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        Executive Summary  

Metal halide perovskite semiconductors are a new material class that has shown great 

promise for a range of optoelectronic device applications. Due to their emission wavelength 

tunability throughout the visible spectrum and EQE of over 20%, they have shown to be 

very promising materials for light-emitting diodes. Nevertheless, further work must be done 

to enhance their properties for practical uses. Several approaches, including as ligand 

modification and polymer mixing, are developed to address these problems and demonstrate 

improvements in the characteristics and performance of devices. Thus, conjugated polymer-

perovskite CsPbX3 (x=halide, their combinations) nanocrystal (NCs) composites is the main 

focus of our work. The synthesis of perovskite NCs was carried out at room temperature 

utilizing a type of ligand assisted recprecipitation method called supersaturation 

recrystallization. Then,a solution mix approach was then used to perpare the composites of 

conjugated polymer with perovskite nanocrystals.  Initially, we look into how ligands affect 

the characteristics of all- inorganic halide perovskite CsPbBr3 that is produced by 

supersaturated recrystalizaion(SR) methods  at room temperature. Here, the structural and 

optical characteristics of CsPbBr3 produced using ligand systems (oleic acid/oleylamine 

versus olive oil/oleylamine) were investigated. In this case, the optical band gap  value is 2.3 

eν and  cube-shaped nanocrystal with crystallite size  of 40-42 nm achieved during  the 

utilization of  two ligand species combinations. In contrast, a longer decay life time ,i.e., 

3.228 ns was seen in the ligand combination of olive oil and oleylamine as compared to oleic 

acid and oleylamine which is 1.167 ns. Secondly, separate preparations were made for the 

conjugated polymer and the CsPbBr3 solution. Subsequently, two precursor solutions were 

combined utilizing a solution blend approach, which included varying sample ratios and was 

characterized by a number of techniques. Nanostructure and characteristics in the conjugated 

polymer-perovskite nanocomposite were investigated. Using Flory Huggins' theory, the 

miscibility of polymers with solvents, ligands, and perovskites was predicted. As the amount 

of perovskite CsPbBr3NCs in the MDMO-PPV polymer matrix increases, it is evident in the 

crystallite size shift, which ranges ~33 to 52 nm.  According to  scanning electron 

microscope  images display that CsPbBr3QDs can be highly aggregated at MDMO-

PPV:CsPbBr3= 50:50 composition. Additionally, there is an improvement in emission PL, 

with more than or equivalent to 30 Wt% of CsPbBr3NCs observed. Furthermore, it was 
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observed that the conjugated polymer and perovskite nanocrystal overlapped in terms of 

both PL emission donor  CsPbBr3 and acceptor  MDMO-PPV absorption, indicating a 

potential energy transfer between the two materials.Here, the charge transfer-resistance is 

decreased in the 50:50 of MDMO-PPV/CsPbBr3 composite, showing  that the composite has 

better charge transport properties than the pristine MDMO-PPV.  

Finally,  simple synthesized of mixed halide perovskitewas condcuted  by SR  methods at 

room tempertaure.Then, mixed hadlide perovskite Ncs  doped into conjugated polymer was 

carried out. The composite of CsPb(Br1-xClx)3 doped into MDMO-PPV shows an 

improvement in crystallite size as the concentration of mixed halide perovskite increases 

with chlorine content rise compared to pristine polymer. Simialrily, the PL emission shows 

enhancement as content of chlorine rise in the composites. In conclusion, our research 

indicates that the pure perovskite CsPbBr3 generated utilizing the recommended lignad 

combination and the polymer-perovskite nanocomposite exhibits improved properties. 

Therefore, the finding was suggested that in the future this technique holds promising for 

use electrochemical and optoelectronic applications. 

Keywords: Perovskite nanocrystal; Conjugated Polymer; Ligands; supersaturated-

Recrystallization; Nano-composites;optoelectronic devices
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     Chapter One  

1. Introduction 

          1.1. Background  

       Solid-state photonic devices, such lasers and light-emitting diodes (LEDs), are essential 

to modern display and lighting technology. In addition to common lighting and display 

applications, they may address urgent problems including energy conservation and 

greenhouse gas emissions[1]. The world population is growing at a rapid rate, which raises 

the demand for electrical energy and causes a drop of nonrenewable energy sources, such as 

fossil fuels. Furthermore, using fossil fuels as a source of energy pollutes the environment, 

harming both human health and the ecosystems. In order to produce optoelectronic devices 

with affordable materials and improved performance, researchers therefore conducted 

extensive study to replace those energy sources with sustainable and appropriate for 

enviroment and humans[2]. Here, the light source plays a key role in human daily activities, 

which are indispensable with lighting development technology that began since utilization 

fire. Nowadays, with this reasons researchers concentrated on the development suitable light 

source for light and display technology in order to meet the desire customers over the world 

[3]. More than 50 years have passed since the first visible spectrum LED demonstration 

using gallium arsenide phosphide[4]. There are now several light-emitting materials have 

been demonstrated through the advancement of materials science. This has led to the 

evolution of numerous LEDs such as Inorganic semiconductor LEDs, Organic LEDs 

(OLEDs), Polymer LEDs (PLEDs), Quantum-dot LEDs (QLEDs), and more recently 

Perovskite LEDs (PeLEDs)[2,5]. Since LED explore its potential for the creation of modern 

display and lighting technology. 

At the moment, LEDs made of traditional semiconductor materials, such as OLEDs and 

QLEDs are gradually becoming commercially available while also facing certain 

challenges[6]. Even though OLEDs has exceptional advantages such as low power 

consumption, fast response, affordable costs, suitability for the solution process, flexibility 

for large-scale production and their outstanding compatibility with flexible substrates due to 

that it entered to the  conventional display and lighting market [7–11]. OLED displays used 
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vacuum-based thermal evaporation  for fabrication  which renders them inappropriate  cost-

effective large-area processing, and their wider full width at half  maximium(FWHMs,＞50 

nm) also restrict the attainable color gamut[6]. In the majority of PLEDs, electron injection 

is more challenging than hole injection due to the high energy barrier and low electron 

mobility in conjugated polymers. Moreover, cumbersome preparation, low performance and 

lifetime makes them commercially not viable as matured Si-based devices [12]. In the field 

of PLEDs, these are the main obstacles[13,14].  

As an alternative, QLED displays based on II-VI and III-V group QDs have been developed, 

providing better color purity, narrow emission line width, high photoluminescence quantum 

yield quantum yield (PLQY), superior photo stability, and easier solution-processed for 

device manufacturing [15,16]. Compared to CdSe QDs, Cd-free III-V QDs such as InP, 

exhibits lower quantum efficiency and wider emission line widths, and face difficulties with 

high-temperature synthesis that is  complex and costly raw precursor materials. However, 

CdSe-based QDs, which represent the heave element (Cd) in the II-VI QDs system, are 

unable to obey  the European Restriction of Hazardous Substances regulation[6,17,18]. 

Beside,QDs exhibits color purity ≈120% and FWHM (25–40nm), and high stability so 

CdSe-based quasi two-dimensional II-VI colloidal nanoplatelets,also known as quantum 

wells, are very promising for Rec. 2020 displays. However, their limitted surface defect 

tolerance and poor quantum efficiency stability have made it difficult for them to be used in 

practical LED applications, and achieving high efficiency and high luminance at the same 

time remains a challenge [6,18,19]. 

 In the past decade, the emerging class of metal halide perovskite semiconducting materials 

are highly progressing in their development as compared to traditional materials  owing 

outstanding optical and electrical properties[20–25] . The perovskite material has general 

chemical formula written as ABX3, where A and B are cations and X is halides. Here, A 

represents a monovalent cation [methylammonium(MA+), formamidinium(FA+), or cesium 

( Cs+), Rubidium,Rb+], where as B indicates a divalent metal cation (Lead,Pb2+,Tin, Sn2+), 

and X represents a halogen anion [chlorine ion ( Cl-),bromine ion (Br-), iodine ion (I-) ] or 

mixed (Br/Cl) [26] as shown in Figure 1.1. 
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Their unique optoelectronic properties that makes them a promising candidate for 

optoelectronic applications such as solar cells, light-emitting diodes, lasers, and photo 

detectors. Because of these siginficants  scientific community has focused more on all-

inorganic perovskite materials than organic-inorganic perovskite. They are differ from metal 

chalcogenides and QDs due to their narrow FWHW, high color purity, tunable band gap, 

high light absorption efficiency, low carrier recombination rate, high defect tolerance, high 

PLQY, and high synthetic feasibility. These characteristics make the fault-tolerant structure 

desirable for usage in a range of optoelectronic applications [27,28]. 

Furthermore, due to improved chemical and thermal stability as well as their optical 

propertie makes researchers showing more interest based on  all-inorganic perovskite 

semiconducting materials. Because of these benefits, optoelectronics, electronics, and 

photonic technologies have seen fast improvement [25,28]. There are different forms of 

CsPbX3 perovskite, including two-dimensional nanoplates, one-dimensional nanowires 

(NWs), and zero-dimensional quantum dots, have been prepared with adjustable 

composition and shape [27]. The Hot-injection (HI)[29] and ligand-assisted re-precipitation 

(LARP) [30] are  two common methods used  to produce perovskite nanocrystals (NCs).  

However,there are several unavoidable disadvantages to the hot-injection approach, 

including longer reagent mixing times, practicality issues with reaction control times, and 

reproductive difficulties. These factors limit the synthesis of NCs. Comparatively speaking, 

the LARP approach is straightforward, inexpensive, and has accurate reaction temperature 

and duration as well as a high production yield of stable PeNC at RT; nevertheless, HI 

requires high temperatures, inert gases, and chemical instability throughout the synthesis 

process[25,28,31]. The reaction precursors are usually dissolved using a good solvent in the 

LARP method. The precursors then become oversaturated and precipitate as perovskite 

nanocrystals upon mixing with a poor solvent[32].  

 Organic carboxylic acids and amines are common surfactants utilized in the synthesis of 

traditional colloidal quantum dots. These substances can efficiently solvate the inorganic 

precursors, alter the kinetic pathways to form anisotropically grown nanostructures, and 

stabilize the final colloidal nanostructure. The acid-base ligand system is critical to the 

majority of the synthetic procedures used to create all-inorganic perovskite NC. Under these 
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circumstances, the mix of ligands are  use to adjust the shape and change crystal phase of 

CsPbX3 NCs may also be controlled, which increases their stability[33].  

On other hand, replacement of  Pb2+ by metal ions such Cu+,Ag+,Ge+,Sn2+,Bi3+,In3+,and Sb3+ 

makes that optoelectronic properties optimized. However, lead free materials exhibit low 

performance as compared to lead based perovskite materials. Besides that, the poor stability 

of perovskite are still challenging[34].  

 

Figure 1.1. Typical ABX3 perovskite crystal structure [25].  

 The Goldschmidt tolerance factor (t-factor) and octahedral factor (µ) can be used to predict 

the stability of the perovskite ABX3 crystal structure [35]. The effect of the  defects on the 

electronic structure of conventional semiconductors and lead halide perovskite nanocrystal 

(LHPNCs) makes them  to form trap states as a result of band gap formations, as shown in 

Figure 1.2 , which reduces the radiative recombination of the active materials[18]. 
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Figure 1.2. (A) Defect tolerance in LHP NCs[5]. (B) The diagram comparing electronic 
structures that are defect–intolerance (conventional semiconductors) and defect tolerance for 
perovskite[18]. 

 Even while organic-inorganic perovskite CH3NH3PbI3 (MAPbI3) and CH3NH3PbBr3 

(MAPbBr3) were used as photosensitizing materials in dye-sensitized solar cells for the first 

time. The research community was not familiar with CsPbX3 NCs until 2009. Since  2012 

evolution breakthrough, materials have been employed as sensitizing materials in dye-

sensitized solar cells due to their intriguing charge carrying properties[36,37]. But there is 

stability issue with organic-inorganic hybrid perovskite which limits its applications[38].  

The superior thermal and chemical stability, excellent morphology  control during synthesis, 

high monodispersity, and crystallinity of all inorganic perovskite CsPbX3NCs over organic-

inorganic hybrid attracted the attention of optoelectronic device researchers [39]. A new 

generation of intriguing candidates for high-quality lighting and displays has emerged 
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recently with the successful synthesis and study of all-inorganic perovskite nanocrystals for 

diverse color emissions.This is because of their emission spectrum and finely-tunable light 

emitting properties[39–41].  

As it is known that  all-inorganic perovskite QD-based light-emitting devices has 

limitations in terms of brightness, stability, and performances and required 

improvements[42]. Furthermore, Perovskite material's stability problems are serious 

concerns when exposed to moisture, oxygen, thermal stress, and light[43]. Furthermore, the 

low solubility of all inorganic perovskite materials poses significant challenges for their 

development, resulting in low film quality and poor interfacial electrical properties[37]. 

Consequently, the stability  and properties of the perovskite QDs based active layer of 

optoelectronic devices can be improved by using one of the two approaches : conduct a 

surface modification on perovskite or prepare a perovskite/polymer composite [44]. In this 

scenario, organic conjugated materials including  polymers and oligomers are gaining a lot 

of attention as promising materials with special photo physical properties to robust optical 

and optoelectronic device materials such as perovskite quantum dots (PQDs)[45]. 

In general , the performance of the device which was determined by its components. Thus, 

device engineering is very essential for the improvement of perovskite properties and 

enhancement of device performance[46]. Therefore, the energy level diagram is shown in 

Figure 1.3. 

  

Figure 1.3.  Band gap energy level diagram[47–49]. 
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 Furthermore, the strategy that makes to achieve good performance at each device interface 

through energy level alignment is the one that offers superior charge injection and a strong 

barrier against the opposing charge carrier[50,51].  

Therefore, in order to stabilize and improve the properties , polymers as well as silica are 

best promising candidates [33]. The development of nanocomposites based on polymers and 

inorganic semiconductor materials including perovskite materials makes improvements in 

the properties and performance of devices as compared to pristine[12,52–58]. 

 Thus, chemical structure of various polymer as demonstrated as presented in the Figure 1.4, 

which used for making composites to improve the properties inorganic quantum dots and 

perovskite materials. Polymers such polymer as polymethylmethacrylate (PMMA), 

polyvinylidene fluoride (PVDF), Polydimethysiloxane (PDMS), polyethylene oxide (PEO), 

polyethylene glycol (PEG), Poly(vinylpyrrolidone) (PVP) , polystyrene (PS), and off-

stoichiometry thiol-ene (OSTE) has been exploited as the protectors and significant impact 

on perovskite's optical and structural characteristics, which makes  perovskite-polymer 

composite is promising candidate for optoelectronic applications [59–64].  

Furthermore,the properties of composites are depends on the host polymer, type of solvent, 

blending ratio, and blend miscibility. The interaction between the polymer and solvent is 

quantified by the Flory-Huggins parameter in a modified Gibbs free energy equation. For 

solvents with higher solubility parameters, the values of   decrease; for solvents with lower 

solubility parameters, the values of  increase as increasing solvent volume fraction [65–

67]. 
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Figure 1.4. Chemical Structure of  Polymers (A) PPV  B) MEH-PPV  C) MDMO-PPV  D) 
PFO   E) PFOfpen  F) PF   G) F8BT  H) P3HT  I) PVK   J) PMMA    K) PVP. 
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 Furthermore, after combination of conjugated polymers with different materials including 

perovskite reveals interesting of  morphology, structural and optical properties, and 

enhanced performance of devices[68–73]. Therefore, conjugated polymer/perovskite 

nanocomposites are potentially very interesting active materials for broadly tunable LEDs, 

carefully choosing the active materials and blend content, it is possible to generate almost 

any required specific color, including white [74].  

  1.2. Statement of the Problems  

To fulfill the world's energy needs in the future year, there is a great deal of interest in and 

research being done in the subject of optoelectronics devices. Scholars are currently 

interested in metal halide perovskite because of its superior properties, which include its 

inexpensive cost of materials, narrow FWHM , and ability to processed in solutions. The 

external quantum efficiency (EQE) of CsPbX3 NCs increased quickly and reached over 20% 

from the time of the initial study of CsPbX3 NCs-based LEDs until  recent date [9,75]. 

Furthermore, compared to QLEDs and OLEDs, perovskite-based light-emitting diodes are 

rapidly growing [22,76,77].  

For lighting and display applications, PeLEDs have significant potential because to their 

many advantages, including low cost,  high PLQY, band gap adjustable, high defect 

tolerance, and am bipolar charge transfer [78]. Improvements in the properties, stability, and 

functionality of perovskite-based devices are still required for practical commercialization. 

Thus, appropriate encapsulation, ligands, polymer coating and mixing, inorganic doping, 

and their combination have been developed and shown to improve the characteristics and 

photo stability of perovskite, thereby resolving these issues [79]. Polymers with excellent 

features, such as being lightweight, environmentally friendly, flexible, easily processed, and 

able to form films, show promise for improving the device's performance and properties 

when combined with anothers. Our study suggests that olive oil is a multiligand species that 

is environmentally friendly, making it a better option than oleic acid, a popular carboxylic. 

Therefore, the  main task of this work are as follows: i)  to investigate  the    impact of ligands 

on the optical and structural characteristics of all-inorganic perovskite CsPbBr3 NCs  
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prepared by supersaturated  recrystalization method at RT, which doesn’t require inert gas 

and high temperature. Next,synthesize and characterized  polymer-perovskite composite the 

characteristics relative to their pristine.  

  1.3 . General Objective 

The main focus of this  dissertation is  to synthesize and characterize conjugated polymer-

perovskite NCs nano composite for optoelectronics.  

    1.3.1. The Specific Objectives  

  To investigate optical and structural properties of room temeprature  

     synthesized all–inorganic CsPbBr3  perovskite nanocrystal  with  

      olive oil and oleylamine. 

 To study conjugated polymer-perovskite nanocomposites  misciblity,  

       structural, and optical properties. 

 To synthesis and characterize of polymer-mixed halide perovskite composites  

 1.4. Significance of the Study  

This work  focus on  easily processable, eco-friend and cost effective approach for synthesis 

all inorganic perovskite CsPbBr3 NCs and conjugated polymer/perovskite nanocomposite 

emissive nanolayer for optoelectronic device applications. The outputs envisaged are:  

 It provides good insight to the researchers about the cost-effective approach and eco-friend 

approach which is  explored in this paper. 

 This  gives a direction for stakeholder and researchers engaed in the field of  emerging 

perovskite materials based optoelectronic devices  which  indicates that there are oppurtunity 

to  solve issuse related to perovskites and applied for practical. Here  not only consider it 

efficiency but also by considering  the desires of  energy  sectors compared to other materials. 

1.5. Research Questions  

In this project , we  have to explore  the following questions;  

 How does the various capping ligands influence the properties of modified perovskite the 

properties of cesium lead halide perovskite  NCs? 
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 What is the impacts were investigated on the structure and propertie composites when 

incorporated on perovskite NCs into conjugated polymer?  

  What is the relationship between commonly used ligand carboxylic acid (oleic acid) and 

olive oil? 

     1.6. The Conceptual Frameworks  

 This parts of the dissertation reveals that overall synthesis , and characterization of  cesium lead 

halide/mixed halide nanocrystals, conjugated polymer MDMO-PPV, and their  composites. 

Accordingly , Figure  1.5 illustrates that the conceptual frameworks of this dissertation. 

 

 

Figure 1.5.   The  Conceptual Frameworks 
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          1.7. Dissertation Organization 

The aim this of work is to prepare  conjugated polymer-perovskite nanocomposite and  

explore the properties of conjugated polymer-perovskite nanocomposite for optoelectronic 

device application; in particular focus on pure cesium lead bromide and cesium-based mixed 

halides (Br/Cl NCs) which are essential for optoelectronic application including light-

emitting diode. The  conjugated polymer–perovskite (MDMO-PPV: CsPbBr3 or CsPb( Br1-

x/Clx)3) Nanocomposite. It can be organized as follows: 

Chapter 1. The introduction outlines the background, problem statements, research questions 

, objectives, and significance of the research  in brief. 

Chapter 2. Brief overview about the fundamental knowledge of perovskite, effects of ligands 

on all-inorganic lead halide perovskite, mathematical theories, and polymer-perovskite 

composites properties, and recent progresses.   

Chapter 3. Describe the methods such as synthesis and characterization, and mention 

materials (chemicals and reagents) which  utilized in this dissertation  

Chapter 4.  Investigate the optical and structural characteristics of the all-inorganic cesium 

lead bromide perovskite nanocrystals synthesized  with olive oil and oleylamine at room 

temperature. 

Chapter 5. Study the miscibility, nano-structure, and optical properties of conjugated 

polymer-perovskite nanocomposite 

Chapter 6. Synthesis and Characterize the of polymer- mixed halide perovskite  composites 

In the last chapter, we included summary  and recommendations which highlight for  

applications and future study.  
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       Chapter Two 

       2. Review Literatures  

 2.1. Overview  

Perovskites are materials with chemical formula of ABX3, where A is an organic or inorganic 

cation, B is metal cation, and X is halide ions or oxides, which was discovered in 1839 by 

Russian mineralogist. Due to their remarkable qualities, such as cost-effectiveness and 

solution processability, these materials have drawn interest from the scientific community 

in the field of optoelectronic applications. The temperature affects the structure of 

perovskite. Accordingly, at room temperature (RT), the structure takes on the form of an 

orthorhombic or tetragonal phase, but at high temperatures, it transforms into a more stable 

cubic phase. It has been observed that the stability of perovskite structures depends on both 

the octahedral factor (µ) and the tolerance factor. While it is believed that CsPbBr3 NCs are 

in the cubic phase, some studies reveal that they have locally ordered subdomains where 

PbX6 is orthorhombic tilting to form a local two-dimensional (2D/3D) twin grain boundary; 

these twin boundaries are then rearranged in response to temperature changes, causing the 

orthorhombic and cubic phases to transform [25]. As it was reported first time by Goldschmit 

factor predicts the structure and stability of perovskite materials, as shown in Figure 2.1 [80]. 

Mathematically, structural tolerance-factor can be expressed as; t√2 (RB+Rx)= RA+Rx, and 

µ*Rx=RB, where RA, RB ,and Rx are ionic radius for cations, B metal ion and  X is halide 

anions [35,47]. The crystal structure is most stable when t = 1, and deviations from unity are 

likely to result in deformation. Typically, the formation of the cubic halide perovskite crystal 

occurs when 0.9 < t < 1 and 0.44≤ µ ≤0.90. When t factor can range between 0.7 and 0.9 due 

to a large B ion or a small A ion, producing orthorhombic, rhombohedral,or tetragonal 

structures [47,81].  By the end of 1990, Mitzi et al. produced and characterized lead-free 

perovskite, such as cesium tin halides and cesium germanium chloride. Field-effect 

transistors were created using cesium tin halide in the same year [82]. Around the same time, 

Era and his colleagues used a layered perovskite chemical called bis (phenethylammonium) 

tetraiode plumbate [(C6H5C2H4NH3)2PbI4,PAPI] as an emissive layer to study the first 

electroluminescence perovskite at liquid-nitrogen temperature [83].  
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Figure 2.1 Map of (t,μ) for 138 perovskite compounds considered in our work. Red dots 
meanΔHD> 0 (predicted to be stable), and black dots meanΔHD< 0 (predicted to be 
unstable) [84]. 

Various studies were conducted organic-inorganic perovskite based solar cells in order to 

replace dye molecules [58,85]. Nevertheless, lead halide perovskite has not been researched 

up to this point. In 2014, it was reported that PeLEDs made using 3D lead halide perovskite 

at room temperature EL had an EQE of approximately 0.1%, with green luminescence of 

approximately 364Cdm-2 and infrared EQE of approximately 0.76% [58]. This low device 

efficiency was due to the poor morphology, low PLQY of perovskite film[85]. The inorganic 

perovskite CsPbX3 NCs (X = halide ions) have become a promising class of light-emitting 

materials in the last ten years because of their composition-dependent, tunable band gaps 

ranging from the violet to the near-infrared [86] and narrow FWHM (Figure 2.2). 
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Figure 2.2 The CsPbX3 (X = Cl,Br, I) NCs have narrow FWHM and bright emission, with 
composition-tunable bandgap energies covering the whole visible spectral region [40]. 

All-inorganic CsPbX3 perovskite NCs synthesized by solution-phase chemistry approach 

and exhibits excellent thermal stability and high PLQY reach 90%. Bescause of they owing 

unique properties, CsPbX3NCs are most attractive for electroluminescence(EL) application 

[87]. Song et al first time investigated green  LED-based on CsPbBr3 QD and found 

maximum external quantum efficiency of  0.12% [38]. Furthermore, the PLQYs of CsPbBr3 

and cesium lead iodide (CsPbI3) NCs can reach over 90% in the green and red spectral 

ranges, respectively, and exhibit high-efficiency light-emitting diodes [86]. With this, it was 

reported that the performance of green  light-emitting of CsPbBr3  has maximum luminance, 

maximum current efficiency (CEmax), maximum power conversion efficieny( PCEmax) ,and  

maximum external quantum efficiny (EQEmax) of  496,320 Cdm-2, 37 CdA-1,33l mW-1 , and 

9.3%, respectively with operating voltage 2.5 at 31 0 ,2.9 at 41 0 [88].  Additionally in 2017, 

it was reported that, with an operating voltage of 4.1 at 103, the perovskite quantum dot light-

emitting performance had maximum luminance, CEmax, PCEmax, and EQEmax of 1660 

Cdm-2, 26.2 CdA-1, 31.7 lmW-1, and 8.73%, respectively [89]. 
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 2.2. Effects of Ligands on All-inorganic Cesium Lead Halide Perovskite NCs 

Perovskite NCs are PL efficient materials because the defect states in metal halide 

perovskite's band structure are essentially "defect tolerant" and are likely to locate in the 

valence or conduction bands. Knowing the chemistry and physics underlying the defect 

states as well as the surface chemistry of NCs, of which halide vacancy is the most common 

defect in these materials, is essential [90,91]. Ligands are molecules that significantly affect 

a material's performance, optical characteristics, and structural characteristics. Notably, 

amine and carboxylic acid are often employed ligands in the synthesis of perovskite 

nanocrystal [92–94]. It is widely known that ligands, which are also necessary for the 

production of NC, protect the NC surface, restrict inter-particle aggregation, and modify 

both the chemical and physical properties of the resulting NC [90,91]. Because carboxylic 

acids and amines, namely oleic acid (OA) and oleylamine (OAm), are effective ligands for 

ensuring the control of NC size and shape during the synthesis stage, they also help with the 

ability to dissolve of metal halide precursors.  Moreover, a specific quantity of ligands must 

be incorporated in order to control the shape, stability, and optical characteristics of metal 

halide perovskite nanocrystal. However ,they continue to deteriorate, though, which lowers 

their performance for use in display and lighting technology [92–96].  

Therefore, selecting suitable ligands is crucial to producing high-performing perovskite for 

use in lights and displays .  In order to maximize the charge transfer property and minimize 

surface defects of colloidal semiconductors and perovskite nanocrystal (NCs), several 

researchers investigated numerous substitute ligands for the widely used ligands such oleic 

acids, and oleylamine [91,97,98].The selection of suitable ligands is a major factor in 

improving the surface chemistry, stability, and optical properties of optoelectronic devices, 

thereby improving their overall performance. 

  2.3. Flory-Huggins Theory  

Group contribution methods are commonly used to predict polymer solubility characteristics 

that are measured experimentally, as they are only available for a restricted set of polymers. 

According to Hildebrand, whose method is based on the idea that "like dissolves like," the 

square root of the cohesive energy density (CED) is the total solubility parameter (�).Thus 

the solubility parameter (�) is written as;  
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�=√���=�
�����

��
, �����, ��  are molar  the molar heat of vaporization, and  molar volume, 

respectively. Moreover, a significant entropic gain predicts the miscibility of two small 

organic molecules, despite an enthalpic cost resulting from the apparent differences in 

solubility parameters.  

Hansen decomposed the solubility parameter into contributions of dispersion forces (��), 

polar forces (��), and hydrogen bonding (��) to create a more encompassing picture of the 

CED[99,100]. When, 

    ∆����=∆����-T∆����<0                                                                                            ( 2.1) 

 In which   ∆����,  ∆����, ∆����   and T  denotes the Gibbs free energy, enthalpy,  entropy 

of mixing, and temperature, respectively. In contrast, the relation for the intermolecular 

interactions between the anti-solvent and the perovskite should be ����  > 0, which will 

enable a wet perovskite film to dry. Thus, when combining long-chain macromolecules, 

∆����≈0, and ∆����>0, leading to  ∆���� > 0. Noteably, the stability condition for single 

phase (
��∆����

�∅�
)   �,� >0, where  ∅� is the volume fraction of component i and P is pressure 

[101–103].  

 2.4. Polymer-Perovskite Based Composites 

The insulating polymer polymethyl methacrylate (PMMA) was combined with all-inorganic 

CsPbBr3 perovskite nanocrystals using the solvent toluene in a solution blending technique. 

This example shows that effective light emission may be obtained utilizing both bulk and 

CsPbBr3 perovskite nanoparticle, based on the Amplified Simulation emission (ASE) of the 

CsPbBr3 thin disk. Furthermore, the CsPbBr3/PMMA thin disk's optical characteristics were 

effectively preserved as a result of perovskite's inclusion into the polymer, which enhanced 

the active material's properties [104].  Interestingly, in 2021, Wang and his colleagues 

reported that CsPbBr3 QDs embeded into PMMA polymer shows that best green emission 

with   PLQY≈ 82.7%, FWHM≈18.6 nm, and life time≈32.5ns. In addition to that, 

CsPbBr3/PMMA composite exhibits better stability under ambient condition [105]. In the 

same year, Yang et al. result illustrates that passivation of CsPbBr3 QDs with PVDF exhibits 
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excellent structural stability, suppress phase transformation and enhanced optical 

performance [106]. 

 Zhang and co-workers investigated maximum luminance increment from 350 to 11 600 

Cdm-2 as well as current efficiency 0.26 to 7.19 CdA-1 when a polyvinyl pyrrolidine (PVP) 

buffer layer inserted between the ZnO electron transport layer (ETL), and CsPbBr3 emissive 

layer (EML). On the other hand, they achieved maximum brightness, EQE, and CE of  

91,000Cdm-2, 10.43%, and 33.9 1C d A  , respectively using modified active layer film by 

incorporating insulating polymer PVP   at the interface and CH3NH3Br (MABr) for lattice 

[39,107]. 

In 2020,  5% PVP doped CsPbBr3 based device  with structure of  glass/ ITO/PEDOT: 

PSS/CsPbBr3+ x% PVP/TPBi/LiF/Ag shows  better luminance, CE, EQE such as 1734 Cdm-

2 (7.0V), 0.438 CdA-1 (4.0V), and 0.139% (4.0 V), respectively. When 1.5 mg of PVP 

interlayer is present in this scenario, the device shows three times more EQE and CE with 

an extremely green color, and stronger EL properties than the control PEDOT: PSS/CsPbBr3 

+ %X PVP [108].  Thus, this finding indicates that using PVP at the interface can slow down 

electron injection and balanced the charge injection as compared to PMMA [98,104]. 

Recent studies have proposed that hybrids with special features such conjugated polymers 

might enhance the stability and other characteristics of perovskite. In 2015, an efficient 

charge transfer mechanism is demonstrated at the interface of CH3NH3PbI3 /MEH-PPV, and 

growing perovskite within a polymer matrix results in a new kind of nano composite. 

Furthermore, perovskite-polymer composite shows a smooth morphology and fine 

perovskite dispersion in the polymer matrix makes  improvement in the  film-forming ability 

and stability of perovskite-based optoelectronic devices [109].  However, inorganic 

perovskite such as pure cesium lead chloride CsPbCl3 and CsPbBr3 exhibits PLQY 1% and 

78% respectively. These suggest that there may be a way to balance between luminescence 

efficiency and emission wavelength due to the adjustable band gap. The first white light 

emission was investigated by using orange emitting MEH-PPV and blue EL perovskite 

CsPbBrxCl3-x owing device configuration, ITO /NiOx/perovskite-polymer 

composite/TPBi/LiF/Al as represented in Figure 2.3. The transfer of excitons from the blue 

nanocrystal to the orange polymer through Förster or Dexter energy transfer mechanisms 
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was measured in this instance using time-resolved photoluminescence spectroscopy, and 

white-light emissions were produced by adjusting the ratio between the nanocrystal and the 

polymers.  

 

Figure 2.3 Energy Diagram of CsPbBrxCl3-x/MEH-PPV [87].  

It was observed that PL lifetime was decreased due to exciton energy quenching for 

perovskite to conjugated polymer [87]. In 2018, it was reported that PL was decreasing when 

CsPbBr3NCs were incorporated into MEH-PPV. The introduction of CsPbBr3 NCs into the 

light-emitting conjugated polymer improved the stability and process ability of their hybrid 

[110]. In comparison to reference PeLEDs without a PFO buffer layer, the device's 

performance is improved when conjugated polymer PFO is incorporated between the hole 

injecting layer and active layer (CH3NH3PbBr3). This is evident in the luminous intensity, 

CEmax, and EQEmax with corresponding values  8,139 Cdm-2 to 30,150 Cdm-2, 7.20 CdA-1 to 

10.05 CdA-1,and 1.73% to 2.44%, respectively.   

Furthermore, passivates the shallow trap to ensure increasing hole injection and increases 

the coverage of perovskite film. Addition of a high concentration of conjugated polymer 

between the hole injection layer and active layer attributes, which suppresses the EL 

reduction from exciton dissociation and quenching through charge recombination and/or 

non-radative energy transfer at the interface. The reduction of EL was due to the thicker size 

of the conjugated polymer that causes trap exciton at the interface leads decreasing in hole 

injection [111]. The composite was produced by Qaid S et al. when CsPbBr3 QDs were 
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added to conjugated polymer PFO. This result exhibits  better thin film morphology, adjusted 

thin-film optical characteristics, and promoted non-radiative energy transfer from PFO to 

CsPbBr3 QDs [44]. The maximum peak at 385 nm sharply dropped without shifting when 

different amounts of PQDs were added to the binary conjugated polymer blend PFO/MEH-

PPV, while the peak absorbance of the shoulder at 294 nm slightly increased. On the other 

hands, the addition of perovskite quantum dots as a third component into the binary polymer 

was vital to facilitate triplet Forster resonance energy transfer(FRET) as well as tuning the 

FRET parameters [112].  In 2018, it was presented that full-color tunability approach through 

binary hybrid blends between conjugated polymer (PFO) and perovskite NCs due to their 

easily form solution, good film-forming property of polymer, and good emission of blend 

film [74]. 

According to a report, increasing the amount of perovskite QDs in MEH-PPV/PFO caused 

the grain size to grow, the lattice and dislocation to decrease, the Urbach tail to reduce, the 

steepness parameter to increase, and the non-radiative energy transfer process to be 

enhanced.  The use such a kind of hybrid as an emissive layer in optoelectronic devices 

improving the performance of the device [112]. Therefore,the composites shows distinctive 

unique optoelectronic and mechanical properties, namely their solubility, flexibility, and 

electroluminescence which makes them  benenifical to use as active layer material in 

optoelectronic devices [113].Furthermore,combining perovskite with polymers proved to be 

a simple solution, as polymers benefit perovskite in a variety of ways, including easier 

system fabrication, improved mechanical performance, and improved luminescent 

properties [114]. 

Despite of that, incorporation of perovskite NCs into conjugated polymers improves the 

structural and optical properties of nanocomposites as compared to pristine. Thus, utilizing 

the mixture abundant polymer and perovskite NCs makes materials to have new opportunity 

for improvement of properties and performance of optoelectronic devices [44]. In addition, 

the composite of conjugated polymer with perovskite nanocrystals exhibits  improvement of  

the stability of perovskite QDs and properties makes them used an active layer for 

optoelectronic applications.   
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The physical and optoelectronic properties of inorganic NCs depend on their geometric 

morphology. As it was known that oleic acid (OA) and oleylamine (OAm) are used as ligand 

reagents to synthesize CsPbX3 NCs in common but suffer morphological control [115]. As 

of right now, adding more reagents allowed CsPbX3 NCs to have controlled morphologies.  

Unfortunately, OA is unstable and readily degrades under wet conditions. 

On the other hand, hot injection is the most common approach to synthesis CsPbX3 NCs 

and achieve good crystallization of the films and achieved high QY. However, it require 

high temperature and inert gas. Thus, it is essential to have low-cost synthesis and control 

reaction time for large-scale production [115,116]. Therefore, RT is very important approach 

met desire such as easily synthesis and large scale production.    

When compared to OA, olive oil is a type of widely used edible oil capping ligand that is 

easier to get from commercial markets and exhibits higher stability in the winter. 

Furthermore, using olive oil as a ligand reagent results in the synthsization of high-quality 

NCs with many NC morphologies [116]. As far as currently available research, there are just 

a few investigations on conjugated polymer-perovskite composite PFO/MEH-PPV/CsPbBr3 

QDs [117] , MEH-PPV/ CsPbBr3NCs [110],and PFO/ CsPbBr3 [44] were reported about 

optical and structural properties. In these conditions, the perovskite nanocrystal was 

synthesized using precursor surfactant oleic acid or a mixture of OA and OAm but not with 

olive oil. Also, the most common light-emitting polymer, poly[2-methoxy-5-(3',7'-dimethyl 

octyl oxy) 1-4-phenylenevinylene (MDMO-PPV), is comparable to MEH-PPV and is 

utilized in the majority of plastic electronic devices. As per authors knowledge  no study 

were conducted  specifically  MDMO-PPV - inorganic perovskite composite for 

optoelectronic applications. This polymer matrix has high crystallinity, processability, and 

film-forming ability [118–120]. Therefore, this study focused on the properties of a 

conjugated polymer MDMO-PPV:CsPbX3 (X= Br and mixed halides Br/Cl) nanocomposite.   
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Furthermore, still the require efficiency is low for organic-inorganic  perovskite  so  that  

recently  researchers  relies  on  all  inorganic  perovskite  materials  based  optoelectronic 

devices which has  relatively better chemical stability and high photoluminescence.  

However, all inorganic perovskite materials does not met the required  properties and 

performance  of devices having different  problems  such  as  stability  due  oxygen  and  

moisture  and  other  issues.  As  result  different  strategies are used to enhance those 

limitations and improve the performance of devices based  on  the  all  inorganic  perovskite  

such  encapsulation,  composite  with  polymers  /conjugated  polymer and others.  Thus , 

this study was mainly facous  on the ligands effects on all inorganic Cesium lead bromide 

perovskite  Ncs and  MDMO-PPV-CsPbBr3 nanocomposites were investigated when various 

amount of CsPbBr3 incorporated. The CsPbBr3 Ncs was synthesized using one of the typical 

ligand  assisted methods called supersaturated recrystalizaion  under room temperature, 

whihch is inexpensive and simple for preparation and scablity of productions.  
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     Chapter Three 

3. Materials and Methods 

    This section contains the relvant  experimental strategies and procedures applied in the 

experiments in this dissertation.  Additionally mentioned were the reagents and chemicals 

utilized in this experiment.  Here,the phase behaviors of conjugated polymer blends are 

described by FH lattice theory, for which the interaction parameter is estimated from contact 

angle measurement leading to solubility parameter. Other topics covered in this section 

include the measurement of contact angles, which compromises the determination of the 

wetting ability of surfaces on film samples of conjugated polymers and analysis of contact 

angles was conducted. Furthermore, materials such as polymers, perovskites, lignads, and 

solvent lists are mentioned; experimental methods and techniques for optical, structural, 

electrochemical, and morphological characterizations were described.     

3.1. Materials 

Lead bromide (PbBr2, 99%, Delhi, AR chemicals, India), cesium bromide (CsBr, 99.9%, 

Sigma-Aldrich), lead chloride ( PbCl2,99.0%, Delhi India), oleic acid (98%, Sigma-Aldrich, 

Darmstadt, Germany), oleylamine (70%, Sigma-Aldrich),Olive oil(OO,Nice), acetone 

(≥99.5%, Sigma-Aldrich), hexane (≥97.5%, Sigma-Aldrich), isopropanol (≥99.5%, Delhi, 

India), Distil water, toluene (≥99.5%, AR chemicals, Delhi, India), N,N-dimethylformamide 

(DMF, 99.5%, AR chemicals, Delhi, India), ethyl acetate (99%, AR chemicals, Delhi, 

India), poly[2-methoxy-5-(3′,7′-dimethylloctyloxy)-1-4-phenylene vinylene] (MDMO-

PPV,= 120,000 g•mol-1) were used in this study. The chemicals were  used as received 

without further purification 

 3.2. Synthesis Methods 

There are many different techniques applied for synthesis and characterization.  Some of 

the techniques used for  synthesis of perovskite NCs such as Hot- Injection method, Ligand-

assisted Reprecipitation (LARP)  method, Polar solvent controlled ionization method, and 

others.  The commonly used  methods for the synthesis perovskite NCS are hot–injections  

and Room temperature. In this study Ligand-assisted Reprecipitation (LARP) method at 
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room temperature for syntheis of perovskite NC rather  hot-injection methods which requires 

inert gasses, and high temperature. 

3.2.1. Hot-Injection Method 

The hot-injection(HI) synthesis process, which involves injecting precursors into a 

supersaturated solution at elevated temperatures, is among the most convenient techniques 

for producing PNCs.When synthesized using the HI method, the temperature at which the 

cation or anion precursor is injected, the reaction time, the concentration of the precursors, 

and the ratio of surfactants to precursors are the key parameters that allow control over the 

size, size-distribution, and shape of colloidal NCs. The HI technique, for all its benefits, is 

nevertheless expensive and challenging to create on a big scale since it needs inert gasses 

and a high temperature [23,29,40]. 

3.2.2. Ligand-assisted Reprecipitation  Method   

Ligand-assisted Reprecipitation (LARP) technique is simple to use, quick to recycle, 

inexpensive, low temperature, and suitable for large-scale manufacturing outdoors [32,121]. 

Because RT uses ambient temperature rather than an inert environment, it is therefore this 

method  better for synthesizing high-quality film as compared to HI. Compared to HI, LARP 

is widely used to synthesis perovskite NCs at RT [23]. Supersaturated recrystallization, a 

kind of LARP technique,was used in this work because it is an easy, affordable, and large-

scale production without the need for inert gas or high temperatures.   

  3.3. Characterization Techniques  

The morphology, topography, crystallographic information, compositions, structural, and 

optical properties of prepared samples could be characterized by some   techniques of  

Spectroscopy and microscopy [122–124]. Those techniques  are explained as  follows;  

3.3.1. X-Ray Diffraction  

  X-ray diffraction (XRD) technique is  the most common technique used for determining 

the crystal structure of materials based on the diffraction light. In this scenario, amorphous 

materials are not organized in periodic array so they donot scattered light coherently. Elastic 

scattering is the mechanism by which electrons that have occupied specific energy levels 

around an atom must re-emit the energy of another with  equal  energy  value as the first one 
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since the energy absorbed is insufficient to liberate the electron. The scattered x-rays may 

constructively interfere at particular x-ray incidence angles; this phenomenon is known as 

diffraction, and it causes an intensity peak to appear in the XRD diffractogram. The device  

XRD is  called an X-ray diffractometer [122,123].  Here X-ray diffraction XRD (Rigaku 

mini flex-300/600 diffractometer ,Tokyo, Japan, CuKα, λ = 1.5406 Å at 40 kV and 15 mA) 

has been used in this work to determine the crystalline structure of the CsPbBr3 perovskite 

NCs, CsPb(Br1-xClx)3, MDMO-PPV, MDMO:CsPbBr3 composite  and  also  MDMO: 

CsPb(Br1-xClx)3 Composite. 

3.3.2. Scanning Electron Microscope  

 The most popular kind of electron microscopy is the scanning electron microscope (SEM). 

It uses a method similar to scanning on focused microscopes, but with high  resolution and 

much greater depth of field, to investigate microscopic structure by scanning the surface 

materials . 

 A concentrated electron beam that traverses a specimen's surface  produces  a SEM  images 

[123]. It measures morphology (particle size and shape), content (elements and compounds), 

topography (topography map, surface attributes), and crystallographic information (atom 

arrangement) [122,123]. In this work, Field–Emission Scanning Eelectron Microscope (FE-

SEM) (FE-SEM, MAIA3 XMH, TESCAN BRONO SRO, Kohoutovice, Czech Republic) 

was  applied to investigate the morphology and structural properties of samples.  

3.3.3. High Resolution Transmission Electron Microscope  

It is an invaluable tool for the characterization of nanostructures, providing a range of 

different imaging modes with the ability to provide information  structure at the ultimate 

sensitivity. It offers all the data from a traditional TEM in addition to information on the 

crystal structure of individual particles. Additionally, determine the materials' crystallinity. 

In this study High resolution transmission electron microscope (HRETM)( Model: JEOL, 

JEM-2100) with an operating voltage of 200 kV) with high resolution has be used to 

examine the morphology and structural characteristics of  CsPbBr3, MDMO-PPV and their 

composites [122,123].  
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3.3.4. Ultra Violet Visible Spectroscopy  

The optical characteristics of a material, such as its band gap, can be detailed using 

absorption spectroscopy. Ultra Violet Visible (UV-Vis) spectroscopy examines  the 

absorption  spectroscopy in  range  ultraviolet  to Visible. This technique uses 

electromagnetic radiation in the UV visible range to interact with a material. The law of 

Lambert Beer is the cornerstone of UV-Vis [123–125]. 

UV-visible spectrophotometer(SHIMADZU UV-2600, Kyoto, Japan) was employed to 

determine the absorption spectra of samples. The baseline for this experiment was created 

using a quartz cuvette that contained just solvent for solution samples. A blank glass 

substrate was utilized as the baseline before the sample was added to the spectrometer for 

the film measurements. 

3.3.5. Photoluminescence Spectroscopy  

The Photoluminescence (PL) spectroscopy (SHIMADZU RF-6000, Kyoto, Japan) was used 

to provide the information about a material's emission properties .PL spectroscopy is crucial 

as the NCs created in this work were used in optoelectronic domains. A species releases light 

PL when some photons have been absorbed. PL spectroscopy is essentially a contactless, 

non-destructive technique for examining any species' electrical structure. In this approach, 

the sample is stimulated with a specific wavelength of light. In the event of a radiative 

process, the electron eventually returns to ground level and releases light [123,125]. 

There are two monochromators in the system. The excitation monochromator selects the 

excitation wavelength, and the emission monochromator scans the emission in order to 

measure the PL. Typically, both monochromators are perpendicular to one another to reduce 

light scattering [125]. 

3.3.6. Time Correlated Single Photon Counting  

Time Correlated Single Photon Counting (TCSPC ) (Model: Fluorolog 3 TCSPC, Horiba, 

USA) used to investigate the PL decay time of samples .TCSPC is a widely utilized 

instrument which used  to investigate the excited state dynamics of semiconductor materials. 

Using TCSPC, photon arrival timings are gathered in time-resolved photoluminescence 

spectroscopies. A pulsed excitation source must be used because of the nature of this 

approach, which is time-resolved. The spontaneous nature of light emission from the excited 



27 
 

state means that the only feasible conclusions are estimates of the likelihood that a single 

molecule will produce a photon within a certain time frame. For a single photoluminescent 

molecule, the number of molecules within the excited state generally corresponds to the 

emission intensity of the molecule [126].   

3.3.7.  Fourier Transform Infrared  Spectroscopy  

 Fourier Transform Infrared (FTIR) is a technique apply to identify functional groups in 

chemical compounds. One can perform FTIR spectroscopy in the 4000-400 cm-1 range. 

There are two uses for this FTIR analysis. One is that samples in the solid, liquid, or gas 

phase can be used by  the transmittance approach, which produces high signal-to-noise ratios 

[123,127]. Here, samples' FT-IR spectra (PerkinElmer Spectrum Two FT-IR Spectrometer 

)were recorded at a resolution of 4 cm-1 by the use of attenuated total reflection (ATR) 

sampling. Specifically, the surface composition and functional groups of the produced 

perovskite NCs, polymers, and polymer-perovskite NCs composites were examined in this 

dissertation. 

3.3.8. Contact Angle Measurement 

 The contact angle analyser(Phoenix 300+/LCA10, SEO Co. ltd., Korea) was used to 

measure  water contact angle. Here, measuring contact angles is made easy by finding the 

angle of a liquid drop with a solid surface at its base. With properly prepared solid surfaces, 

contact angles are reasonably easy to measure, therefore this approach of calculating the 

solid-vapor as well as the solid-liquid interfacial [128]. 

3.3.9. Electrochemical Impedance Spectroscopy 

 Electrochemical characterizations can be used to determine how the materials behave 

electrochemically under different electrochemical circumstances. One method of calculating 

impedance is to apply a small-amplitude sinusoidal voltage to the electrode being studied. 

This produces a current, the amplitude and phase angle of which are measured in relation to 

the applied sinusoidal voltage. In this study, Electrochemical Impedance Spectroscopy (EIS) 

( Bio-Logic, SAS, France)  analysis was conducted  in the frequency range of 10 mHz to 

100 KHz [129]. According to the EIS measurement, changes in applied bias voltage cause a 

shift in the charge transfer resistance, which alters carrier extraction. 
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Chapter Four 

4. All-Inorganic CsPbBr3 Perovskite Nanocrystals Synthesized with Olive 

Oil and Oleylamine at Room Temperature 

4.1. Introduction 

      Halide perovskites (HPs) have the general chemical structure of ABX3, where A 

[methylammonium (MA) CH3NH3
+, formamidinium (FA) CH(NH2)2

+, methylhydrazinium 

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

+ and cesium Cs+] and B (lead Pb2+, tin Sn2+, and 

germanium Ge2+) are cations and X is anions (chlorine Cl-,bromine Br-, and iodine I-) 

[36,130–135].When these HPs serve as a semiconducting layer for the electronic and 

optoelectronic devices, they share some common properties such as defect tolerance, large 

absorption coefficient, high dielectric constant, low exciton binding energy, long charge 

carrier diffusion length, high charge mobility, and tunable bandgap [136–141]. Hence, the 

state-of-the-art devices show the power conversion efficiency of ~26% for photovoltaic (PV) 

cells, and more than 20% quantum efficiency for light-emitting diodes (LEDs) [132,142–

145]. Furthermore, based on the aforementioned excellence properties, HPs have been 

applied to lasers, photodetectors, x-ray/γ-ray detectors, medical imaging devices, biosensors, 

photocatalysis, and luminescence solar concentrators [146–153] . However, the organic-

inorganic hybrid HPs have an intrinsic problem in thermal stability originating from the 

organic cations such as MA and FA in the perovskite structure [154,155]. For example, 

MABr decomposes at around 250-350 °C [155]. Hence, to overcome this thermal instability, 

all-inorganic HPs such as CsPbX3 (X= Cl, Br, and I) have been employed for perovskite 

electronics [28,155–161].  

However, it is notable that the all-inorganic Cs-based perovskites with wide bandgap (Eg 

>1.65 eV) [162,163] also have some stability problems. First, Goldschmidt tolerance factor 

( t ) is     2A X B Xr r r r   , in which , ,  and A B Xr r r  are the radius of cation A, cation B and 

anion X, respectively [21]. In the case of CsPbCl3, CsPbBr3 and CsPbI3, each tolerance factor 

is 0.87, 0.816 and 0.805, respectively [164,165]. Considering that the cubic phase could be 

stable in the range of 0.813 ≤ t≤ 1.107 [21], CsPbI3 is structurally unstable among cesium 
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lead halides. Second, the Cs-based perovskites undergo a multiple polymorph transition such 

as orthorhombic, tetragonal and cubic depending on temperature and composition[166]. 

 To be thermodynamically stable high-symmetry cubic phase, the perovskite should stay 

at the temperature more than 47°C for CsPbCl3, 130°C for CsPbBr3 and 300 °C for CsPbI3, 

indicating that CsPbI3 is the most challenging compound in spite of its promising energy 

bandgap ~ 1.73 eV [167–170]. Note that CsPbCl3 and CsPbBr3 have each bandgap of ~3.03 

eV and ~2.25 eV, respectively[171]. Furthermore, it is notable that CsPbI3 undergoes a phase 

transition from black γ-phase to yellow δ-phase (i.e., non-perovskite with Eg~2.82 eV) 

resulting in an undesirable compound for perovskite electronics [172]. Third, according to 

Li and coworkers , the thermal stability of Cs-based perovskites are in the sequence of 

CsPbCl3 > CsPbBr3 > CsPbI3, because its structural change was observed at 500°C for 

CsPbCl3, 400 °C for CsPbBr3 and 200°C for CsPbI3, respectively, based on in-situ x-ray 

diffraction experiments as a function of temperature in ambient conditions [173,174]. Hence, 

we notice that CsPbCl3 and CsPbBr3 are superior to CsPbI3 from the stability point of view. 

In this work, we may focus on green-emitting CsPbBr3 perovskite semiconductor [175,176]. 

In 1958, Møller reported the structure and photoconductivity of CsPbX3 crystals (X= 

Cl, Br, and I) [156]. Then after more than five decades, in 2015, Kovalenko and coworker 

invented a hot-injection (HI) method for synthesizing CsPbX3 (X= halide or its mixture) 

colloidal quantum dot materials with oleic acid (OA) and oleylamine (OAm) surface ligands 

[40]. Then after one year, Zeng and coworker invented another method called supersaturated 

recrystallization (SR) for synthesizing CsPbX3 nanocrystals (NCs) with OA and OAm at 

room temperature [177]. In 2019, Shi and coworker tried to replace OA with an edible ‘olive 

oil (OO)’ using the HI method[116]. Then recently, Jing and coworker tried to replace OA 

with another ligand called 4,4'-Azobis(4-cyanovalericacid) (CA) at room temperature 

because OA and OAm can be detached easily from the surface of CsPbX3 [178]. On the 

other hand, in 2022, Ray and coworkers proposed a new technique to synthesize CsPbX3 

(X=I/Br) by modifying ligand chemistry using olive oil [179].  

For fabricating a relatively more stable cubic phase of CsPbX3, there are three methods: 

(1) nanoscale crystals with high surface energies (instead of high temperature), (2) surface 

ligands, and (3) composition engineering [40,116,177–179].  
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These methods are commonly utilized for synthesizing CsPbX3 QDs. Hence, the colloidal 

CsPbX3 NCs have several strong advantages compared to its bulk counterparts. First, based 

on quantum size and confinement effect, the energy bandgap of QD materials is easily 

tunable resulting in the full-color spectrum coverage. Second, the NC-ligand complexes can 

afford versatile solution processability via a colloidal structure. Third, the perovskite NCs 

can enhance their optical properties, resulting in a high photoluminescence quantum yield 

(PLQY) and a narrow full-width at half-maximum (FWHM) for color purity, which is 

desirable for lighting and display applications [168,177].         

In this study, we tried to replace OA with OO to synthesize CsPbBr3 NCs at room 

temperature for which we adopted the SR method. To the best of authors’ knowledge, in the 

past, the OO ligand was tested only by the HI method [116] although OO is promising as a 

surface ligand for the mass-production process in future. Hence, in this work, we employed 

this OO ligand for synthesis of CsPbBr3 NCs at room temperature. Note that SR is a type of 

ligand-assisted reprecipitation (LARP) technique, affording a simple, low cost, and a large 

production capability in ambient condition. Furthermore, basically, SR is an antisolvent-

mediated solution process, resulting in the nucleation and growth of perovskite NCs. Hence, 

the classical LaMer model [180,181] and solvent engineering (SE) [182,183] should be very 

important for addressing the SR mechanism in the synthesis of CsPbBr3 NCs at room 

temperature.  

4.2. Materials and Methods 

 4.2.1. Chemicals 

Lead bromide (PbBr2, 99.0%, AR chemicals), cesium bromide (CsBr, 99.9%, Sigma-

Aldrich), oleic acid (OA, 98%, Sigma-Aldrich), oleylamine (OAm, technical grade 70%, 

Aldrich chemicals), olive oil (OO, Nice), hexane (≥97.5%, Sigma-Aldrich), N,N-

dimethylformamide (DMF, 99.5%, AR), and toluene(Aladdin, ≥99.5%, AR) were  used in 

this experiments. All chemicals were used without further purification. 

4.2.2. Synthesis of CsPbBr3 Nanocrystals  

In the SR method [177], the perovskite precursors and ligands, CsBr (0.2mmol, 43mg), 

PbBr2 (0.2mmol, 73 mg), OA or OO (0.5 mL) and 0.25 mL of oleylamine, were dissolved 
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into 5 mL of a polar DMF solvent and stirred using magnetic stirrers at RT for two hours. 

Then, 1 mL of the perovskite precursor solution was titrated into 10 mL of a nonpolar toluene 

antisolvent and stirred for 60 sec. Then the CsPbBr3 NC dispersion exhibited a green-light 

emission under 365 nm UV illuminations, confirming that the reaction was successful 

through the SR method. Then this colloidal dispersion was transferred to a centrifuge tube 

for centrifugations, and it was centrifuged at 8000 rpm for 10 min. The supernatant was 

discarded and the resulting precipitate was re-dispersed in the nonpolar hexane. Then the 

final CsPbBr3 compound was dried under vacuum oven at 60°C for overnight. Now the 

CsPbBr3 samples were kept for further characterization at RT. 

 4.2.3. Characterization 

 The structural properties of CsPbBr3 (OA & OAm) and CsPbBr3 (OO & OAm) were 

determined by the X-ray diffraction (XRD) measurements measured using the Rigaku mini 

flex-300/600 diffractometer (Tokyo, Japan). The irradiation used CuKα, λ = 1.5406 Å at 40 

kV and 15 mA for the XRD analysis. The CsPbBr3 NC’s size and shape were determined by 

using the high-resolution transmission electron microscopy (HR-TEM) (Model: JEOL, 

JEM-2100) with an operating voltage of 200 kV. The optical absorption was characterized 

by using the Ultraviolet-visible (UV–vis) absorption spectroscopy (SHIMADZU UV-2600, 

Kyoto, Japan) whereas the photoluminescence (PL) spectra were measured using a 

spectrophotometer (SHIMADZU RF-6000, Kyoto, Japan) at the excitation wavelength of 

375 nm. The Fourier-Transform infrared spectroscopy (FT-IR) analysis was performed by 

using PerkinElmer Spectrum Two FT-IR Spectrometer. For this purpose, the attenuated total 

reflection (ATR) was employed as a sampling technique to record the FT-IR spectra of the 

drop-cast CsPbBr3 thin film in the range 4000-400cm-1 with resolution of 4 cm-1. Here, for 

the drop-cast thin film, the glass substrate was washed in detergent soap, followed by ultra-

sonication using distilled water, acetone, and isopropanol, respectively, for 15 min per each 

process. Then the cleaned substrate was dried at 80°C for 1 hour in vacuum oven and 

subsequently cooled down at room temperature. The prepared sample solution (10 mg 

perovskite precursors in 1 mL of toluene) was drop cast on the clean glass substrate and 

dried in ambient condition. The PL decay curves were recorded by using a time-correlated 

single photon counting (TCSPC) (Model: Fluorolog 3 TCSPC, Horiba, USA).             
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4.2.4. Computational Methods 

The electronic band structures of the CsPbBr3 unit cell were calculated using the Cambridge 

Serial Total Energy Package (CASTEP) software with the density functional theory. The 

Perdew-Burke-Ernzerhof (PBE) parametrization of the General Gradient Approximation 

(GGA) was used to describe the exchange correlation functional. The unit cell in the 

Brillouin zone was applied to evaluate the electronic band structures.  

Energy of 5×10-5 eV/atom, maximum force of 0.01 eV/Å, maximum displacement of 5×10-

4Å and maximum stress of 0.02 GPa were used for all geometry optimization.  

 4.3. Results and Discussion 

  Figure 4.1a shows the orthorhombic structure (space group, Pbnm ) of CsPbBr3 crystal. 

However, when temperature increased, CsPbBr3 undergoes a phase transition from 

orthorhombic to tetragonal ( 4P mbm ) at 88°C and from tetragonal to cubic ( 3Pm m ) at 130°C 

through a tiny rearrangement of the unit cell atoms [184,185]. On the other hand, in the case 

of NCs, the unit cell structure could be affected not only by crystal size/shape but also by 

the Pb2+/ligand ratio [161]. For example, the cubic phase was observed at RT if the crystal 

size is in nanoscale, indicating the metastable state of NCs. In the case of the electronic 

structures of CsPbBr3 unit, the information could be found in the Figure (4.2), displaying 

that the bandgap (Eg) is reduced with from 2.40 eV (cubic) to 2.31 eV (orthorhombic) via 

2.37 eV (tetragonal).   

 

Figure 4.1. Polyhedral of CsPbBr3 unit cell: (a) orthorhombic, (b) tetragonal, and (c) cubic 

structure 
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        Figure 4.2. The electronic structures of CsPbBr3 unit cells displaying polymorphism: (a)   

       Orthorhombic, (b) tetragonal, and (c) cubic phase. Here, the bandgap energy (Eg) of each unit  

      cell is 2.31eV for orthorhombic, 2.37 eV for tetragonal, and 2.40 eV for cubic phase,  

       respectively.    

Figure 4.3 shows the chemical structure of (a) OO, (b) OAm and (c) DMF and toluene, 

among which both organic OO and OAm surface ligands were employed as a mixed ligand 

for the synthesis of CsPbBr3 at RT using a saturation recrystallization (SR) process [177]. 

As shown in Fig.4.3a, the OO’s glycerol fractions (~98% of total OO) are composed of oleic 

acid, linoleic acid, palmitic acid, and palmitoleic acid but it also contains small amounts of 

non-glycerol fraction (~1-2% of the total OO by weight) such as biophenols and triterpenic 

acids[186]. Here because of the conformational freedom (e.g., a chain folding) of C-C single 

bond rotation, the high carbon ligand may undergo a chain folding in a typical solvent 

medium, DMF. Importantly, it is noteworthy that the compositional engineering (or mixing 
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strategy) has been commonly used for perovskite electronics for enhancing stability, e.g., 

cation mixtures (MA+/FA+), metal ion mixtures (Pb2+/Sn2+ or Ge2+/Sn2+), halogen mixtures 

(Cl-/Br-/I-), perovskite mixtures (2D/3D), etc., which resulting in the enhancement of 

stability of materials and devices [186–190]. In the same vein, when we use the edible OO 

as a surface ligand, it might be useful in stability with a guaranteed benefit of eco-

friendliness, which is a desirable characteristic for a mass-production process in future.  

 

Figure 4.3. Chemical structures of (a) olive oil: glycerol fractions, ~98%, (b) 

oleylamine, and (c) DMF and toluene 

Figure 4.4 shows the free energy change ( G ) as a function of the radius ( r ) when the 

nucleus is assumed to be a spherical according to the LaMer model, a classical nucleation 

theory [180,181].  



35 
 

Here, the free energy change ( homG ) for homogenous and that ( hetG ) for heterogeneous 

nucleation could be defined as follows, 

3 24
4

3
hom v SLG r G r                                                                                               (4.1) 

  23 2 2 cos 1 cos4
4

3 4
het v SLG r G r

q q
  

  
      

 
                                                    (4.2) 

where vG  is the free energy change associated with the formation of a small volume of 

solid whereas S L is the solid/liquid interfacial free energy. Furthermore,

 het homG G S q   , where      22 cos 1 cos 4S q q q    is a shape factor at a wetting angle

q. According to the LaMer model [181], when a solution is supersaturated by undercooling, 

a nucleus could be formed. If this nucleus is larger than the critical size ( *r ), the spontaneous 

growth is available because G  is decreasing as shown in Fig. 4.3a (see the blue solid line). 

In the case of the SR process, a supersaturated condition is directly available when the 

perovskite precursor solution (a colloidal dispersion containing bromide plumbate, PbBrn
2-n 

with n= 2-6) is dropped into the antisolvent medium, e.g., toluene with Gutmann’s number 

(DN), ~0.1 kcal/mol (i.e., Lewis basicity) (see Table 1 for details) [191]. Here, it is 

noteworthy that a nonpolar toluene with solubility parameter, δ= 8.9 (cal/cm3)1/2 is 

antisolvent for the bromide plumbate but it is still miscible with the polar DMF solvent (δ= 

12.1 (cal/cm3)1/2) [192], indicating that the perovskite precursor ions (Cs+, Pb2+, Br-) will be 

directly exposed to the antisolvent toluene molecules, resulting in the nucleation and growth 

of perovskite NCs as explained through the critical point (r*-ΔG*) in the LaMer model. 

However, it is notable that in the case of SR process, the supersaturation has reached simply 

by adding the precursor solution into the antisolvent (not by undercooling like in the LaMer 

model).  

Interestingly, the SR process is similar to the well-known Solvent Engineering (SE) (i.e., 

one-step antisolvent method) in the sense that the wet precursor solution is directly exposed 

to the antisolvent molecules [182,183].  

However, the difference is that the SE method is processed during the spin-coating step by 

dispensing the antisolvent on the top of a wet precursor solution. Furthermore, SE allows the 



36 
 

formation of intermediate phase when a polar solvent DMSO is employed, whereas SR may 

not allow it because the colloidal dispersion may undergo a direct crystallization (at least 

without a co-solvent such as DMSO). Importantly, the SR process corresponds to the 

heterogeneous nucleation and growth of CsPbBr3 perovskite because the nanoscale 

crystallization has processed through the surface of haloplumbate dispersed in the DMF 

medium. Recall that the perovskite precursor solution is a typical colloidal dispersion [193], 

i.e., haloplumbate is dispersed in a solvent medium, herein DMF with DN = 26.6 kcal/mol. 

In the case of Br-, its DN is 33.7 kcal/mol [194], indicating that Pb2+ (Lewis acid) may have 

a stronger coordination bonding with Br- ions (Lewis base) than DMF to form the acid-base 

adducts in spite that DMF is a good solvent for the perovskite precursor materials. See Figure 

4.4 in SM for the vials containing CsPbBr3 NCs in the supersaturated solution/dispersion.  

 

Figure 4.4 (a) The free energy change ( G ) in the nucleation and growth process as a 

function of r (a radius of a spherical nucleus by assumption). Here, *G is the critical free 

energy barrier at the critical radius ( *r ), where a unit cell is formed. (b) Schematic explana-

tion of supersaturated recrystallization (SR) of CsPbBr3 in the antisolvent toluene. 
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Figure 4.5. Vials containing a CsPbBr3 colloidal dispersion depending on surface ligands: (a) oleic 

acid and oleylamine – a normal photo, (c) oleic acid and oleylamine – under 365 nm UV light, (c) 

olive oil and oleylamine – a normal photo, and (d) olive oil and oleylamine – under 365 nm UV 

light. Hence, CsPbBr3 nanocrystals can serve as a green-light emitter. 

Table 4.1. Gutmann’s solvent donor number (DN), solubility parameter (δ), dielectric 

constant (ε), molar mass, density, boiling point (b.p.) and chemical structures of solvents. 

Solvent 
DN 

(kcal/mol) 
δ1 

(cal/cm3)1/2  
ε 

Molar 
mass 

(g/mol) 

Density 
(g/cm3) 

b.p. 
(°C) 

Chemical 
Structure 

DMF 26.6 12.1 36.1 70.095 0.948 153 C3H7NO 
Toluene 0.1 8.9 2.38 92.140 0.867 111 C₆H₅CH₃ 

                                              1 In MKS unit, the δ value is 24. 8 MPa1/2 for DMF and 18.2 MPa1/2 for toluene, respectively. 

 

Figures 4.6a and b show the experimental XRD patterns for the drop-cast CsPbBr3 thin film 

on the glass substrate depending on the surface ligand species: (a) OA & OAm and (b) OO 

& OAm, whereas Figures 4.6c and d shows the XRD patterns for (c) cubic and (d) 

orthorhombic based on Joint Committee on Powder Diffraction Standards (JCPDS). As 

shown in Figures 4a-c, the location of XRD peaks such as (100), (110) and (200) are more 

corresponding to that of cubic (JCPDS: PDF#96-153-0682: space group 3Pm m ) instead of 

orthorhombic in spite that it was synthesized at RT [157,179,195,196].  

Note that the lattice constant is 5.6050 Å based on the above JCPDS data, which was 

confirmed by the d-spacing of ~5.478 or 5.418 Å =λ/(2.sinθ)  at θ=8.08°(OA) or 8.17° (OO), 
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respectively, when the x-ray wavelength (λ) is 1.5406 Å. Probability, the CsPbBr3 NC may 

prefer to exist in cubic phase due to its high surface energy and capping ligand effects. 

Furthermore, all the drop-cast CsPbBr3 nanocrystalline thin films on the glass substrate 

display two intense peaks at 2θ= 16° and 32°, corresponding to (100) and (200) 

crystallographic planes, indicating that there is orientational order to the [100] direction. 

However, when the OO & OAm ligands were incorporated as a ligand system for CsPbBr3, 

the additional (110) peak is clearly observed, indicating that the mixed ligand system by 

OO’s glycerol fraction makes the orientational order be reduced, resulting in a partial 

amorphous halo [see the base-line shape centered around (110) peak]. However, when we 

estimated the crystallite size (D) by Scherrer equation (eqn.4.3), it was ranged of ~40-42 nm 

for all the samples (Table4. 2).              

            
0.9

cos
D

l

 q





                                                                                                          (4.3) 

where λ (= 0.154 nm) is the x-ray wavelength and β is the full width at half maximum 

(FWHM) at the angle θ.  

This single crystal's estimated crystallite size is a direct measurement of its nanoscale 

particle size, which is interesting in this case and will be covered in more detail in the section 

that follows. 
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Figure 4.6.  XRD patterns of CsPbBr3 nanocrystal drop-cast thin film depending on the 

ligand species: (a) oleic acid and oleylamine and (b) olive oil and oleylamine. (c) Joint 

Committee on Powder Diffraction Standards (JCPDS) (PDF#96-153-0682) and (d) JCPDS 

(PDF#96-153-3063). 

Table 4.2. Crystallite size (D) of CsPbBr3 at the (200) crystallographic plane. Here, β 

denotes a full width at half maximum (FWHM). 

 CsPbBr3 Nanocrystals 
Crystal 
Planes 

2θ (°) θ (°) β (radian) D(nm) 

Oleic Acid 
(OA) 

(100) 16.15 8.08 0.003323 42 
(200) 31.65 15.83 0.003641 40 

Olive Oil 
(OO) 

(100) 16.33 8.17 0.003438 41 
(200) 31.80 15.90 0.003438 42 
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Figure 4.7 shows HR-TEM images for CsPbBr3 depending on the surface ligand system. 

Figures 4.7a and b are for the case of OA and OAm, whereas Figures 7c and d are for the 

case of OO and OAm. As shown in Figure 5, the TEM images show roughly a nano cubic, 

which is in line with the XRD data exhibiting the cubic structure.  

 

Figure 4. 7. HR-TEM images of CsPbBr3 nanocrystals (nano cubic) when the ligand was 

oleic acid & oleylamine (a and b) and olive oil & oleylamine (c and d).  

Figure 4.8 shows (a) the UV-vis absorption and (b) the PL emission spectra for the two 

different colloidal dispersions containing CsPbBr3 NCs depending on the ligand species. 

Here it is noteworthy that the CsPbBr3 perovskite is a direct semiconductor. In addition, the 

synthesized CsPbBr3 NCs do not display any grain boundary in Fig.4.7, indicating a single 

crystalline nature in nanoscale although there might be some surface defects. Therefore, the 

CsPbBr3 NCs are different from the disordered conjugated polymers showing a localized 

state. For disordered system, Mott defined a mobility edge between localized and delocalized 

states [197]. However, in this CsPbBr3 NC, the sharp absorption edge is expected, affording 
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the decision of optical bandgap by using a simple tangential slope based on the equation, 

E hc l , where E is energy, h is Planck’s constant, c is the speed of light and λ is the 

wavelength of light. Therefore, according to the UV-Vis absorption edge (530 nm vs 533 

nm) in Fig. 6a, the corresponding optical bandgap (Eg) is 2.34 eV = 1240/530 (for OA & 

OAm) and 2.33 eV= 1240/533 (for OO & OAm), respectively. See Eqn. 4.4 for the 

conversion factor, 1240, between the energy (bandgap) and the wavelength (absorption 

edge). 

 
     

     

34 8 9

19

6.62607 10 3 10 10 1 1
1240

1.60218 10 1g

J s m s nm mhc
nm

E E eVE eV J eV
l

 



   
  

 
       (4.4) 

The result indicates that the nanoparticle size might be slightly larger in CsPbBr3 synthesized 

with OO & OAm. This result is in line with the estimated crystallite size trend according to 

the sharpest peak at the (200) crystallographic plane in Fig.4.6a and Table 4.2. On the other 

hand, the PL spectra exhibit the PL peak at 517 nm for CsPbBr3 with oleic acid & oleylamine 

and at 526 nm for CsPbBr3 with OO & OAm. Here, the shift of PL peak from 517 nm to 526 

nm (i.e., a red shift) indicates that the effective crystal size (or aggregation) of CsPbBr3 NCs 

is slightly larger in the colloidal dispersion state when OO & OAm were employed as the 

surface ligands although the apparent size (Table 4.2) is similar in the solid-state in both 

ligand systems. Furthermore, it is believed that the surface state of NCs is different 

depending on the NC-ligand complexations. Hence, when OO & OAm were complexed with 

CsPbBr3 NCs, there might be more surface defects, resulting in more non-radiative 

recombination, i.e., smaller PL intensity in Fig. 8b. Furthermore, FWHM is 21 nm for the 

former, but 19 nm for the latter. According to our finding, the narrow emission spectra were 

obtained below 25 nm, which falls in the required range of 12-42 nm [40] for the 

optoelectronic applications such as lighting and display technology.  
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Figure 4.8. (a) UV-Vis absorbance spectra of the CsPbBr3 nanocrystal dispersion depending 

on the ligand species. Here, λ = 530 nm corresponds to Eg ≈ 2.34 eV (oleic acid & 

oleylamine) and λ = 533 nm corresponds to Eg ≈ 2.33 eV (olive oil & oleylamine). (b) PL 

spectra of CsPbBr3 nanocrystals depending on the ligand species.(c) optical  bandgap of  

CsPbBr3 nanocrystals  by Tauc plot depending on the ligand species.   

Figure 4.9a shows PL decay curve for the colloidal CsPbBr3 NC dispersion as a function 

of ligand species. The average life time of electron-hole pairs (Wannier-Mott excitons) is 

1.167 ns for CsPbBr3 with OA & OAm whereas it is 3.228 ns for CsPbBr3 with OO & OAm, 

indicating that a slightly larger CsPbBr3 with OO & OAm displays a longer life time of 

excitons.  

Figure 4.9b shows the FT-IR spectra for the drop-cast CsPbBr3 nanocrystalline thin film. 

First of all, the IR spectrum for CsPbBr3 with OA & OAm is relatively simpler than that for 

CsPbBr3 with OO & OAm. Second, the FT-IR spectrum for OO & OAm shows a high 

absorption at 3020-2850 cm-1 whereas the corresponding spectrum for OA & OAm is very 

weak at those wavenumbers, which correspond to the symmetric and asymmetric C-H 

stretching modes [116,178]. The functional groups of other organic components can be 

attributed to the absorption peaks at 3781cm-1 [178], and 3510 cm-1 [116], which originates 

from the N-H2 characteristic absorption of CsPbBr3 prepared with the OO surface ligand. 

The IR peaks at around 1800-1600 cm-1 are related to carbonyl (C=O) mode of stretching 

vibration which can be shift to lower wavenumber due to any perturbation. The shift of 

wavenumber may be ascribed to the presence of hydrogen bonding. The peaks at 1538 cm-1 
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and 1462 cm-1 are related to C-CH3, associated with asymmetric bending, whereas those at 

1377 cm-1 and 1262 cm-1 correspond to C-CH3  symmetric bending (umbrella mode) 

vibration, C-N stretching vibration, respectively.  

Absorption peaks ranged in 1000-500 cm-1 indicate that the existence of aromatic 

bending vibrations [198], which might originate from OO components, trapped toluene 

(C6H5CH3) and/or aromatic impurities in samples. The peak at 477-447 cm-1 is associated 

with N-H vibration (amines) [199]. 

 

Figure 4.9. (a) PL spectra decay of CsPbBr3 nanocrystals depending on the ligand species. 

(b) FT-IR spectra of CsPbBr3 nanocrystals depending on the ligand species.  

4. 4. Conclusions 

In this work, we demonstrated the usefulness of olive oil and oleylamine as the surface 

ligand system (vs. the typical oleic acid and oleylamine mixtures) for the synthesis of 

CsPbBr3 nanocrystals at room temperature. For this purpose, the supersaturated 

recrystallization process was employed, enabling a direct synthesis of perovskite 

nanocrystals. First, according to XRD, the crystallite size is ~40-42 nm in both conditions 

(oleic acid & oleylamine vs. olive oil & oleylamine) whereas the latter system allows a less 

orientational order than the former by showing a partial amorphous halo.  
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The TEM images confirmed that the CsPbBr3 nanocrystals have a cuboid shape in line 

with XRD data exhibiting a cubic phase. The UV-Vis absorption data exhibited that the 

optical bandgap of CsPbBr3 is about 2.3 eV in both ligand systems. The PL emission spectra 

indicated that FWHM is about 19 nm (olive oil & oleylamine) vs. 21 nm (oleic acid & 

oleylamine), which falls into the desirable FWHM values, i.e., ~12-42 nm ,which  is the 

suggested value for practical applications. Finally, the average PL life time is 3.228 ns for 

olive oil & oleylamine and 1.167 ns for oleic acid & oleylamine. Future work may include 

the application of CsPbBr3 nanocrystals to the biosensors and optoelectronic devices.            
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Chapter Five  

5. Conjugated Polymer‒Perovskite Quantum Dot (MDMO-PPV:CsPbBr3) 

Nanocomposites: Miscibility, Nano-Structures and Properties 

        5.1. Introduction 

               Since π-bonded macromolecules were discovered in the 1970s, they have served as 

semiconductor and metallic conductors depending on the doping level for applications in 

organic electronics and optoelectronics such as light-emitting diodes (LEDs), lasers, 

electrochemical cells, photovoltaic (PV) cells, photodetectors, field-effect transistors 

(FETs), and others[200,201]. Currently, organic LED (OLED) has been commercialized and 

widely utilized in television, notebook monitors, smartphone screens, and wearable watches, 

to which the fundamental physics of organic semiconductors has tremendously contributed 

[202]. 

             In this backdrop, in 2009, another unconventional semiconductor called organometallic 

halide perovskite (e.g., CH3NH3PbI3) has been introduced in the emerging PV 

technologies[36]. Then, through technical innovation, the quantum efficiency has reached 

more than 26% in PV cells and 20% in LED, shining a green light for mass production in 

the near future. However, organic-inorganic hybrid perovskite has drawbacks in 

stability[142,145]. Hence, to overcome this disadvantage, all-inorganic perovskite such as 

cesium lead halide have been studied in the field of perovskite electronics. For example, in 

2015, Kovalenko and coworkers synthesized CsPbX3 (X= Cl, Br, and I) quantum dots (QD) 

for the first time using a hot injection (HI) method[40]. Then in 2016, Zeng and coworkers 

invented another QD synthesis method at room temperature which is called supersaturated 

recrystallization (SR) [177]. Here, these QD perovskite materials demonstrated several 

advantages such as narrow full width at half maximum (FWHW), tunable band gap, high 

light absorption coefficient, low carrier recombination rate, high defect tolerance, high 

photoluminescence quantum yield (PLQY), and high synthesis feasibility [40,177]. 

However, they are vulnerable to moisture, oxygen, thermal stress, and light [42]. Hence, to 

improve these weak points, the surface of perovskite QD materials has been modified, and/or 

they were mixed with semiconducting or insulating plastic with better stability[44].  
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            In Polymer Science, the polymer-polymer miscibility is an important topic. This is because 

by controlling the concentration of constituents in a blend or alloy, the resulting blends can 

provide a new set of properties that does not exist in a single polymer [203]. Similarly, 

conjugated polymer-perovskite composites have been explored to find out the new 

properties by combining these two materials. For example, polymer usually has a better film-

forming property whereas perovskite has superior optoelectronic characteristics. In 2015, 

Masi et al. investigated that the polymer-perovskite innovative nanocomposite composed of 

poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene vinylene] (MEH-PPV) and 

CH3NH3PbI3, resulting in a power conversion efficiency, 3% [109]. Then, in 2017, Yang 

and coworkers demonstrated for the first time high-brightness white LEDs by blending 

MEH-PPV and blue-emission CsPbBrxCl3-x nanocrystals [87]. In the same year, Aleshin et 

al. studied FET with a channel layer composed of poly[9,9-bis-(2-ethylhexyl)- 9H-fluorene-

2,7-diyl] (PFO)/CsPbI3 composites, resulting in a hole mobility of ~1.9-2.4×10-1 cm2V-1sec-

1 at 300 K [204]. In 2018, Perulli et al. demonstrated a full color tunability based on the 

binary polymer-perovskite composite by combining CsPbX3 nanocrystals with poly(9,9-

dioctylfluorene-alt-benzothiadiazole) (F8BT, yellow emitting) or poly(9,9-di-n-

octylfluorenyl-2,7-diyl) (PFO, blue emitting) [74]. In 2018, Chikalova-Luzina et al. studied 

the MEH-PPV‒CsPbBr3 composite with enhanced processibility and stability, but observed 

a decrease in PL compared with MEH-PPV [110]. 

         In 2020, Aleshin and coworkers observed high hole mobility (9 cm2V-1sec-1) from the MEH-

PPV/CsPbBr3 composite-based light-emitting FET, which is two-order better than the 

electron mobility (2.7×10-2 cm2V-1sec-1) in CsPbBr3–based FET [205]. In the same year, 

Qaid and coworkers demonstrated improved morphology in the PFO‒CsPbBr3 composite 

exhibiting the non-radiative Förster resonance energy transfers (FRETs) from PFO to 

CsPbBr3 QDs [44]. In the case of Al-Asbahi and coworkers, they expanded it to the ternary 

PFO‒CsPbBr3‒MEH-PPV system, and observed the dual FRET from PFO to both CsPbBr3 

QDs and MEH-PPV [117]. Recently, Anni and coworkers have studied the 

F8BT:CsPbI1.5Br1.5 system, and emphasized the charge transfer mechanism rather than 

FRET between F8BT and CsPbI1.5Br1.5 [206]. Interestingly, Wu et al. also observed charge 

transfer in the poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylenevinylene] 

(MDMO-PPV): Cs2NaIn0.75 Bi0.25Cl6 (Mn doped) double perovskite composites [207].  
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             In this study, we investigated the red-light-emitting MDMO-PPV‒CsPbBr3 QD 

complexed with ligand (oleic acid and oleylamine) composites. Here, MDMO-PPV polymer 

has its highest occupied molecular orbital (HOMO= -5.4 eV) and lowest unoccupied orbital 

(LUMO = -3.2 eV) whereas the typical light-emitting MEH-PPV polymer has HOMO= -5.4 

eV and LUMO -3.0 eV [208–210]. On the other hand, CsPbBr3 QD has a valence band 

maximum (VBM = - 5.6 eV) and conduction band minimum (CBM = -3.3 eV) [211]. Hence, 

if we employ MDMO-PPV instead of MEH-PPV for the polymer-perovskite (CsPbBr3) 

system, the similar LUMO-CBM (i.e., -3.2 and -3.3 eV) may help FRET instead of charge 

transfer (quenching through the different electron affinity, reduction potential). Importantly, 

we analyzed the intermolecular interactions in MDMO-PPV‒oleic acid, MDMO-PPV‒

oleylamine, and MDMO-PPV‒toluene based on the original Flory-Huggins theory, a quasi 

chemical approach, with the group contribution method [212–218], which may provide 

insight for understanding the miscibility between components including processing solvent. 

Then we studied the morphological, structural, electrochemical, and optical properties of 

MDMO-PPV‒CsPbBr3 composite system. Specifically, in this work, we observed that 

MDMO-PPV‒CsPbBr3 composite displayed lower resistance in the electrochemical cell 

than the pure MDMO-PPV film, demonstrating the perovskite QD should be useful when 

used as a component for the MDMO-PPV‒based composite.   

         5.2. Materials and Methods 

        5.2.1. Chemicals 

         Lead bromide (PbBr2, 99%, Delhi, AR chemicals, India), cesium bromide (CsBr, 99.9%, 

Sigma-Aldrich), oleic acid (98%, Sigma-Aldrich, Darmstadt, Germany), oleylamine (70%, 

Sigma-Aldrich), acetone (≥99.5%, Sigma-Aldrich), hexane (≥97.5%, Sigma-Aldrich), 

isopropanol (≥99.5%, Delhi, India), toluene (≥99.5%, AR chemicals, Delhi, India), N,N-

dimethylformamide (DMF, 99.5%, AR chemicals), ethyl acetate (99%, AR chemicals, 

Delhi,India),poly[2-methoxy-5-(3′,7′-dimethylloctyloxy)-1-4-phenylenevinylene](MDMO-

PPV, 
nM = 120,000 g·mol-1, polydispersity index= 3.36, Sigma-Aldrich) were purchased and 

used as received without further purification. 
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 5.2.2. Synthesis of CsPbBr3 Quantum Dots  

        The synthesis was performed by following the experimental procedure [177,219]. 

Accordingly, CsBr (0.2 mmol, 43 mg), and PbBr2 (0.2 mmol, 73 mg), were dissolved in 5 

mL DMF. Then 0.5 mL oleic acid and 0.25 mL oleylamine were added into the perovskite 

precursor solution and vigorously stirred at room temperature for 120 min. Then, 1 mL of 

this perovskite precursor solution was injected into 10 mL of toluene. After injection of 

precursor solution, bright yellowish color was immediately observed. Then, the change a 

color in the solution was examined using the 365 nm ultraviolet (UV) illumination, resulting 

in green emission. Then the sample was mixed with CsPbBr3: ethyl acetate= 1:3 wt. ratios 

and centrifuged at 8000 rpm for 10 min. The resulting precipitate was re-dispersed in hexane 

and dried in a vacuum oven overnight at 60°C. Then, the sample was stored in a vial at room 

temperature. 

  5.2.3. Preparation of MDMO-PPV‒CsPbBr3 QD Composites 

          The MDMO-PPV in toluene solution (3mg·mL-1) was stirred overnight at 50°C. Then, 

equivalent CsPbBr3 colloidal dispersion in toluene was mixed with the MDMO-PPV 

solution with desiring weight ratios, MDMO-PPV: CsPbBr3= 90:10, 80:20, 70:30, 60:40, 

and 50:50. After that, MDMO-PPV‒CsPbBr3 dispersions were further ultrasonicated for 45 

min, and then additionally stirred for 1 hour. The resulting dispersion was used to fabricate 

the composite films (spin-coating at 3000 rpm or drop-casting) at room temperature. 

 5.2.4. Characterizations 

         Water Contact angles were measured using a contact angle analyzer (Phoenix 300+/LCA10, 

SEO Co. ltd., Korea), for which 76 μL of water was dropped on top of the spin-coated 

MDMO-PPV film. X-ray diffraction (XRD) patterns were obtained using the Rigaku mini 

flex-300/600 diffractometer (Rigaku, Tokyo, Japan). Scanning electron microscope (SEM) 

images were acquired using the field-emission SEM (FE-SEM, MAIA3 XMH, TESCAN 

BRONO SRO, Kohoutovice, Czech Republic). Transmission electron microscope (TEM) 

images as well as the selected area electron diffraction (SAED) patterns were obtained using 

the high resolution TEM (HR-TEM, Model: JEOL, JEM-2100, Peabody, MA, USA). 

Fourier transform infrared (FT-IR) spectra were analyzed using the PerkinElmer Spectrum 
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Two FTIR Spectrometer. Here, the attenuated total reflection (ATR) was employed as a 

sampling technique to record the FT-IR spectra of the samples in the range 4000–400 cm-1 

with a resolution of 4 cm-1. The electrochemical impedance spectroscopy (EIS) analysis was 

carried out using the SP-300 potentiostat/ galvanostat with an impedance analyzer (Bio-

Logic, SAS, France) in the frequency range of 10 mHz to 100 KHz. For this purpose, glassy 

carbon electrode (GCE), platinum wire, and Ag/AgCl in 0.1M KCl were used as working 

electrode (WE), counter electrode (CE), and reference electrode (RE), respectively. The 

ultraviolet visible (UV–Vis) absorption spectra were recorded by using the UV–Vis/NIR 

Spectrophotometer (JASCO V-770, Japan). The photoluminescence (PL) emission spectra 

were obtained by the Cary Eclipse fluorescence spectrophotometer (scan rate 600 nm/min, 

MY18490002, Agilent Technologies, Malaysia) at an excitation wavelength of 380 nm for 

CsPbBr3 and 450 nm for both MDMO-PPV and MDMO-PPV‒CsPbBr3 composites. 

      5.3. Results and Discussion  

              Figure 5.1 shows the chemical and crystal structures of materials used in this work. 

MDMO-PPV (Fig.5.1a) is one of the well-known solution processable semiconducting 

polymers through alkoxy-side chain functionalization. Here, MDMO-PPV was mixed with 

the CsPbBr3 QDs (Fig.5.1b) with the oleic acid and oleylamine ligands (Fig. 1c) using the 

toluene solvent (Fig.5. 1d).      
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        Figure 5.1. Structures of organic molecules and inorganic crystal: (a) MDMO-PPV; (b) 

3×3×3 Supercell of CsPbBr3; (c) oleic acid and oleylamine; and (d) toluene.   

        The MDMO-PPV and CsPbBr3 are not molecularly miscible because the latter forms 

nanoscale domains in the MDMO-PPV matrix. However, considering that CsPbBr3 is 

complexed with the oleic acid and oleylamine ligands [220], it is interesting to study the 

interaction between the ligands and MDMO-PPV because they directly face each other in 

the resulting composites, e.g., MDMO-PPV/ligands-CsPbBr3 QD nanocrystals. Hence, we 

investigate the phase behavior among the components (i.e., MDMO-PPV, oleic acid, 

oleylamine, and toluene), for which the Flory-Huggins lattice theory [212–214] was 

employed, providing insight into the interfacial interactions between MDMO-PPV and the 

surface ligands or solvent. To this end, the polymer-solvent (or oligomer-solvent) interaction 

parameter (
ij ), as well as the relative molar volume ( ir ), should be calculated first because 

these two parameters largely govern the phase behavior of binary polymer (or oligomer) 

solutions according to the Flory-Huggins theory. Here the former could be estimated through 

the solubility parameter ( i  [cal1/2 cm-3/2]) through the relationship  
2

1
ˆ

ij i jV RT   

[214]. On the other hand, the latter could be calculated by dividing the molar mass with 

density. Here the subscript o ri j  indicated a component: when o ri j = 1, 2, 3, and 4, it 
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denotes toluene, MDMO-PPV, oleic acid, and oleylamine, respectively. Moreover, 1V̂ is the 

molar volume of the solvent, R is the gas constant and T is temperature.  In this study, 2  

was estimated from the water contact angle information [214,215,221,222], whereas 3  and 

4  were estimated through the group contribution method[217,218]. In the case of 1 , it is 

available in the literature report because toluene is a common solvent [223].  

         Figure 5.2 shows the water contact angle ( cq ) data for MDMO-PPV, displaying the average

82.8cq   . Then using the Li and Neumann’s equation, cos cq   

 
2

1 2 expsv lv lv sv         
    based on Young’s equation, coslv c sv sl q    , we 

may calculate the 2 of MDMO-PPV from the empirical relation of 1 2 -3 2
2 cal cm    

1.829058 sv [221,222]. Here, lv , sv  and sl  are surface energies for liquid-vapor, solid-

vapor, and solid-liquid, respectively, whereas the constant  is 0.000115 m4 mJ-2, and lv = 

72.8 mJ m-2 for water [221]. Resultantly, 2  is estimated to be 10.5 1 2 -3 2cal cm  (see Table 1) 

by solving the Li and Neumann’s equation using the Newton-Raphson method [214–216]. 

 

 

        Figure 5.2. Water contact angle measurement on the spin-coated MDMO-PPV film. Here, 

the force balance among surface energies could be explained by Young’s equation,

co slv c sv s l q    .  
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        The solubility parameter can be divided into three parts depending on the types of interaction 

forces, i.e., 2 2 2
d p h      , in which d , p , and h  correspond to the contribution 

from dispersion force, polar force and hydrogen bonding, respectively [192,217]. 

Importantly, the group contribution method allows us to estimate the solubility parameter 

based on the structure-property relationship. For example, according to Hoftyzer and Van 

Krevelen, the solubility parameter components could be obtained using the following 

equations, di
ˆ

d iV  F , 2
pi

ˆ
p iV    F , and hi

ˆ
h iV  E , in which diF , piF , and hiE

are dispersion force, polar force and hydrogen bond energy, respectively[217,218]. Here it 

is notable that depending on the convention in theory, when the solubility-parameter symbol 

is expressed as   , it has a unit of MPa1/2 or (MJ m-3)1/2.  Table 1 shows the solubility 

parameter component for each structural group from the oleic acid and oleylamine ligands. 

In the case of oleic acid, di 3
ˆ

d V   F 5130 316 16.234 , 2
pi 3

ˆ 0p V    F , and 

hi 3
ˆ 0h V  E  when 3

ˆ 316V  cm3 mol-1. Hence, 2 2 2 16.234d p h           

MPa1/2 and 3 2.049 7.9   cal1/2 cm-3/2. In the case of oleylamine,

di 4
ˆ 5150 329 15.653d V    F , p   2

pi 4
ˆ 0V  F , and 

h   hi 4V̂E

8400 329 5.052   when 4V̂ = 329 cm3 mol-1. Hence,   2 2 2
d p h        16.46 

MPa1/2 and 4 2.049 8.0   .  
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  Table 5.1. Solubility parameter of solvent, polymer, and ligands (oleic acid and oleylamine).  

  * This parameter was used as a variable for the Flory-Huggins model. 

     Table 5.2. Solubility-parameter component group contributions (Hoftyzer-Van Krevelen 

method [217]) for oleic acid and oleylamine. 

Molecule 
Structural 

group 
Number of 

group 
diF  

(MJ m-3)1/2 mol-1 

piF   

(MJ m-3)1/2 mol-1 
hiE   

J mol-1 

Oleic acid 

HOOC- 1 530 0 0 
CH2 14 270 0 0 

|
= C -H  2 200 0 0 

-CH3 1 420 0 0 

Oleylamine 

NH2 1 280 0 8400 
CH2 15 270 0 0 

|
= C -H  2 200 0 0 

-CH3 1 420 0 0 
 

       Now the Flory-Huggins interaction parameter could be calculated based on the solubility 

parameter information and the relative molar volume (see Tables 5.1 (5.2 to 5.3). For 

example, the MDMO-PPV‒toluene system has  
2

12 1 1 2V̂ RT     105.9·(10.5-

8.9)2/(1.987·T) =136.4 K/T. The MDMO-PPV and oleic acid system has 

 
2

23 1 2 3V̂ RT     105.9·(10.5-7.9)2/(1.987·T)= 360.3 K/T. The MDMO-PPV and 

oleylamine system has  
2

24 1 2 4V̂ RT     105.9·(10.5-8.0)2/(1.987·T) =333.1 K/T. 

The oleic acid and toluene system has  
2

13 1 1 3V̂ RT     105.9·(8.9-7.9)2/(1.987·T)= 

53.3 K/T. 

Molecule i  (MPa1/2) i (cal1/2 cm-3/2)* MW  (g mol-1)   (g cm-3) iV (cm3 mol-1) ir (-) 

Toluene 18.24 8.9 92.14 0.870 105.9 1 

MDMO-

PPV 
21.52 10.5 

10,000- 

40,000* 
0.910 

10,881.4-

43525.6* 
102-410* 

Oleic acid 16.39 7.9 282.47 0.895 315.6 3 

Oleylamine 16.19 8.0 267.49 0.813 329.0 3 
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        Finally, the oleylamine and toluene system has  
2

14 1 1 4V̂ RT     105.9·(8.9-

8.0)2/(1.987·T) = 43.2 K/T. Here, there are two assumptions. First, we defined the lattice size 

based on the molar volume of toluene solvent. Second, we set 
nM  of MDMO-PPV to 10,000 

g·mol-1 when calculating 12 , 23 , and 24 . However, we separately studied the effect of 
nM  

(10,000 to 40,000 g·mol-1) on the phase behavior of the MDMO-PPV‒toluene system.  

        Table 5.3. Flory-Huggins interaction parameter for the binary system. Here, the components 

1, 2, 3, and 4 correspond to toluene, MDMO-PPV ( nM  10,000 g·mol-1), oleic acid, and 

oleylamine, respectively, 

MDMO-PPV: 

Toluene 

MDMO-PPV: 

Oleic acid 

MDMO-PPV: 

Oleylamine 

Oleic acid: 

Toluene 

Oleylamine: 

Toluene 

12 136.4 K/T 23 360.3 K/T 24 333.1 K/T 13 53.3 K/T 14 43.2 K/T 

2 104r  ,* 1 1r   2 104r  , 3 3r   2 104r  , 4 3r   3 3r  , 1 1r   4 3r  , 1 1r   

      * If MDMO-PPV has nM  of 20000, 30000, and 40000 g·mol-1, 
2r  will be 208, 311 and 415, 

respectively. 

       Table 5.3 shows the two essential parameter lists for calculating the phase diagrams of the 

binary polymer-solvent and oligomer-solvent systems. According to the Flory-Huggins 

theory[212–214], the Gibbs free energy of mixing ( mixG ) is given by   

              1 2ln lnjmix i
ij i j

i j

G

RT r r


    


                                                                               (5.1) 

        where 
i , j , 

ir  (i=1, solvent), and jr  are the volume fraction and relatively molar volume 

of components i  and j , respectively.  

        Then through the equilibrium between polymer-lean (α) and polymer-rich (β) phases 

according to the below equations, we can calculate the temperature-composition binodal 

curve for the binary systems.  
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                             i i
a                                                                                                   (5.2) 

                             j j
a                                                                                                    (5.3) 

         where i mix iG n   and j mix jG n    are the chemical potentials of component 

of i  and j , respectively. Here, it is notable that the original Flory-Huggins theory can 

capture the phase behavior of polymer solutions qualitatively, indicating that we may 

understand the calculation results from relativistic point of view, i.e., comparatively.   

 At 298 K (= 25 °C), the interaction parameters are 12 0.46 for MDMO-PPV‒toluene, 

23 1.21 for MDMO-PPV‒oleic acid, 24 1.12 for MDMO-PPV‒oleylamine, 13 0.18 

for oleic acid‒toluene, 14 0.15 for oleylamine‒toluene. Hence, the results indicate that 

(1) both oleic acid‒toluene and oleylamine‒toluene systems are highly miscible at 298 K 

because 13 0.5   and 14 0.5  , (2) both MDMO-PPV‒oleic acid and MDMO-PPV‒

oleylamine are immiscible at 298 K because 23 0.5   and 24 0.5  , indicating that the 

ligands cannot act as a compatibilizer for the MDMO-PPV‒CsPbBr3 system,  (3) MDMO-

PPV‒oleic acid is more immiscible than MDMO-PPV‒oleylamine because 23 24 0.5  

, and finally, (4) MDMO-PPV‒toluene is partially miscible because 12 0.5  , indicating that 

MDMO-PPV can be soluble by increasing temperature more than 298 K where 12 0.5  . 

 Figure 5.3a shows the binodal curve for the binary MDMO-PPV‒toluene system as a 

function of nM . As shown in Figures 5.3a and b, if nM increases, the critical temperature (

cT ) is shifted up, indicating that the two-phase region becomes large, i.e., easy phase 

separation comparatively. Figure 5.3c displays the MDMO-PPV‒ligand systems with the 

critical point larger than 1,000 K, indicating that MDMO-PPV is immiscible with the two 

ligands (oleic acid and oleylamine). However, it is notable that, of course, the binary system 

cannot reach a stable one-phase because the decomposition temperatures of two ligands are 

less than ~573 K [223,224]. On the other hand, Figure 5.3d shows that oleic acid‒toluene 
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and oleylamine-toluene exhibits the critical point at    3, , 0.37, 42.8c T K  and (0.37, 42.8 

K) (0.37, 34.7 K), respectively, indicating that the ligand molecules are easily miscible with 

a solvent because they have similar solubility parameter, i.e., ‘like dissolves like’ (see Table 

5.1).    

 

        Figure 5.3. (a) Phase diagrams of the binary MDMO-PPV‒toluene system as a function of 

molecular weight of MDMO-PPV. (b) The plot of the critical temperature vs. the number 

average molecular weight of MDMO-PPV. (c) Phase diagrams of the binary MDMO-PPV‒

oleic acid (black solid line) and MDMO-PPV‒oleylamine (red solid line) system. (d) Phase 

diagrams of the binary oleic acid‒toluene (black solid line) and oleylamine-toluene (red solid 

line) systems. 

       From the phase behavior, we come to know that MDMO-PPV is immiscible with the oleic 

acid and oleylamine ligand molecules. This theoretical prediction suggests that when 
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CsPbBr3-ligand complexes are mixed with MDMO-PPV, CsPbBr3 nanocrystals could be 

easily aggregated because of the repulsion interaction between MDMO-PPV and the ligand 

molecules (oleic acid and oleylamine). With this information, the XRD patterns of the 

MDMO-PPV‒CsPbBr3 composite films were investigated. Figure 5.4a and b shows the 

XRD patterns of MDMO-PPV and CsPbBr3 nanocrystals, respectively.  

         Figure 5.4 shows the XRD patterns of MDMO-PPV, CsPbBr3 QD nanocrystals, and the 

MDMO-PPV‒CsPbBr3 composites. For this purpose, the drop-cast samples on a glass 

substrate were used. Figure 1a exhibits that MDMO-PPV is an amorphous material 

displaying a typical amorphous halo at 2θ ≈ 26° which may originate from the distributed π-

π stacking distance among MDMO-PPV chain molecules [225]. On the other hand, CsPbBr3 

nanocrystals show a well-organized cubic structure with (100) and (200) peaks at 2θ = 16.2° 

and 31.6°, respectively. Here, the crystallite size (D) could be estimated using Scherrer’s 

equation,  0.9 cost l  q  , in which l  is the wavelength of x-ray, β is full width at half 

maximum (FWHM) at the angle θ [44,226]. Accordingly, D is about 38 nm = 

0.9×0.154/[0.003672×cos(15.8)]. However, when we made MDMO-PPV‒CsPbBr3 

composites with the ratios of 90:10, 80:20, 70:30, 60:40, and 50:50, the corresponding D 

data were 33 nm, 42 nm, 48 nm, 52 nm, and 52 nm, respectively (see Table 5.4 for the detail). 

Hence, except for CsPbBr3 10% sample, the other samples exhibit the aggregation effect of 

nano-crystallite when the MDMO-PPV‒CsPbBr3 composites were formed. Recall that the 

oleic acid and oleylamine ligands are immiscible with MDMO-PPV polymeric chains 

(Figure 5.3c), indicating that CsPbBr3 could be aggregated during the drying process of the 

drop-cast films. However, the 10% sample was the exception, which might be related to 

typical thermodynamic phenomena: small amounts could be at least partially miscible within 

a solid matrix ( 0mixG   in many binary systems).         
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        Figure 5.4. XRD patterns of drop-cast films on the glass substrate: (a) MDMO-PPV; (b) 

CsPbBr3 QD nanocrystals; (c) MDMO-PPV: CsPbBr3 = 90:10; (d) MDMO-PPV: CsPbBr3 

= 80:20; (e) MDMO-PPV: CsPbBr3 = 70:30; and (f) MDMO-PPV: CsPbBr3 = 60:40 and 

MDMO-PPV: CsPbBr3 = 50:50. 
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       Table 5.4. Crystallite size (D) of CsPbBr3 nanocrystals at the (200) crystallographic plane as 

a function of the composition of the MDMO-PPV:CsPbBr3 composites. Here, MDMO-PPV 

has Mn of 120,000 g ·mol-1.  

MDMO-PPV:CsPbBr3 2θ (°) θ (°) β (radian) D(nm) 

90:10 31.8 15.90 0.004363 33 

80:20 31.7 15.85 0.003461 42 

70:30 31.7 15.85 0.003054 48 

60:40 31.7 15.85 0.002793 52 

50:50 31.7 15.85 0.002793 52 

 

         Figure 5.5 shows the XRD patterns of the drop-cast film as a function of time under ambient 

condition. Here, not only (100) and (200) crystallographic peaks, but also (110) peak are 

clearly observed, indicating the orientation order is partially diminished compared to that in 

the previous batch samples (Figure 5.4). As shown in Figure 5.5a, the composite film 

(MDMO-PPV:CsPbBr3 = 50:50) shows a structural stability by exhibiting the similar XRD 

patterns in spite of the significant time change up to ~192 hours. This structural stability is 

based on the stable CsPbBr3 structure (Figure 5.5b) in the stereo-irregular MDMO-PPV 

polymer (Figure 5.5c). Note that the wide bandgap CsPbBr3 semiconductor has the 

Goldsmith tolerance factor (τ) of 0.816, falling in the stability regime, 0.813 ≤ τ ≤ 1.107 

[219]. Furthermore, CsPbBr3 has a high thermal stability (decomposition temperature onset 

~580 °C) [155]and undergoes single-crystallization in water [227], demonstrating its 

superior stability compared to organic-inorganic hybrid CH3NH3PbI3 

perovskite[102,155,228].    
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     Figure 5.5. XRD patterns of drop-cast films as a function of time: (a) MDMO-PPV: CsPbBr3 

= 50:50; (b) CsPbBr3 QD nanocrystals; and (c) amorphous MDMO-PPV. Here, ‘0 hr’ 

indicates the as-prepared sample. 

         Figures 5.6a-c show TEM image of CsPbBr3 QD nanocrystals when oleic acid and 

oleylamine were used as the ligand system. Here, the particle size is distributed in the 

nanoscale (e.g., ~33-52 nm or even more in the case of aggregation) whereas the particle 

shape is not exactly cubic. This indicates that the cubic crystals might be roughly organized 

with partial disorder, specifically at the surface. Notably, a spherical surface is the most 

stable because it allows the lowest interfacial surface energy. Interestingly, when we checked 

the selected area electron diffraction (SAED) patterns (Figure 5.6d) of the drop cast CsPbBr3 

nanocrystals, the circular patterns were clearly observed, indicating they are polycrystalline. 

Furthermore, the most intense pattern was observed at (110) crystallographic plane instead 

of (200) plane [226]. This observation indicates that the drop-cast CsPbBr3 QDs have an 

orientational order with [110] direction on the surface of the TEM copper grid and/or the 

electron beams might affect the morphology of a composite film during this measurement. 
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       Figure 5.6. TEM image of the drop cast CsPbBr3 nanocrystals on the copper grid: (a) scale 

bar = 50 nm, (b) scale bar = 20 nm and (c) scale bar = 5 nm.  (d) SAED patters of the drop 

cast CsPbBr3 nanocrystals.   

        Figure 5.7 shows the SEM image of (a) MDMO-PPV, (b) MDMO-PPV:CsPbBr3 = 80:20 

and (c) MDMO-PPV:CsPbBr3 = 50:50, for which the samples were drop-cast on top of the 
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glass substrate. Figure 5.7b exhibits the additional sub-microscale domains compared to 

Figure 5.7a. 

         However, in the case of Figure 5.7c, it displays microscale aggregations of CsPbBr3 crystals 

as expected from the phase behavior study in Figure 3c, i.e., the ligands are immiscible with 

MDMO-PPV and thus CsPbBr3-ligand (oleic acid and oleylamine) complexes can form 

nano-/micro-scale domains in the MDMO-PPV matrix polymer.     

 

        Figure 5.7. SEM images of the drop-cast films: (a) MDMO-PPV; (b) MDMO-

PPV:CsPbBr3= 80:20; and (c) MDMO-PPV:CsPbBr3= 50:50.  

         Figure 5.8 shows the FT-IR spectra of (a) MDMO-PPV, (b) CsPbBr3 nanocrystals, (c) 

MDMO-PPV:CsPbBr3 = 80:20 and (d) MDMO-PPV:CsPbBr3 = 50:50 composites. First, 

Figure 5.8a shows the FT-IR data of MDMO-PPV. The vibrational modes at 3025 cm-1, 

2919 cm-1, and 2868 cm-1 correspond to the CH , CH2 and CH3  stretching, respectively 

[198]. The peaks at 1606 cm-1 and 1494 cm-1 are related to the aromatic phenyl ring mode, 

and asymmetric C-H bending, respectively [52,229]. The peaks at 1453 cm-1 and 1383 cm-1 

corresponds to anti-symmetric and anti-symmetric alkyl CH2, respectively [52,229]. The 

peak at 1029 cm-1 is associated with the symmetric C-O-C stretching vibration mode. The 

peak at 895 cm-1  is related to the phenyl CH-wagging signifying the dipole normal to phenyl 

vinyl plane, whereas the peaks at 725 cm-1, 693 cm-1, and 463 cm-1 correspond to the out-of-

plane ring bend of phenyl ring [230]. Second, Figure 8b shows the FT-IR data of CsPbBr3‒

ligand (oleic acid and oleylamine) complexes. The weak peaks at 3781 cm-1, and 3707 cm-1 

are ascribed to N-H vibration from the oleylamine ligand [178]. The peaks at 2923 cm-1 and 

2853 cm-1 correspond to the C-H stretching vibration [231].  
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        The peak at 1464 cm-1 is known to be associated with the CsPbBr3‒ligand interactions 

[116,199], whereas the three peaks at 890 cm-1, 759 cm-1 , and 455 cm-1 are typical ones 

observed in cesium lead halide compounds [196,232]. 

         Third, in the case of MDMO-PPV‒CsPbBr3 composites, the peaks in Figure 5.8c and d are 

the combination of Figure 8a and b because MDMO-PPV and CsPbBr3-ligand complex are 

immiscible.  

 

        Figure 5.8. FT-IR spectra at ATR mode: (a) MDMO-PPV; (b) CsPbBr3 nanocrystals; (c) 

MDMO-PPV:CsPbBr3= 80:20; and (d) MDMO-PPV:CsPbBr3= 50:50.   

        Figure 5.9 shows UV-vis absorption and PL emission spectra for the spin-coated films (at 

total 3mg mL-1 solution; spinning speed of 3000 rpm). Figure 5.9a demonstrates that when 

CsPbBr3 was added into the MDMO-PPV matrix, the absorption decreases with increasing 

the portion of CsPbBr3 [205,225]. Figure 5.9b shows the absorption spectra of CsPbBr3 

films. On the other hand, Figure 5.9c shows the PL emission spectra as a function of 
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composite composition. As shown in Figure 9c, when MDMO-PPV:CsPbBr3 = 90:10 and 

80:20, the PL emission decreases, which might be due to a partial quenching effect (probably 

through defect sites and/or energetic difference in electron affinity in the specific 

arrangement CsPbBr3 QDs and MDMO-PPV) in these morphologies with ~10-20wt% 

CsPbBr3. However, when MDMO-PPV:CsPbBr3 = 70:30, 60:40, and 50:50 (i.e., more than 

30 wt.% CsPbBr3; here, CsPbBr3 QDs might be more aggregated resulting in less surface 

defects; recall Table 5.4), the PL emissions were enhanced compared with the pure MDMO-

PPV film.  Importantly, the partial blue shift in the PL emission should be related to the 

disturbed π-π inter-/intra-molecular interactions among MDMO-PPV chain molecules by 

incorporating CsPbBr3 QDs in the composite films. In other words, MDMO-PPV matrix was 

diluted by the presence of CsPbBr3 QDs. Figure 9d shows the PL emission spectrum of 

CsPbBr3 film, which is overlapped with the absorption spectrum of MDMO-PPV film (see 

the inset of Figure 5.9d). Hence, when the donor chromophore CsPbBr3 QDs were excited, 

the energy in its electronic excite state could be transferred to the acceptor chromophore 

MDMO-PPV chain molecules through non-radiative dipole coupling, which is so called 

Förster resonance energy transfer (FRET) [233]. Here, the energy transfer rate ( ETk ) is 

defined as follows[233,234]: 

                              

6

0
0

1
ET

D DA

R
k

R

 
  

 
                                                                                         (5.4) 

          where 
0
D  is donor life time, 0R is Förster radius (the critical distance, typically ~ 5 nm), and 

DAR is the donor-acceptor distance. Hence, the aforementioned FRET should be the origin 

of the enhanced PL when the compositions of the composite were MDMO-PPV:CsPbBr3 = 

70:30, 60:40 and 50:50, respectively. Note that based on the UV-Vis absorption in Fig. 9a, 

when the absorption of MDMO-PPV was somewhat reduced by incorporating CsPbBr3 (e.g., 

~30-50 wt.%), the PL emission was enhanced compared to the pure MDMO-PPV film, 

indicating the importance of the partial reduction of MDMO-PPV portion in the composite 

films. Note that ETk is inversely proportional to the sixth power of DAR , suggesting the 

significance of the donor-acceptor molecular configuration in the composite films.  
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         Figure 5.9. Absorption and emission spectra of the spin-coated films: (a) UV-vis absorption 

spectra of MDMO-PPV‒CsPbBr3 composites as a function of composition; (b) UV-vis 

absorption spectra of CsPbBr3 nanocrystals. Inset: Tauc plot,  
2

vs.h hva   for determining 

the optical bandgap ( gE  2.34 eV) of CsPbBr3 nanocrystals, in which a is absorption 

coefficient, h is Planck constant and  is frequency of light. (c) PL emission spectra of 

MDMO-PPV‒CsPbBr3 composites as a function of composition; and (d) PL emission 

spectra of CsPbBr3 nanocrystals. Inset: Comparison of UV-vis absorption of MDMO-PPV 

and PL emission of CsPbBr3 nanocrystals. 

       Herein, the energy of the excited door CsPbBr3 nanocrystals (CBM≈ -3.3 eV and VBM≈ -5.6 

eV) might be well transferred to the acceptor MDMO-PPV macromolecules (LUMO≈ -3.2 

eV and HOMO≈ -5.4 eV) according to the scheme in Figure 5.10 [208–210].  
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         Importantly, it should be notable that (1) the nanoscale particle size of CsPbBr3 QDs should 

be distributed, indicating a partial distribution of the energy levels such as CBM and VBM, 

and that (2) the aggregation should be affected by the concentration of CsPbBr3 QDs in 

MDMO-PPV, resulting in the composition dependency of optical properties. The phase 

transformation (here, the aggregation of QDs) is for reducing the Gibbs free energy to be 

stabilized (recall the phase behavior part in Figure 3c). 

       

     Figure 5.10. (a) Schematic energy diagram and (b) PL emission through the FRET between 

CsPbBr3 and MDMO-PPV.  

       Figure 5.11 shows the electrochemical impedance spectroscopy (EIS) data for MDMO-PPV 

and MDMO-PPV:CsPbBr3 with 50:50 wt.% composition. Here, the working electrode was 

a glassy carbon electrode with 3 mm in diameter on which about 120 μm thick film was 

deposited. EIS was measured at 0 V Vs. Ag/AgCl as the reference electrode and platinum 

wire as the counter electrode. As shown in Figure 5.11, when the MDMO-PPV film 

incorporated with 50% CsPbBr3, the bulk resistance (i.e., a half-circle size of the EIS curve) 

considerably decreased from ~1.4×107 Ω to ~3.2×104 Ω. This observation indicates that the 

hybrid MDMO-PPV‒CsPbBr3 QD composite is beneficial for boosting the charge transport 

in the thin film. Here, the smaller charge transfer resistance (~3.2×104 Ω) in the composite 

film should be related to the crystalline perovskite component (CsPbBr3 QDs) displaying 

superior properties in terms of charge mobility [235], dielectric constant [236], electron-hole 

diffusion length [237], and ionic transport[238]. On the other hand, the amorphous MDMO-

PPV polymer has inferior charge mobility due to its disordered structure [239], resulting in 

high charge transfer resistance ~1.4×107 Ω in this study.    
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       Figure 5.11. Electrochemical impedance spectroscopy (EIS) data of the pure MDMO-PPV 

and MDMO-PPV: CsPbBr3 = 50:50 wt.% composition. 

 5.4. Conclusions 

        In this work, we studied the light-emitting MDMO-PPV‒CsPbBr3 composite systems as a 

function of composition. First, through the phase behavior study, we identified that MDMO-

PPV‒oleic acid and MDMO-PPV‒oleylamine systems are immiscible, indicating that the 

ligands for CsPbBr3 cannot act as a compatibilizer but promote self-aggregation, i.e., phase 

separation. On the other hand, the two ligand molecules are easily soluble in the toluene 

solvent. More importantly, MDMO-PPV‒toluene is partially miscible ( 12 0.5  ), 

suggesting that by increasing temperature, the solution could be well miscible. Second, 

through the XRD study, we identified the sharp (100) and (200) crystallite peaks from all 

the MDMO-PPV‒CsPbBr3 composite films, indicating that MDMO-PPV and CsPbBr3 are 

clearly phase-separated. Here, the CsPbBr3 domains with 33-52 nm crystallite size were 

embedded in the amorphous MDMO-PPV matrix. Third, it is interesting to see that CsPbBr3 

QD nanocrystals show a (110) orientational order on top of the TEM copper grid. Fourth, 

through the SEM images, we identified the microscale aggregation of CsPbBr3 nanocrystals 

from the MDMO-PPV:CsPbBr3= 50:50 composite film which is in line with the prediction 

of Flory-Huggins theory. Fifth, the UV-vis absorption and PL emission results indicate that 

the MDMO-PPV‒CsPbBr3 composite films show less absorption but more emission when 

CsPbBr3 ≥ 30 wt.%.  
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         Finally, EIS spectra demonstrated that the MDMO-PPV:CsPbBr3= 50:50 composite has 

smaller resistance than the pure MDMO-PPV film, indicating that the composite approach 

is useful for enhancing the charge transport in an electrochemical cell.  

        As a future work, it is a topic of interest to study the polymer‒perovskite composite when the 

ligand molecules can act as a compatibilizer, i.e., the polymer and ligands are miscible to 

each other. Furthermore, if the ligand can transfer charge, it could be beneficial for the 

effective electrical contact between conjugated polymer and perovskite complexed with π-

bonded ligands. Therefore, this study shows improvemnt in structural, optical and 

electrochemical properties so we suggesting that this approach is promising for  

electrochemical and optoelectronic  applications.  
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Chapter Six 

6. Facile Synthesis and Characterization of Polymer-Mixed Halide 

Perovskite Composites 

6.1. Introduction  

Metal halide perovskite semiconductors have excellent optoelectronic characteristics 

includes tunable band gap, narrow emission widths, high color purity, low exciton binding 

energy, defect tolerance, high light absorption coefficient, easily processed in solution, and 

high PL. These characteristics makes them  suitable for versatile optoelectronic applications 

like solar cells, LED, photodetectors, lasers, etc [102,240,241]. The perovskite materials 

have the same structure as calcium titanate (CaTiO3), which was first founded by a Russian 

mineralogist in 1839. The generalized chemical formula for perovskite is ABX3, where A 

and B are cations where as X is a halide [3,82,242].  

Because of its photophysical characteristics and potential applications in lighting and 

display, researchers are now interested in all-inorganic lead halide perovskites. This is 

mostly because of their highly adjustable emission band, narrow FWHM, high PLQYs, and 

superb color purity [243]. Here, the perovskite materials have been synthesized  by a typical 

hot-injection and ligand-assisted precipitation procedure, and there has been a significant 

improvement in both properties and performances over the past decades. However, in spite 

of these advancements, some technical issues needs improvement. For example, further 

research should be done on the poor efficiency of blue perovskite LEDs (PeLEDs), the 

trapping defects that create the charge-carrier injection barrier, and the significant 

nonradioactive recombination from surface defects [244]. In addition a mixed halide 

perovskite may suffer with stability issue due to phase segregation in spite of the available 

various colors through changing composition [245,246]. Accordingly, some strategies such 

as encapsulations, doping, and polymer mixing were designed to solve the remaining 

technical problems [247,248]. Furthermore, a facile room temperature (RT) processing 

technique have been developed with potential merits such as low cost and facile preparation, 

leading to an improved PL efficieny [206,241,249]. Some examples are as follows: the 

effects of mixing a blue emitting, poly (9,9-dioctylfuorene) (PFO) and  green perovskite, 
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CsPbBr3 or red emitting perovskite, CsPbBr1.5I1.5 NCs and a yellow emitting poly(9,9-

dioctylfuorene-co-benzothiadiazole) (F8BT) with the red NCs, in different amounts.  

According to the findings, one of the most pertinent strategies for the developemnt of 

optoelectronic devices is the interaction between polymer and perovskite NCs [250]. The 

preparation of blue-emitting lead mixed halide perovskite, CsPbX3 (X= Br, Cl) NCs requires 

a complicated process to control composition and purification [240,241].  In the case of 

polymer/perovskite composites, the resulting mechanical, chemical and thermal stability 

with solution processibility demonstrates that the mixing strategy with conjugated polymer 

is good  for optoelectronic devices,for example solar cells and LEDs [251,252]. Noticeably, 

a blue emitting perovskite still shows a low efficiency and limited stability contrast  to green 

and/or red emitting perovskites, indicating a further study is needed for solving this technical 

issue. For example, a commercially available organic polymer and/or inorganic 

nanoparticles were composited with perovskites for tuning the PL properties of perovskites 

[251].  

In this work, we aim to prepare a pure blue emitting mixed halide perovskite/polymer 

composite. Here we used poly[2-methoxy-5-(3,7-dimethyoctyoxyl)-1,4-phenylenevinylene] 

(MDMO-PPV) as a light-emitting polymer. In addition, a cesium lead mixed halide blue 

emitting perovskite, namely, CsPb(Br1-xClx)3 was synthesized at RT condition and then it 

was incorporated into the MDMO-PPV polymer with various concentrations. Importantly, 

the optical bandgap, crystallinity and PL emission could be affected by changing the amount 

of chlorine content.  
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 6.2. Materials and Methods  

6. 2.1. Chemicals  

Cesium bromide CsBr (99.9%,Sigma-Aldrich), lead bromide (PbBr2, 99.0%, Delhi India ), 

lead chloride ( PbCl2,99.0%, Delhi India), Oleic acid (OA, 98%,Sigma-Aldrich), oleylamine 

(OAm,70%,Sigma-Aldrich), N,N–dimethylformamide (DMF,99.5%,AR chemicals, Delhi, 

India), toluene(≥ 99.5%, AR chemicals, Delhi, India),ethyl acetate (≥ 99.8% ,Sigma-

Aldrich), Acetone (≥99%,Sigma-Aldrich), Isopropanol(IPA,99.5%,Delhi India), and 

MDMO-PPV with molecular weight of 120 kg.mol-1 were purchased from Sigma-Aldrich  

and  are used without further purifications.  

 6.2.2. Synthesis of CsPb(Br1-xClx)3 (X= 0.33, 0.50) 

The perovskite was synthesized according to the literature report [251]. Here, CsBr (0.2 

mmol, 43 mg), PbBr2 (0.134mmol, 49mg or 0.1mmol, 37mg) and PbCl2 (0.066 mmol, 18 

mg or 0.1mmol, 28mg) were used to prepared CsPb(Br1-xClx)3 (X= 0.33 or 0.50) with a mole 

ratio of 3:2:1 and 2:1:1 respectively, using 5 mL DMF  and OA/OAm (=1:1 volume ratio) 

ligands.  Next, for three hours at 30°C, the solutions were vigorously stirrer [252]. Then, 15 

mL of ethyl acetate was incorporated in perovskite precursor solution and then centrifuged 

at 8000 rpm for 10 min. After that, the precipitate was once a gain dispersed in toluene for 

characterizations after the supernatant was extracted. The resulting perovskite in toluene 

exhibited a blue emission under 365 nm UV light illuminations.  

6.2.3. Preparation of  MDMO-PPV :CsPb(Br1-xClx)3 (X= 0.33, 0.50) Composites  

The  MDMO-PPV /CsPb(Br1-xClx)3 composites were  prepared according to the literature 

report [205,253]. Here, MDMO-PPV (3mg/mL toluene) and CsPb(Br1-xClx)3 (~36-37mg/mL 

toluene) (MDMO-PPV:perovskite solutions= 1:1; 1:2 volume ratio) were prepared. In 

addition, the pure MDMO-PPV polymer and CsPb(Br1-xClx)3  were deposited onto a glass 

substrate as a reference.  
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 6.2.4. Characterizations  

The structural characteristics of the samples were determined  using X-ray diffraction (XRD) 

measurements measured by  the Rigaku mini flex-300/600 diffractometer (Rigaku, Tokyo, 

Japan).The irradiation used Cuk,λ=1.5406A°at 40KV and 15mA used in the XRD 

characterization measurement. The change of scanning angle(2θ) between10°-80° the step 

sizes of 0.01° at 5° min-1. FTIR spectra were obtained by a FTIR  Spectrometer (PerkinElmer 

Spectrum Two FTIR Spectrometer) used to analyze  functional groups and chemical 

interactions. Here, FT-IR spectra of the samples in the range 4000–400 cm-1 were recorded 

with a resolution of 4 cm-1 using ATR as a sampling technique. 

The optical characteristics of samples were measured by using ultraviolet-visible (UV–vis) 

absorption by UV–Vis Spectrophotometer fluorescence (SHIMADZU UV-2600, 

Kyoto,Japan). The PL  spectra of the samples were characterized  by a spectrophotometer 

(SHIMADZU RF-6000, Kyoto,Japan) at an excitation wavelength of 380nm and 460nm. All 

the characterization was carried  out under  RT. 

 6.3. Results and Discussion  

The structural characteristics of mixed halide perovskite CsPb(Br1-xClx)3(x= 0.33, 0.50) and 

its composite with MDMO-PPV were characterized using XRD. The results were concluded 

in Table 6.1, showing that both the chlorine contents as well as  blending ratio has been 

affected the properties of composite, e.g., crystallinity. 

Table 6.1. Crystallite size (D) of CsPb(Br1-xClx)3 and its composite. Here, β denotes  FWHM 
at angle θ. 
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Figure 6.1. XRD  patterns for CsPb ( Br1-xClx )3/MDMO-PPV composites  drop cast  films 
as well as its pure components (i.e., polymer and perovskite) and dried ambient condition. 
An amorphous polymer MDMO-PPV, shows  an amorphous halo at 2θ ≈ 25° (see the black 
solid line). 

According to UV-visible spectroscopy measurements, the absorption spectra of pure blue-

emitting perovskites made from a chlorine and bromine mixture demonstrate more 

absorption (i.e., relatively smaller band gap) at lower chlorine contents and decreased 

absorption (i.e., relatively wider band gap) at higher chlorine contents as oberved in Figure 

6.2. Moreover, when mixed halide perovskite was composited with MDMO-PPV polymer, 

the overall shape follows the MDMO-PPV’s absorption spectra but the range is partially 

diminished as reported in elsewhere [254]. 
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Figure 6.2. UV-Vis  spectra the CsPb ( Br1-xClx )3/MDMO-PPV composites solutions as well 
as its pure component (polymer and perovskite). 
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 The  optical bandgap (Eg) of pure blue emitting all inorganic perovskites  and 

perovskite/polymer composites was clearly estimated based on a Tauc model according to 

the literature report [255]. As presented in Figure 6.3, CsPb(Br1-xClx)3 (x=0.33) shows Eg ≈ 

2.69 eV and CsPb(Br1-xClx)3 (x=0.50) exhibits Eg ≈ 2.78 eV whereas MDMO-PPV displays 

Eg ≈ 2.23 eV. However, when MDMO-PPV were mixed with CsPb(Br1-xClx)3 perovskite, 

the optical bandgap is ~2.27 eV, i.e., a wider bandgap compared with that of MDMO-PPV, 

it may indicating MDMO-PPV chain molecules are dispersed in CsPb(Br1-xClx)3. Note that 

the amount of MDMO-PPV in perovskite-polymer composite is about ~10 wt.% of 

CsPb(Br1-xClx)3.  

 

 

 

 

 

 

 

          Figure 6.3. Determination of optical bandgap of samples (αhv)2 vs. energy 

The PL emission spectra CsPb(Br1-xClx )3/MDMO-PPV composites as well as its pure 

component (polymer and perovskite) are displayed in Figure 6.4.  

The CsPb(Br1-xClx)3 (x=0.50), CsPb(Br1-xClx)3 (x=0.33), and MDMO-PPV PL emission 

peaks were measured at 450 nm, 463 nm, and 566 nm, respectively.  However, when 

CsPb(Br1-xClx)3 and MDMO-PPV were mixed together to form a composite, the PL emission 

peak was seen at 558 nm. Thus, the finding indicates  that the PL emission of perovskite 

could be adjusted by altering the amount of chlorine concentrations according to the previous 

report [249]. Typically, the creation of excitons in the polymer-perovskite composite is 

responsible for the rise in PL emission that follows an increase in dopant concentration [256]. 

2.0 2.2 2.4 2.6 2.8 3.0

(a
h
v
)2

(c
m

-1
.e

V
)2

Energy(eV)

 MDMO-PPV

 CsPb ( Br1-xClx )3 ( x = 0.33 )

 CsPb ( Br1-xClx )3 ( x = 0.50 )

 MDMO-PPV:CsPb ( Br1-xClx )3 ( x=0.33 ) ( 1:1 )

 MDMO-PPV:CsPb ( Br1-xClx )3 ( x = 0.50 ) (1:1 )

 MDMO-PPV:CsPb ( Br1-xClx )3 ( x = 0.33 ) ( 1:2 )

 MDMO-PPV:CsPb ( Br1-xClx )3 ( x = 0.50 ) ( 1:2 )



75 
 

 

 

 

    

 

 

 

Figure 6.4. PL spectra of CsPb(Br1-xClx )3/MDMO-PPV composites  solutions as well as its 
pure component (polymer and perovskite). 

The FTIR spectroscopy has been used to identify a function group in the chemical systems, 

which was performed in the range 4000-400 cm-1 in our study. From figure 6.5, the peak 

position of bands  in the range  2920-3026 cm-1 are categorized as C-H functional groups 

[198,257]. Accordingly, the peak position around at 2920 cm-1 shows symmetric C-H 

stretching [116], and  at peak  1497 cm-1 , O-H and C-H bond stretching was observed 

[258,259]. IR peaks in 1250-1000cm-1   range reveal that C-O stretching vibrations [257].  

On the other hands, the peaks round at 1605cm-1 and 1497cm-1 show the ring mode of 

vibration [259]. Aromatic out-of-plane C-H bends and ring blend were indicated at peak 

position of 729 cm-1 and 688 cm-1, respectively [257,258]. 

 

Figure 6.5. FTIR spectra of CsPb(Br1-xClx )3/MDMO-PPV composites solutions  as well as 
its pure component (polymer and perovskite). 
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 6.4. Conclusions   

         In this  paper, we illustarted  the structure-composition-optical properties (e.g., XRD, 

UV-vis and FTIR spectra) relationship for the CsPb(Br1-xClx)3/MDMO-PPV composites. 

Resultantly, in the case of a pure CsPb(Br1-xClx)3 perovskite, depending on the Cl doping 

amounts, the optical properties could be tuned. Furthermore, when we make a composite by 

mixing CsPb(Br1-xClx)3 perovskite and MDMO-PPV polymer, the optical properties were 

modified although the optical bandgap was dominated the value of MDMO-PPV. Here, the 

slight difference in optical bandgap between MDMO-PPV and MDMO-PPV/CsPb(Br1-

xClx)3 composite might be from the morphological effects, i.e., MDMO-PPV polymeric 

chain should be dispersed in the CsPb(Br1-xClx)3  matrix, resulting in energy levels of 

MDMO-PPV is more discrete compared to its compact film materials. However, this 

structure should be helpful from PL emission point of view, demonstrating higher intensity 

of PL when MDMO-PPV was composited with CsPb(Br1-xClx)3  perovskite. Therefore, our 

results open further insight for the use of perovskite/polymer composite, by demonstrating 

an structural and optical tunability for optoelectronic devices including  solar cells and LED 

display applications. 
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 Chapter  Seven  

7. Summary and Recommendations  

7.1. Summary  

Our work in this dissertation was focused on the preparations and characterizations  of metal 

halide perovskite semiconductor materials and their composites. Since metal halide 

perovskite's remarkable optoelectronic qualities such as its high absorption coefficient, good 

charge transporting ability, narrow emission line with high PLQY, and tunable optical band 

gap have  drawn interest from the scientific community for study. The ligand systems (olive 

oil/oleylamine vs. oleic acid/oleylamine) used to synthesize CsPbBr3 NCs at room 

temperature were examined for their surface chemistry in Chapter 4. In light of this, the 

following findings were made: i) both ligand systems showed crystallite sizes in the range 

of 40–42 nm; ii) both XRD and TEM results demonstrated cuboid shape and  band gap of 

2.3 eV; iii)  FWHM of olive oil/oleylamine was 19 nm, while that of oleic acid/oleylamine 

was 21 nm, indicating that both were in the desired range for practical application (i.e,12–

42 nm). However, the average PL  life time of olive oil/oleylamine is longer than that of 

oleic acid/oleylamine combined. 

 Conjugated polymer-perovskite nanocomposites were examined in chapter 5. The present 

study examines the composite system phase behavior and results of  that the ligand-CsPbBr3 

perovskite NCs are not compatible but instead facilitate self-aggregation. This suggests that 

the MDMO-PPV/oleylamine combination is immiscible. On the other side, MDMO-PPV 

and two ligand molecules  are  all soluble in the antisolvent toluene individually, but only 

after increasing the temperature for MDMO-PPV. However, XRD data shows that 

crystallites with sizes between 33-52 nm have peaks at (100) and (200) for every 

composition of MDMO-PPV:CsPbBr3. On the other hand, CsPbBr3QDs exhibit (110) 

oriented order, according to TEM data. Moreover, the SEM image demonstrates that 

aggregation at a 50:50 composite is in line with Flory Huggins' idea as it is theoretically 

presented. In addition, an increase in PL emission was noted at CsPbBr3 contents of 30wt% 

and higher. Finally, EIS measurement demonstrates that the charge transporting 
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characteristics of the composites (50:50) are enhanced, as evidenced by the decreased 

resistance of charge transfer in comparison to the pure polymer.  

The links between structural-properties-composition were explored in chapter 6. In this, 

room temperature synthesis was used to produce CsPb(Br1-xClx)3 and MDMO-PPV, as well 

as their composites. Microscopy and spectroscopic techniques were then used to analyze the 

materials. The findings show that, when compared to pure polymer, the composite's 

crystallite size changes as the chlorine content increased. The optical property shows that 

when the composite's chlorine concentration rises, the band gap and emission shift 

accordingly. Lastly, our works demonstrates the usefulness   of using olive oil, which is safer 

for the environment, instead of oleic acid for synthesizing CsPbBr3 NCs at RT. Additionally, 

thermodynamic analysis of miscibility gaps was conducted on the new polymer-ligand-

perovskite nanocomposite, MDMO-PPV/toluene, MDMO-PPV with oleylamine, and 

MDMO-PPV with oleic acid.  Future commercialization of CsPbBr3 synthesized using  olive 

oil instead of oleic acid, appears promising for optoelectronic applications. Besides, 

polymer-perovskite composites   explorations  shows good insight for the improvemnets of 

properties. Finally  the our  findings shows that  perovskites NCs  and polymer-perovskites  

nanocomposites are  promising for the electrochemical and optoelectronic applications. 

7.2. Recommendations 

The scientific community is interested in metal halide perovskites because of their quick 

advancement in efficiency when compared to more established organic and inorganic 

materials, as demonstrated by their characterization and development. To obtain the desired 

materials for practical applications, the characteristics  still need to be improved. In this study 

, the surface chemistry of CsPbBr3 was examined firstly. Next, the miscibility, structural ,and 

some properties of conjugated polymer-perovskite nanocmposites were explored. Because 

there were no instruments for device fabrication , efficiency measurements and additional 

properties investigations, the  study has been restricted to  acertain  spectroscopy and 

microscopy  and explored. Due to the limitations of the tools, we strongly reommeded   

researchers to carry out further study in the future based on  the current  explorations. 
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