope (HR-TEM) image of pure CsPbI3 and 

CsBr mixed CsPbI3 perovskite film treated with TEA is displayed in Figure 8 a &b 

respectively.  

CsBr mixed CsPbI3 perovskite film treated with TEA shows a well-ordered perovskite 

structure with a lattice spacing of 3.85 Å, which is a good agreement reported values (3.85 Å) 

[296]. Before being mixed with CsBr the pure perovskite material showed the Nanocrystals 

embedded in the crystalline matrix. In contrast, after being mixed with CsBr it showed more 

clouded and more embedded in the Nano-crystalline matrix, which is revealed in line with Lu 

et al. and Lv et al. s’ work [297]. Before CsBr mixing, the layer of the film was not growing 

and there were some internal defects in the film. After CsBr was mixed in the precursor of 

Cesium Lead iodide precursor of the perovskite, the film looked at the shape and quality of 



   

75 
 

the grain size, and large cloudy grain boundaries were observed, indicating the good 

performance of the active layer for the film of the perovskite solar cell [298]. The image 

improvement in line with the image of SEM and XRD crystalline pattern indicates the 

mixture of a small amount of CsBr in the CsPbI3 perovskite film.   

  

 

 

 

 

 

 

 

 

 

 

Figure 6. 7   TEM images of CsPbI3 perovskite film (a) without CsBr mixed (b) With CsBr 

mixed 

To finalize our demonstration we compared both controlled and 5% CsBr mixed cesium lead 

iodide perovskite films treated with mixed antisolvent toluene & ethyl acetate (TEA) as 

shown in Figure 6.9 a&b respectively.  Before treatment the surface of the film (Figure 6.9a) 

showed non-uniform and had pinholes. After being mixed with 5% CsBr and treated with 5% 

TEA-mixed antisolvents (Figure 9b), the morphology of the films was improved due to the 

minimized number of pinholes, voids, and uniform surface. TEA treated pure perovskites' 

root-mean-square (RMS) roughness (Sq) value was 12.65 nm. After doping with 5% Br 

(Figure 6.10b) the surface of the perovskite film showed more likely uniform and the RMS 

roughness (Sq) value was 11.8 nm. The reduction of root-mean-square roughness showed that 

5% CsBr mixed made the perovskite a quality film for light absorption applications. High 

correspondences were seen between antisolvent dripping time and the resultant film 

morphology, emphasizing the antisolvent treatment's significance in producing good-

performance perovskite films [299]. This suggests that CsBr and the antisolvent TEA 

treatment can be used as a strategy to improve the performance of cesium lead iodide 

perovskite film to fabricate highly efficient all-inorganic solar cells.  
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Figure 6. 8 AFM image of (a) control film treated with TEA, (b) 5% CsBr treated with TEA 

6.5 Conclusions 

The work summarized the improvement of all inorganic CsPbI3 perovskite films by mixing 

cesium iodide and cesium bromide in a precursor of perovskite films. The absorbance and 

photoluminescence spectra results showed that 5% CsBr and 95% CsI mixture in CsPbI2Br 

perovskite film had a higher quality spectrum than the controlled films. 5% of CsBr mixed 

perovskite treated with mixed antisolvent, TEA had a higher energy bandgap of 1.83 eV and 

had a red shift compared to controlled and treated with CBEA films in this investigation.  The 

XRD and SEM analysis attributed that the grain size was increased after 5% CsBr mixed 

perovskite treated with mixed Toluene and Ethyl acetate (TEA). The SEM, TEM, and AFM 

morphological analysis attributed that after 5% CsBr the film's surface was smoothed, the 

voids were removed from the film's surface and the number of pinholes was minimized. This 

investigation used an effective way to stabilize the cubic phase of the perovskite film at low 

temperatures. It resulted in some supportive suggestions for developing high-performance all-

inorganic perovskite solar cells. From the optical, crystalline, and morphology properties 

results, we can conclude that the 5% CsBr mixed with 95% CsPbl3 concentration is critical to 

the quality of the resulting perovskite films. This result shows that the addition of CsBr to 

CsPbI3 perovskite can improve their optical, crystalline, and morphological properties. This 

suggests that CsBr and the antisolvent TEA treatment can be used as a strategy to improve 

the performance of all-inorganic perovskite solar cells.  
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Chapter Seven  

7. Conclusion and Recommendation 

7.1 Conclusion  

The result founded on overall investigations of this thesis are, interestingly achieved almost 

all objectives of the project works in this dissertation.  The optical property result showed that 

the absorption spectra and photo luminesces of the all-inorganic perovskite film increased 

with self-doped cesium lead iodide perovskite film after doped with DIO and CN in the 

CsPbI3 perovskite film. The energy bandgap where reduced from yellow phase of 2.84 eV to 

1.83eV (self-doped CsPbI3 perovskite film), 1.78eV (doped with DIO), 1.76 eV (doped with 

CN), and 2.59 eV (doped with ODT). Among this, after self-doped perovskite doping with 

CN and ODT are the appropriate bandgap for CsPbI3 perovskite materials. From structural 

crystallographic XRD result, after self-doped and self-doped CsPbI3 perovskite doped with 

additives (CN, DIO and ODT), the phase change occurs from yellow δ-phase to orthorhombic 

γ-phase. The FTIR result showed that there were no structural changes in IR spectra when 

additives including in the precursor solution of self-doped perovskite film. The results 

indicated that the miscibility of binary solvents (DMSO and DMF miscible with solvent 

additives (DIO &CN). Except ODT additive treated film the morphology of the perovskite 

film treated with DIO &CN were pinhole free, smooth and relatively flat surfaces compared 

with yellow phase.  

The optical property result showed that the absorption spectra and photo luminesces life time 

of the all-inorganic CsPbI2Br perovskite film increased after AgBr doped with CsPbI2Br 

perovskite film. The energy bandgap of CsPbI2Br perovskite film resulting bandgap increased 

slightly from1.84 eV undoped to 1.87 eV (at 1 % AgBr), 1.95 eV (at 2% AgBr) and 1.96 eV 

(at 3% AgBr) due to redshift of the addition of bromine. The lifetime of the perovskite film 

increased from 0.99 ns of undoped film to 1.187 ns indicating that increasing the 

concentration of AgBr on perovskite film extended the lifetime of the film. Due to the 

crystallization kinetics being changed when AbBr was introduced into the perovskite 

precursor solutions, the crystallographic ordering decreases with increased lifetime AbBr 

concentrations. The SEM and TEM analysis results showed that up to 1% AgBr the film 

morphology was relatively smoother than the more concentration AgBr doping. 
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 The optical property improved, and the energy bandgap of the perovskite film was increased 

when CsPbI2.93 perovskite film mixed with Br0.07 followed by treated with mixed 

antisolvents TEA.  

 The structural analysis result showed that increments in crystal size, grain size, high peak 

intensity, and peak purity were observed when CsPbI2.93Br0.07 perovskite film treated with 

mixed antisolvents toluene and Ethyl acetate (TEA).  With 5% CsBr mixed halide and treated 

with TEA, and CBTA in all inorganic perovskite, the FTIR result showed that there were 

structural changes in IR spectra due to bromine properties. The morphology analysis of the 

perovskite film image of SEM, and TEM, showed that before treatment the surface of the 

film was uniform, evidentially having road like structure on the surface of the film while, the 

film became smooth, pinhole-free and denser surface after thin film treated with mixed halide 

combine with mixed antisolvents respectively.      

7.2 Recommendation  

 In thesis works we demonstrated all inorganic perovskite film in air conditions using the 

solution processing methods, and one-step spin coating at home room temperature to improve 

the perovskite film for photovoltaic nanotechnology. We investigated the self-doped cesium 

lead iodide perovskite treating by solvent additive, cesium lead mixed halide (CsPbI2Br) 

doping with silver bromide and treating cesium lead iodide perovskite using both mixed 

halide and mixed antisolvent methods. Resultantly of the demonstration, the treated film 

showed improvement in optical, structural, and morphological when compared with the 

control perovskite film. Amazingly these results help the perovskite film for the active layer 

of all inorganic photovoltaic devices. Finally, 

 we recommended that the result was used to further investigations on the stability 

issues of all inorganic perovskite optoelectronics. 

 Include the tunability of the phase purity for the self-doped CsPbI3 and self doped 

with additives CsPbI3 perovskite  film under ambient conditions for the active layer of 

semiconductors 

 Some innovative ideas should be further required to secure the stability of all-

inorganic perovskite (CsPbX3) thin film as a next-generation semiconductor for 

optoelectronics. 

 If the further investigation will be taken , the film will be a good light absorbing  

active layer for emerging  photovoltaic nanotechnology   
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Appendix 
 

Supplementary Materials 

Phase behaviour and Role of Organic Additives for Self-Doped CsPbI3 Perovskite 

Semiconductor Thin Films  

 

Figure S4.1. Flory-Huggins interaction parameter at 298 K as a function of organic additive 

species. 

Table S4.1. Flory-Huggins χ12 interaction parameter at 298 K as a function of organic 

additive species. 

 Binary additive-solvent system 

DMF DMSO CB* 

DIO CN ODT DIO CN ODT DIO CN ODT 

χ12 0.987 0.499 1.049 3.242 2.321 3.368 0.01 0.06 0.02 

* Chlorobenzene (CB) is used as an antisolvent in this study. 
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Figure S4.2. Crystal structure of trigonal Cs4PbI6 with space group R-3c. 

 

 

Figure S4.3. (a) Selected area diffraction pattern and (b) high-resolution TEM images of self-

doped CsPbI3 with the organic additive ODT. 
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Figure S4.4. AFM tapping-mode height image. (a) Self-doped CsPbI3 without any additive, 

(b) self-doped CsPbI3 with DIO, (c) self-doped CsPbI3 with CN, and (d) self-doped CsPbI3 

with ODT. 
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