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Abstract 

Lead halide perovskites have emerged as promising semiconductors for a broad spectrum 

of applications, such as solar cells, lasers, light-emitting diodes, and photodetectors. Their 

prominence stems from their outstanding characteristics, including facile synthesis, 

strong light absorption capabilities, tunable bandgaps, and exceptional charge carrier 

mobility. Bulk perovskite has a high carrier diffusion length, making it promising for 

optoelectronic applications. However, it is difficult to fabricate into a thin film which is 

necessary for increasing device performance. In contrast, a perovskite nanocrystal (PNC) 

film can be easily fabricated with a desired thickness. However, these PNCs often face 

instability due to defects, low carrier diffusion due to high quantum confinement, and 

reduced carrier extraction at the interface, hindering their overall efficiency. The basic 

aim of this thesis is to improve the stability of PNCs through defect passivation, enhance 

carrier diffusion via assembly formation, and increase carrier extraction into the transport 

layers using multiwall carbon nanotubes (MWCNTs) as acceptors. The thesis is structured 

into five chapters. Chapter 1 provides an introduction to perovskites, focusing on their 

structures, photoluminescence (PL) behavior, and carrier diffusion dynamics across 

different perovskite sample types. Special emphasis is placed on the use of PNC films 

with an optimal thickness to maximize carrier diffusion. This chapter also explores 

various carrier extraction strategies and potential applications of perovskites. Chapter 2 

details the synthesis methodologies for PNCs and perovskite quantum dots (PQDs) using 

the hot-injection method. The functionalization process of MWCNTs is also detailed here. 

It also includes microscopic and spectroscopic tools, such as steady-state absorption 

spectroscopy, steady-state fluorescence spectroscopy, time-resolved single-photon 

counting, transient absorption spectroscopy, Raman spectroscopy, X-ray photoelectron 

spectroscopy, Fourier-transform infrared spectroscopy, scanning transmission electron 

microscopy, and single-particle microscopy. Chapter 3 focuses on the defect passivation 

of CsPbBr3 PNCs, which is mainly responsible for the nonradiative recombination and 

instability. STEM-EDX analysis of CsPbBr3 PNCs synthesized using the hot injection 

method reveals the presence of Br – vacancies, leading to a low PL quantum yield (QY) 

and a short PL lifetime. The PNCs were post-treated with various inorganic halide sources 

including CsBr, NaBr, and KBr. PLQY, PL lifetime, and intensity trajectories after 
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vacancy filling were measured.  Among various halide salts I tested for defect passivation, 

NaBr was identified as the most effective, increasing the PLQY from 58% to 98%. The 

PL lifetime also increases from 11.6 ns to 13.8 ns. Single-particle blinking studies show 

that suppressed blinking supports the vacancy filling in CsPbBr3 PNCs. Defect 

passivation significantly reduces nonradiative recombination, improving the 

photophysical properties of the PNCs. For a longer carrier diffusion length, assembly 

formation of low dimensional perovskite is necessary. In Chapter 4, I demonstrated the 

polymer-induced assembly formation of FAPbBr3 PQDs. The solvent evaporation and 

polybutadiene polymer shrinkage during drying help to assemble the PQDs within a 

polymer, resulting in a redshifted PL spectral maximum and a longer PL lifetime. This 

can be attributed to the wave function overlap of the PQDs and miniband formation. 

Temperature-controlled carrier diffusion was also demonstrated in this chapter. An 

increase in the temperature of the assembly resulted in a PL spectral blueshift and lifetime 

decrease, both indicating thermal dissociation of the assembly.  Cooling the assembly to 

room temperature partially restored the optoelectronic properties. These findings 

underscore the potential of such assemblies for use in optoelectronic devices responsive 

to external stimuli.  Although increased carrier diffusion helps the carrier to reach the 

charge transport layer, interfacial electronic coupling, and carrier transportation to the 

electron and hole transport layers are critical for accomplishing efficient carrier extraction. 

In Chapter 5, I focus on the rapid extraction of charge carriers from CsPbBr3 PNCs using 

MWCNTs as the electron acceptor layer. The MWCNTs were first functionalized with 

terminal phenylamine groups to facilitate binding with the PNCs. PNC-MWCNT 

interface samples were prepared using both post-mixing and in situ hot-injection methods. 

The resulting PNC-MWCNT conjugates exhibit hot-carrier transfer from the PNCs to the 

MWCNTs, a reduction in biexciton-mediated nonradiative Auger recombination, and 

reduced radiative recombination at the band edge. Overall, this thesis outlines methods to 

enhance PNC quality through halide vacancy filling, enhance the diffusion or 

transportation of photogenerated charge carriers through assemblies, and extract the 

carriers across PNC-MWCNT interfaces by hot-electron transfer. These improvements 

are beneficial for developing more efficient and durable optoelectronic devices. 
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Abbreviations and Symbols 

1-HDC 1-hexadecene  

2D 2-dimensional 

3D 3-dimensional 

A Absorbance 

𝑎 Amplitude  

AR Auger recombination 

ASE Amplified spontaneous emission  

c Concentration 

CBM Conduction band minimum 

CCD Charge-coupled device 

CdSe Cadmium selenide  

CsBr Cesium bromide 

CW Continuous wave 

𝑑 Distance between crystal plane 

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide 

e Electron 

Eb Exciton binding energy  

EDX Energy-dispersive X-ray spectroscopy 

EMCCD Electron multiplying charge-coupled device 

ETL Electron transport layer 

Eg Bandgap 

eV Electron volt 

FABr Formamidinium bromide 

fs Femtosecond 

FTIR Fourier transform infrared spectroscopy 

GB Grain boundaries 

GBL Gamma-butyrolactone 

GSB Ground state bleach 



viii 
 

h Hole 

HBr Hydrogen bromide 

HC Hot carrier  

HCl Hydrochloric acid 

HTL Hole transport layer 

K  Kelvin 

𝑘1  Monomolecular recombination rate constant 

𝑘2  Bimolecular recombination rate constant 

𝑘3  Auger recombination rate constant 

kB  Boltzmann constant 

𝑘𝑟  Radiative recombination rate constant 

𝑘𝑛𝑟  Non-radiative recombination rate constant 

l Optical path  

𝐿𝐷 Charge carrier diffusion length  

LARP Ligand-assisted reprecipitation 

LED Light emitting diode 

M Mirror  

MEG Multiple exciton generation  

mg Milligram 

MHP Metal halide perovskite 

MHz Megahertz 

min Minute 

mL Milliliter 

mm Millimeter 

mmol Millimole 

MWCNT Multiwall carbon nanotube 

NaBH4 Sodium borohydride 

NaBr Sodium bromide  

NBDTFB 4-Nitrobenzediazonium tetrafluoroborate  

ND Neutral density 

NIR Near infra-red 



ix 
 

nm Nanometer 

OA Oleic acid 

OAm Oleylamine 

OPA Optical parameter amplifier 

PbBr2 Lead bromide 

PBD Polybutadiene 

PCE Power conversion efficiency 

PeLEDs perovskite-based LEDs  

PIA Photoinduced absorption 

PL Photoluminescence 

PLQE Photoluminescence quantum efficiency 

PLQY Photoluminescence quantum yield 

PNC Perovskite nanocrystal 

PQD Perovskite quantum dot 

ps Picosecond 

PSC Perovskite solar cell 

r Particle radius 

𝑟𝐴 A-site cation’s ionic radius 

𝑟𝐵 B-site cation’s ionic radius 

𝑟𝑋 X-site anion’s ionic radius 

RP Ruddlesden-Popper 

rpm Rotation per minute 

SAXS Small-angle X-ray scattering 

SCLC Space-charge-limited current model  

SE Stimulated emission 

SHG Second harmonic generation  

SOC Spin-orbit coupling 

STEM Scanning transmission electron microscopy 

T Temperature 

TA Transient absorption 

TCSPC Time-correlated single photon counting 



x 
 

Tg Glass transition temperature 

THF Tetrahydrofuran 

TRPL  Time-resolved photoluminescence 

UV Ultraviolet 

UV-vis Ultraviolet-visible 

V Voltage  

VBM Valance band maximum 

v/v Volume/volume 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

λ Wavelength 

µL Microliter 

µm Micrometer 

ε Molar absorptivity  

𝜏  Photoluminescence lifetime 

𝜑 Work function 

m*  Reduced mass 

ℏ  Planck constant 

∈0 Vacuum permittivity 

μ Charge carrier mobility 

q  Elementary charge 

°C Degree Celsius  

 



xi 
 

Table of Contents 

 Page 

Abstract v 

Abbreviations and Symbols vii 

Chapter 1: Introduction 1 

 Abstract 1 

1.1 General introduction  

1.1.1 History of halide perovskites 

1.1.2 Crystal structures 

1.1.3 Electronic structure 

1.1.4 Structural and electronic defects 

2 

2 

3 

5 

7 

1.2 PL properties  9 

1.3 Nanocrystals and quantum dots 

1.3.1 Synthesis and properties of PNCs and PQDs 

1.3.2 PNC films 

1.3.3 Exciton diffusion 

14 

14 

17 

19 

1.3.3.1 Exciton diffusion in polycrystalline films 

1.3.3.2 Exciton diffusion in single crystals 

1.3.3.3 Exciton diffusion in PNC films 

21 

22 

24 

1.4 Carrier extraction 

1.4.1 Strategies to improve carrier extraction 

1.4.1.1 Material optimization 

1.4.1.2 Defect passivation 

1.4.1.3 Interface engineering 

1.4.2 Biexciton and nonradiative Auger recombination 

25 

26 

26 

27 

27 

28 

1.5 Applications of halide perovskites 

1.5.1 Solar cell 

1.5.2 LED  

1.5.3 Laser 

29 

29 

31 

32 



xii 
 

1.6 Motivation and objective of this research 33 

References 35 

Chapter 2: Experimental 47 

Abstract 47 

2.1 Materials 48 

2.2 Sample preparation 48 

2.2.1 Preparation of PQDs and PNCs 

2.2.2 Functionalization of MWCNTs 

2.2.3 Preparation of PQD assemblies and PNC-MWCNT conjugates 

2.2.4 Preparation of samples for single-particle and time-resolved 

spectroscopy studies 

48 

50 

51 

52 

2.3 Methods 52 

2.3.1 UV-vis absorption spectroscopy 

2.3.2 Steady-state fluorescence spectroscopy 

2.3.3 Time-resolved photoluminescence spectroscopy 

2.3.4 Single-particle spectroscopy 

2.3.5 XRD and SAXS  

2.3.6 XPS 

2.3.7 FTIR 

2.3.8 STEM-EDX 

2.3.9 Raman spectroscopy 

52 

54 

56 

61 

62 

62 

63 

63 

64 

References 66 

Chapter 3: Defect passivation in isolated nanocrystals 67 

Abstract 67 

3.1 Introduction 68 

3.2 Results and discussions 70 

3.2.1 Synthesis and characterization of CsPbBr3 PNCs 

3.2.2 Defect passivation 

3.2.3 Single-particle study 

70 

75 

79 

3.3 Conclusions 82 

References 83 



xiii 
 

Chapter 4: Temperature-controlled exciton recombination in 

halide perovskite assemblies 

89 

Abstract 89 

4.1 Introduction 90 

4.2 Results and discussions 92 

4.2.1 PL characteristics of defect-passivated CsPbBr3 PNC films 

4.2.2 Synthesis and characterization of FAPbBr3 PQDs 

4.2.3 Optoelectronic properties of FAPbBr3 PQDs and PQD-PBD 

films 

4.2.4 Temperature-dependent exciton recombination in films 

92 

94 

 

96 

98 

4.3 Conclusions 104 

References 105 

Chapter 5: Carrier extraction at the perovskite carbon 

nanotube interfaces 

111 

Abstract 111 

5.1 Introduction 112 

5.2 Results and discussions 114 

5.2.1 Characterization of functionalized MWCNTs 

5.2.2 MWCNT-PNC conjugate formation 

5.2.3 Optoelectronic properties of the conjugates  

5.2.4 Charge carrier dynamics at the MWCNT-PNC interface 

114 

117 

119 

120 

5.3 Conclusions 125 

References 126 

General conclusions 131 

List of publications 133 

List of papers presented at conferences 133 

 

 



xiv 
 

 



1 
 

Chapter 1 

Introduction 

Abstract 

Lead halide perovskites (LHPs) have gained immense popularity in optoelectronic and 

energy applications. HP solar cells have reached efficiencies comparable to silicon 

photovoltaic devices within a decade. These materials have attractive, tunable optical and 

electronic properties. Here, I discuss the historical evolution and structural features of 

LHPs with a focus on their use in photovoltaics. The characteristic ABX3 crystal structure 

of HPs allows for the incorporation of a diverse array of chemical species, imparting a 

high degree of structural and compositional versatility. This chapter also focuses on the 

structural parameters governing their stability, including the Goldschmidt tolerance factor 

and octahedral factor. Additionally, the electronic band structure of HPs, shaped by the 

[BX6]
4⁻ octahedral units and spin-orbit coupling effects, are discussed to highlight their 

defect tolerance. However, challenges such as structural instability, defect formation, and 

toxicity impede their commercialization. I also discuss how defects insert shallow and 

deep traps inside the band structure, making carriers recombine non-radiatively. In the 

next section, I discuss the photoluminescence (PL) and exciton dynamics of the different 

types of LHP samples including polycrystalline films, single crystals, and nanocrystals 

(PNCs). I explain how grain defects in polycrystalline film hinder carrier diffusion while 

superior diffusion properties are observed in single crystals. For PNCs, insulating ligands 

and solvents confine the carriers.  Long exciton diffusion is necessary for efficient carrier 

extraction. I also discuss different strategies to enhance the extraction of carriers, which 

are key parameters for interfacial electron transfer and optimized solar-to-current 

conversion efficiencies of LHP solar cells (PSCs). 
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1.1 General introduction 

1.1.1 History of halide perovskites 

Perovskite was first identified in 1839 by German mineralogist Gustav Rose in the Ural 

Mountains of Russia, as CaTiO3 (calcium titanate), a naturally occurring mineral.1, 2 He 

named it "perovskite" to the honor of Russian mineralogist Lev Perovski. This mineral 

contains a unique crystal arrangement, now termed as the “perovskite structure”. In the 

mid-20th century, researchers began synthesizing perovskite-like structures, extending 

the formula beyond CaTiO3.
3-5 The perovskite structure, which includes diverse cations 

and anions, allows the replacement of calcium and titanium with various elements, 

yielding materials with unique properties. Today, the term “perovskite” refers to different 

compounds depending on the scientific field. For example, in ferroelectric research, 

common perovskites include barium titanate (BaTiO3)
6 and lead zirconate titanate 

(Pb(Zr,Ti)O3)
7. High-temperature superconductor copper oxide perovskites such as 

YBa2Cu3O7,
8 are particularly notable in superconductivity research. Spintronics utilizes 

perovskites like (La,Sr)MnO3,
9 while geoscientists recognize perovskite as 

(Mg,Fe)SiO3,
10 which is a major component of earth’s lower mantle and likely its most 

abundant mineral.  

 

Figure 1.1. A typical crystal structure of LHPs. 

Recently, HPs have become highly popular in energy research because of their 

simple synthesis and exceptional photon-to-current or power conversion efficiency (PCE). 

HPs have high absorption coefficients, long-range diffusion of charge-carriers, low 

exciton binding energy, board absorption spectrum, tunable bandgap, and high defect 

tolerance capability. These exceptional optoelectronic and photophysical properties make 

A: CH3NH3⁺/CH(NH2) 2⁺/Cs⁺ 

B: Pb2⁺, Bi2⁺, Ge2⁺, Sn2⁺ 

X: Cl⁻, Br⁻, I⁻ 
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them highly valuable for the use in solar cells, photodetectors, LEDs, and lasers. It was 

first synthesized in the late 19th century by H. L. Wells.11   Møller synthesized and studied 

all inorganic LHP cesium lead halides (CsPbX3) and documented their crystal structure 

and photoconductive properties in 1958.12 On the other hand, Weber first synthesized 

organic-inorganic LHPs in 1978.13 The groundbreaking moment came in 2009, when 

Miyasaka and colleagues successfully incorporated these hybrid HPs into solar cells. 

They achieved an efficiency of 3.8% using CH3NH3PbI3 as the light-absorbing material.14 

Since then, PSCs have gained dramatic increase in efficiency, making HPs one of the 

most studied materials in modern materials science. Over time, the PCE reached 26.54%15 

making them competitive with the conventional silicon cells with PCE of 26.81%16.  

1.1.2 Crystal structures  

HPs typically have a crystalline structure based on the general formula ABX₃. A is a large 

cation, often organic (methylammonium CH3NH3⁺ or formamidinium CH(NH2)2⁺) or 

inorganic (Cs⁺). B is a divalent metal cation, commonly Pb²⁺, Sn²⁺, or Ge²⁺.  X denotes a 

 

Figure 1.2. Different sizes and shapes of HPs. (a) Photograph of large single crystals,17 

(b-d) fluorescence image of microrod,18 (c) cubes,19 and (d) microplate, and (e) a 

transmission electron microscope image of PNCs20. 

halide anion, such as Cl⁻, Br⁻, or I⁻. The structure is similar to oxide perovskites but 

incorporates halide ions instead of oxygen, affecting their stability, optoelectronic 

properties, and bandgap tunability. In the ideal LHP structure, one B-site metal cation is 

coordinated with six X-site anions to form a BX6 octahedral geometry. Such octahedra 

connect by sharing their corners, meaning each X anion is positioned at the corners of the 

unit cell and shared among adjacent octahedra (Figure 1.1).  
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Figure 1.3.  (a) A graph illustrating the possible HP structure based on the ABX3 structure 

considering the Goldschmidt tolerance factor and octahedral factor. Reproduced from 

Sarangi, et al.21  (b) Tolerance factors along with lattice distortion.22 

HPs are highly versatile and can be easily synthesized into various sizes and shapes 

(Figure 1.2) with relative ease due to their unique crystallization behavior and solution-

based synthesis processes. Goldschmidt tolerance factor (t) and octahedral factor (μ) have 

been used to assess the stability of HP structures (Figure 1.3a). It can predict whether a 

given set of cations and anions will form a stable 3D crystal structure. The following 

formula defines the Goldschmidt tolerance factor t: 

t =
rA + rx

√2(rB + rx)
 

In the above equation, rA , rB, and rx are the ionic radius of the A-site cation, B-site cation, 

and X-site anion, respectively. The value of t ranges from 0.8 to 1.0 typically suggesting 

a stable 3D HP structure. A value close to 1 indicates an ideal cubic HP structure. When 

the value of t is less than 1, it suggests distorted structures including tetragonal or 

orthorhombic, due to tilting of the BX6 octahedra (Figure 1.3b). The octahedral Factor μ 

is defined as follows. 

μ =
rB

rX
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Here rB and rx are the ionic radius of the B-site and halide ions, the parameters defining 

the stability of the BX6 octahedral network. μ is between 0.4 and 0.9, which is standard 

for a stable structure.  

LHPs have achieved the highest PCE compared to other B-site cations, making 

them the benchmark. However, LHPs have less stability and high toxicity. Tin perovskites 

are the most promising lead-free alternative, reaching PCE up to 12%.23 However, they 

are very much prone to oxidation, which can quickly degrade their performance. Other 

elements like bismuth and antimony are more stable but show poor PCEs. Some B-site 

cations such as Ruthenium and Rhodium are not discussed here because of their rare and 

expensive nature. 

1.1.3 Electronic structure  

The remarkable optical and charge carrier characteristics of LHPs arise from their 

distinctive energy state distribution at the band edge. Therefore, understanding the band 

structure of LHPs is necessary. LHPs are considered direct bandgap semiconductors.24 

The conduction band minima (CBM) and valance band maxima (VBM) are typically 

positioned at the same momentum (k-point), facilitating fast and efficient transitions of 

charge carriers directly without requiring phonon involvement. DFT calculation revealed 

that the electronic structure of HPs near the band edges is formed by the interactions 

within the [BX6]
4⁻ octahedral building blocks.25-28 The band structure of the LHP is 

presented in Figure 1.4a. The CB is primarily formed through the hybridization of Pb 

6p orbitals and the s and p orbitals of the halide anions. The VB is formed by hybridizing 

the Pb 6s and 6p orbitals and the s and p orbitals of the halide anion. Therefore, by 

changing the composition, band gap tuning is possible. 

For example, Iodine atoms are larger than bromine atoms, with more diffuse 5p 

orbitals compared to the 4p orbitals of bromine. This larger and more diffuse electron 

cloud of iodine allows for greater overlap with the Pb orbitals in the [PbX6]
4- octahedral 

structure. This stronger overlap reduces the energy difference between the CB and VB, 

thus narrowing the bandgap in iodide-based perovskites. 

Lead and tin atoms have high atomic numbers and are heavy elements that contain 

an inherent tendency of stronger spin-orbit coupling (SOC). The strength of SOC is 
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approximately the fourth power of the atomic number (Z⁴). Moreover, many HPs exhibit 

non-centrosymmetric crystal structures. This asymmetry enhances SOC effects 

 

Figure 1.4. a) A typical band structure of LHP without considering spin-orbital 

coupling.29 b) Electronic band structure of cubic CsPbI3 (i) without and (ii) with 

considering SOC corrections.30 

through mechanisms like the Rashba effect31 and Dresselhaus splitting.32, 33 With SOC, 

VBM, and CBM no longer aligned at the same momentum in k-space. Instead, they shift 

to different positions in momentum space, which creates an indirect bandgap, where the 

transition of an electron from the CBM to the VBM needs a change in momentum. SOC 

in LHP arises from combining two distinct types of electron angular momentum: (i) the 

electron's orbital angular momentum, and (ii) the electron spin angular momentum. The 

latter is the clockwise or counterclockwise rotation of an electron around its axis, with a 

spin quantum number of ms = ±
1

2
  .34 This interaction leads to partial constructive or 

destructive alignment between the orbital and spin angular momentum,35 which affects 

the overall energy levels of the system. The notable effect of SOC in LHPs is the splitting 

and loss of degeneracy in the states close to CBM, which results in the narrowing of the 

band gap. Figure 1.4b compares the electronic band structure of cubic CsPbI3 without 

SOC (left, i) and with SOC (right, ii), illustrating these changes.30 Moreover, some 

literature shows that the organic-inorganic HPs have some inherent indirect bandgap 

nature.36 Carlo Motta et al. reported the band gap of the CH3NH3PbI3 is affected by the 

orientation of the CH3NH3 molecule along a (011)-like direction. This orientation induces 

a distortion in the PbI6 octahedral cage, which makes the bandgap indirect.37 
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1.1.4. Structural and electronic defects 

Defects are naturally present in almost all semiconductors at room temperature.38-40 These 

exist as atomic-scale defects (such as vacancies) to large-scale forms such as voids or 

wrinkles. 38, 41-43 These imperfections are responsible for altering semiconductors' optical, 

electronic, and structural characteristics. Materials science mainly focuses on 

synthesizing highly pure, crystalline semiconductors with controlled doping to achieve 

desired optoelectronic properties. However, even a trace number of defects can 

 

Figure 1.5. (a) Various defects present in LHP, i-xix) Ideal crystals, A-site vacancy, X-

site vacancy, B-site vacancy, A-site interstitial, X-site interstitial, B-site interstitial, 

impurity interstitial, AB anti-sites, AX anti-sites, XB anti-sites, XA anti-sites, BA anti-sites, 

Bx anti-sites, structural dislocations, grain interface defects, Schottky defect, Frenkel 

defect, and impurity doping, respectively.44 (b) The injected carriers are captured by the 

defect in the perovskite LED which decreases the radiative recombination.44 
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significantly impact properties like conductivity, charge-carrier diffusion, and lifetimes, 

ultimately affecting the performance of devices. HPs gained popularity because of their 

low-cost synthesis, high PLQY, and tunable optoelectronic properties. However, because 

of the presence of defects, their commercialization is hindered.45 Its unique ABX3 crystal 

lattice has a repeating structural pattern. Any imperfections within this orderly framework 

act as defects. Uneven nucleation, incomplete crystallization, stress, and strain during HP 

crystal growth can increase the defect density. Various types of HP defects are illustrated 

in Figure 1.5a.  In HP, defects are generally divided into two main types:  

1. Point defects: Occur on the atomic scale. 

2. Structural defects: Extended imperfections within the lattice.  

Point defects involve a disruption at a specific location in the crystal lattice, 

affecting a single or a few atoms. It includes vacancies (missing atoms), interstitials (extra 

atoms positioned between regular lattice sites), and antisite defects (atoms located on 

incorrect lattice sites).  It can function as a site that captures charge carriers (electrons and 

holes), leading to unwanted recombination (Figure 1.5b). Vacancies are responsible for 

ion migration inside the perovskite lattice making it unstable. On the other hand, structural 

defects are more extensive disruptions in the arrangement of atoms or molecules that 

affect larger regions. It includes dislocations, grain boundaries, cracks, and voids. They 

can create barriers to charge carrier movement and adversely affect electronic, mechanical, 

and optical properties. Moreover, structural defects are also responsible for mechanical 

weakness, and degradation of LHPs when exposed to the environment. Beyond these 

intrinsic imperfections, extrinsic impurities can also exist in HPs. Therefore, defect 

passivation is necessary to enhance the quality of HPs.  

As I have discussed in the previous section the geometry of the [BX6]
4⁻ octahedra 

is crucial in shaping the band structure, any distortions of this octahedral framework can 

further tune the material's electronic properties. External effects like heat, pressure or 

moisture can bring change to the octahedral lattice as well as in the electronic structure. 

Defects present in the LHP crystal can change the lattice bonding and orbital 

configuration. This induced localized electronic states (Figure 1.6) are different from the 

carrier transport bands. Photogenerated carriers energetically fall into these states and get 
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captured. This phenomenon adversely affects the efficiency of the device. A defect is 

considered shallow if its ground state energy level is close enough to the VB or CB edges, 

with a separation comparable to or lower than the thermal excitation energy, 𝑘𝐵𝑇 (𝑘𝐵 

represents the Boltzmann constant, and T is the temperature). In contrast, deep defects 

have energy levels significantly far from the VB or CB edges (Figure 1.6b), positioned 

towards the mid-gap, with an energy difference 𝐸≫𝑘𝐵𝑇.43 HPs are theoretically said to 

be defect-tolerant compared to conventional semiconductors because of the lack of 

bonding-antibonding interaction.46 However, several articles showed the mid-band gap 

traps in HPs which adversely affect the stability and efficiency of devices. For instance, 

Liu et al. showed that cation vacancies such as VPb and VSn produce defect states near the 

VB, affecting the carrier recombination processes but typically not shifting the overall 

bandgap.  

 

Figure 1.6. (a) A comparison of typical trap energy levels in relation to the electronic 

band structures of conventional semiconductors and LHPs47 (b) Band structure of 

MA2SnPbI6 without and with intrinsic defects calculated by PBE + SOC. Red bands are 

because of defects.48 

However, interstitial halogen defects Ii can introduce deep-level states, leading to 

faster carrier recombination and thereby, reducing the material's efficiency in solar cell 

applications.48 Therefore, defect passivation is necessary. 

1.2 PL properties 

The PL is a critical factor for regulating the performance of LHP-based optoelectronic 

devices.49 When these materials absorb photons with energy equal to or higher than its 

bandgap, electrons in the VB are transferred to the CB, creating electron-hole pairs. The 

excited carriers release excess energy as heat and relax to the CBM. The band edge 
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electron falls back to the VB by emitting a photon which results in PL. The energy of the 

emitted photon is smaller compared to the absorbed photon; a phenomenon known as the 

Stokes shift. When excited charge carriers recombine without emitting photons, it is 

called nonradiative recombination. For hybrid organic-inorganic HPs, the exciton binding 

energy is relatively low, making thermal dissociation possible at room temperature, that 

can lead to both free-carrier and excitonic luminescence.50 Sometimes, the excited 

electron can undergo a transition from the singlet state to a triplet state by intersystem 

crossing which causes phosphorescence. Since singlet-to-triplet transitions are spin-

forbidden, intersystem crossing is typically slower than other radiative transitions.  

The PL lifetime and the PLQY are the measure of the efficiency of PL in a material. 

The PL lifetime is the time an electron stays at an excited state. On the other hand, PLQY 

is a measure of a material's efficiency in emitting light when it absorbs photons. 

Mathematically, PLQY can be expressed as - 

PLQY= 
Number of absorbed photons

Number of emitted photons
×100% 

The nonradiative carrier recombination decreases the value of PLQY. HPs can 

exhibit different PL behaviors when fabricated in different forms like polycrystalline 

structures, single crystals, PNCs, or PNC films. These structural variations influence 

factors such as defect density, grain boundaries, and surface states, all of which can affect 

PL efficiency and stability. 

HP polycrystalline film is composed of small crystallines oriented in various 

directions (Figure 1.7a). The small size crystal grains, misaligned orientations, numerous 

grain boundaries, abundant defects, and significant surface roughness are responsible for 

their degradation in the external environment.51, 52 Polycrystalline films can be prepared 

by different methods, including spin coating, vapor deposition, blade coating, dip coating, 

and spray coating. Solution-processing polycrystalline films usually exhibit low PL 

quantum efficiencies (PLQE). By altering fabrication conditions, the grain diameter of 

LHP thin films can be systematically manipulated. It has been observed that as the grain 

size increases, the PL peak tends to shift toward lower energy levels.53 Typically, the grain 
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sizes of a polycrystalline thin film sample exceed several hundred nanometers, 

 

Figure 1.7. SEM (a) image of MAPbI3 thin film representing grain boundaries. (a) 

MAPbI3 polycrystalline film dark grain boundaries with boundary potential and PL 

obtained from Kelvin probe force microscopy studies. Both reproduced from Gegevičius 

et al.54 

significantly larger than the exciton Bohr radius (e.g., 2.2 nm for MAPbI3). As a result, 

the variations in PL peak energies for these films can’t be attributed to quantum 

confinement effects commonly associated with PNCs and perovskite quantum dots 

(PQDs). Instead, the unusual redshift observed in films with μm-scale grains is attributed 

to reabsorption effects within the large crystals. This is due to the Stokes shift, where 

emitted photons are lower in energy than absorbed. Bulk perovskite often shows 

reabsorption emission (Figure 1.8). It occurs when emitted photons are reabsorbed by the 

material, leading to secondary emission at longer wavelengths. 

 However, PL properties also vary based on factors such as composition, 

preparation methods, and post-fabrication treatments.55-57 It is reported that 100% 

efficiency can be achieved by post-synthesis passivation.56 This indicates that in as-

synthesized polycrystalline films, nonradiative recombination is predominant. Because 

the carriers are trapped at defect sites (Shockley-Read-Hall process). Sherkar et al. 

investigated the contribution of defects in nonradiative recombination in grain boundaries 

and interfaces.58 They revealed that trap-assisted nonradiative recombination is 

predominant at the interface whereas, Braly et al. demonstrated that the surface is the 

main center of non-radiative recombination in this type of film.56, 58 

Grain boundaries (GBs) generally appear as darker regions in PL images (Figure 

1.7b), suggesting higher defect concentrations and increased nonradiative recombination 
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rates. deQuilettes et al. reported a 65% reduction in PL intensity at GBs.59 However, other 

studies have shown different interpretations. For example, Tian et al. and Yang et al. 

found that PL lifetimes across GBs and within grains were comparable, even sometimes 

longer at the GBs, with reduced PL intensity possibly caused by carrier diffusion from 

GBs, creating a potential barrier (Figure 1.7b). 60, 61 

 

Figure 1.8. A diagram illustrating photon recycling and energy transfer at the 

heterojunction in the pellet of  MAPbBr3-xIx.
62 

HP single crystal is free from grain boundaries because the crystal lattice is 

continuous throughout the entire crystal volume. It has less defect density compared to 

polycrystalline films, resulting in fewer trap states and nonradiative recombination sites. 

Single crystal trap density is between 1011  to 109 cm−3, almost 4 to 5 orders of magnitude 

smaller than that found in a polycrystalline LHP film.63, 64 65, 66 Anti-solvent vapor-

diffusion crystallization technique and the inverse temperature crystallization technique 

are the two widely accepted methods for the preparation of perovskite single crystal. 

Single crystals of LHPs exhibit significantly broader light absorption compared to thin 

films, often resulting in a redshift of their absorption onsets.63 Shi et al. study of the 

optical absorption properties of MAPbX3 single-crystal64, as illustrated in Figure 1.9a, 

revealed a sharp absorption edge without any noticeable excitonic features, indicating a 

minimal presence of in-gap defect states. The bandgap of MAPbBr3 and MAPbI3 single 

crystals are 2.21 eV and 1.51 eV, respectively that are narrower bandgaps compared to 

their thin-film counterparts. Additionally, it exhibited narrow PL peaks near band edges. 
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Similarly, Zhumekenov et al. investigated the optical characteristics of the FAPbX3 single 

crystals, as illustrated in Figure 1.9b.67 Unlike polycrystalline films 68, 69, the single 

crystals displayed flat absorption profiles with a distinct band-edge cutoff and no evident 

excitonic features, indicating a lower in-gap defect density. Interestingly, these PL peaks 

showed a significant redshift compared to their counterparts in polycrystalline films 

(Figure 1.9c).70, 71 This spectral shift originates from the high-order crystal structure and 

reduced defect density compared to polycrystalline film.  

 

Figure 1.9. a-b) Absorption and PL spectra of MAPbBr3
64 and FAPbBr3

67 single crystal. 

c) PL spectral shift based on the crystal size.72 

PL blinking is the variation of PL intensity of HPs between on and off states over 

time. Blinking mainly happens because of the Augur process or trapping at the defect site 

(Figure 1.10).73 This trapping prevents radiative recombination because the trapped 

carrier is no longer available to recombine with its counterpart. This corresponds to the 

dark state of blinking. Trapped carriers can escape from the defect site due to thermal    

 

Figure 1.10. (a) Charging–discharging (type-A) and (b) the trapping-detrapping (type-B) 

mediated PL blinking. 
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activation or interaction with subsequent excitations. This corresponds to the bright state 

of blinking. 

1.3. Nanocrystals and quantum dots 

1.3.1 Synthesis and properties of PNCs and PQDs 

The synthesis of LHP NCs and QDs involves preparing nanomaterials with distinctive 

optical and electronic characteristics. PNCs are commonly synthesized using solution-

based methods, where a metal halide salt, such as lead iodide (PbI2), is combined with an 

organic or inorganic halide, like MAI or CsI, in solvents such as DMF, DMSO, 1-

hexadecane in presence of ligands like oleic acid, oleylamine, hexadecylamine. This 

reaction is often conducted at elevated temperatures to facilitate crystallization. A popular 

technique is the hot injection method (Figure 1.11a), where a hot precursor solution is 

rapidly inserted into another precursor to regulate the size and uniformity of the NCs. 

Surface passivating agents like oleic acid or oleylamine are used to improve the PNCs’ 

stability and optical properties. On the other hand, QDs are typically synthesized through 

colloidal methods, where metal salts are mixed with organic ligands in a non-aqueous 

solvent like hexane or toluene. Heat is applied to promote the growth of PQDs, and careful 

control of reaction conditions allows for tuning their size and optical characteristics. 

 

Figure 1.11. (a) PNCs synthesized following the hot-injection technique, and (b) the 

LARP method. (c) Ligand-coated PNCs exhibit various morphologies. 

Schmidt et al. first mentioned the nanometer scale preparation of 

CH3NH3PbBr3 perovskites with a size of around 6 nm.74 These nanoparticles exhibit high 

stability, maintaining their integrity in both solid form and concentrated solutions for over 
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three months. They used octadecylammonium bromide, which can effectively cap the 

perovskite to maintain its crystal structure. The hot injection method is used typically to 

prepare CsPbBr3 PNCs. In this synthesis process, cesium acetate with different kinds of 

ligands is first dissolved in 1-hexadecene at 120 °C. Meanwhile, a separate solution 

containing PbBr2, oleic acid, and hexadecylamine is dissolved in the same solvent at the 

same temperature. The hot Cs-precursor solution is then injected into the PbBr2 mixture 

at 170 °C. Quickly the reaction mixture is cooled using an ice water bath, and the NCs 

are separated and collected through centrifugation.75 Similarly, 5-12 nm FAPbBr3 PNCs 

are synthesized by injecting a FA-Pb precursor solution with oleic acid into 

octadecylammonium bromide in toluene maintaining a reaction temperature of 130 °C.76 

After 10 seconds, the reaction is stopped, and the PNCs are purified by washing the 

mixture with toluene and acetonitrile. FAPbBr3 PQDs are also synthesized by injecting 

precursor solution in DMF to the hot ligand solution at 80 °C.77 The LARP (Liquid–

assisted recrystallization) method (Figure 1.11b) is another popular approach for 

synthesizing PNCs/PQDs in which synthesis is carried out at room temperature. Zhang et 

al. prepared 3.3 nm size MAPbBr3 PQDs, following the reprecipitation method which 

involves adding a solution of precursor dropwise into the toluene-containing ligands 

under vigorous stirring.78 

Ligands play an important role in synthesizing and stabilizing PNCs, influencing 

their morphology, size, surface properties, and optical/electronic characteristics. Ligands 

dictate the speed at which nucleation occurs and crystals grow by binding to specific 

facets of the LHP lattice. Depending upon the synthesis process and ligand used different 

types of nanomaterials are possible to synthesize (Figure 1.11c). Hydrophobic ligands 

(e.g., long alkyl chains) protect NCs from moisture-induced degradation and thermal 

instability. PNCs often show different PL properties from their bulk counterpart because 

of their size effect. With decreasing the size of NCs, quantum confinement effects lead to 

blue shifts in PL emission and enhanced PL intensity (Figure 1.12a).  The confinement 

energy is primarily calculated by the size of the nanoparticle and its interaction with the 

surrounding environment. It can be determined by79- 

∆E =
ℏ2 π2

2m∗ r2
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Where, m* denotes the exciton reduced mass, which is connected to the Bohr radius via 

the effective mass approximation, ℏ is the reduced Planck constant, and r is the particle 

radius. The following equation can determine the bandgap (Eg) of a confined system80- 

Eg = Eg.bulk + ∆Econfinement 

Here, Eg.bulk  is the bandgap of the material in its bulk (unconfined) state and 

∆Econfinement is the change in the bandgap due to confinement effects. 

Additionally, if quantum confinement decreases their PL properties resemble those 

observed in thin films. This is because the charge carriers experience less restriction in 

their movement. As a result, the material behaves more like a bulk material or thin film, 

where the electron-hole interactions are less pronounced, leading to a decrease in PL 

intensity and broader emission spectra. 

 

Figure 1.12. (a) Size-dependent tunable emission of CsPbI3 PNCs.81 (b) Colloidal 

CsPbX3 PNCs (X = Cl, Br, I) show composition-dependent tunable emission which 

covers the entire UV-vis region.82  

PNCs can also show halide-dependent optical emission (Figure 1.12b) like bulk, 

which can be readily achieved through post-synthetic halide exchange. However, in the 

case of bulk crystal, it isn't easy to obtain homogeneous halide exchange by post-synthetic 

treatment. PNCs show remarkable PLQY even without surface modifications making 

them potential for LEDs. When surface passivation techniques are applied, these 

efficiencies are further enhanced, and PL blinking behaviors are improved. Interestingly, 

anti-Stokes PL has also been detected in PNCs, sparking discussions about their potential  
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application in laser cooling.83  In these NCs, reabsorption effects are minimal unless they 

are densely packed.  

1.3.2 PNC films 

LHP films are commonly utilized in various optoelectronic applications due to their 

exceptional characteristics, including high absorption efficiency, tunable band gaps, and 

excellent charge transport characteristics. Generally, a perovskite film is prepared in one 

step84, 85, or two-step86 (Figure 1.13) deposition of precursor solutions in DMF, DMSO, 

or GBL on glass slides by spin coating. Then the sample is annealed at a high temperature. 

PNC films can be fabricated by adding additives or ligands to the precursor solution.87  

The as-synthesized colloidal PNCs can also be spin-coated on glass and annealed to get 

PNC film. PNC In PNC films, the isolated PNCs are densely packed (Figure 1.14), which 

can lead to the overlap of the electronic wavefunction of adjacent NCs. This interaction 

can lower the effective bandgap, causing the emission peak to shift toward longer 

wavelengths (Figure 1.15).88 PNC films exhibit excellent PLQY, low exciton binding 

energies, and efficient charge carrier generation, making them appropriate for 

applications in solar cells, LEDs, and lasers. Additionally, thin PNC film preparation is 

easy, maintaining their high carrier mobility, long diffusion lengths, and low defect 

densities. 

 

Figure 1.13. General procedure of perovskite film formation.29    

The red shifting in PNC film can also be because of energy transfer89 from one PNC 

to the adjacent PNC, or the band gap renormalization because of the electron-electron 

interactions. Electronic interactions between neighboring NCs can lead to energy transfer. 

This transfer often leads to a lowering of the emission energy, as the electron's energy 

state is effectively redistributed between PNCs with varying energy levels. The effect is 
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especially pronounced when the PNCs are tightly coupled, resulting in a broadening or 

red-shifting of absorption and emission spectra. On the other hand, when the densely 

packed PNCs are under high excitation power, the presence of electron-electron 

interactions modifies the local band structure, effectively narrowing the band gap. This 

shift can cause a red shift in both absorption and emission spectra.  

 

Figure 1.14. Thin films and assemblies of PNCs and PQDs. 

The reabsorption emission is also found in the PNC film if the thickness of the film 

is large enough.90 The PLQY of PNC film decreased compared to isolated PNC because 

of the opening of many nonradiative pathways including FRET and trap-assisted 

recombination. When PNCs aggregate in a film, the quantum confinement is less 

pronounced because the size of the individual particles in the aggregate is effectively 

larger than the exciton Bohr radius. As a result, the film exhibits behavior similar to bulk 

material, where quantum confinement is weaker or negligible. The FWHM in PNC film 

also increases because different degrees of interaction form particles of different sizes or 

shapes which contribute to a wider emission range. 

 

Figure 1.15. PL spectra shifting upon assembly formation of PNCs and PQDs.91  
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1.3.3 Exciton diffusion  

Exciton diffusion is the process of photo-generated charge carriers (electrons and holes) 

transfer through the material. The fate of these carriers is the key property influencing the 

device's performance. HPs are interesting because of their long-range charge carrier 

diffusion length, increased carrier mobility, and low defect density, despite their relatively 

simple and cost-effective fabrication methods. In a highly confined system (PQD and 

PNC), there is a coulombic interaction between the carriers, and they exist as an exciton. 

In contrast, low-confined systems (polycrystalline film, single crystal, and thick PNC film) 

generate free carriers. When the exciton binding energy (Eb) is smaller compared to the 

thermal energy at room temperature (kT), free carriers are generated. The ability of these 

carriers to travel significant distances before recombining is critical for efficient charge 

collection in devices. HPs show carrier lifetime from nanoseconds in QDs to several 

microseconds in films or assemblies. Various carrier relaxation processes decrease the 

carrier diffusion length presented in Figure 1.16. By considering the different carrier 

relaxation mechanisms, the free charge carrier density n(t) is calculated by the below rate 

equation92- 

𝑑𝑛

𝑑𝑟
= 𝑘3𝑛3 − 𝑘2𝑛2 − 𝑘1𝑛 

Here,  𝑘1   corresponds to monomolecular recombination processes.  𝑘2  represents 

intrinsic recombination between free electrons and holes (Figure 1.16). This process is 

influenced by the concentrations of electrons and holes. 𝑘3 is the Auger recombination 

rate constant, a multi-particle interaction, that involves the annihilation of an electron and 

a hole, with the resulting energy and momentum transferred to another charge carrier, 

which can be either an electron or a hole. This process may also involve interactions with 

phonons. 

Understanding carrier diffusion mechanisms in HPs involves examining intrinsic 

properties like the effective mass of carriers, the dielectric constant, and the interaction 

of carriers with phonons and defects. Advanced characterization techniques, including 

transient absorption spectroscopy, and time-resolved PL (TRPL), along with theoretical 

modeling, have been pivotal in uncovering these dynamics. Several models and 

experimental methods are used to calculate the charge carrier movement in LHPs. For 
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example, the Space-Charge-Limited Current (SCLC)93 model measures the carrier 

mobility which is obtained from the current-voltage (I−V) characteristics in a perovskite 

device. Here, the LHP layer is placed between two electrodes and forms a sandwiched 

Figure 1.16. The recombination mechanisms in organic-inorganic metal HPs. a) 

Monomolecular trap-assisted process, b) bimolecular radiative recombination, and c) 

Auger recombination.92 

structure. The current density J in the trap-free SCLC regime is given by: 

J = 
9

8
∈∈0 𝜇

𝑉2

𝐿3  

Where V denotes the applied voltage, ∈ is the relative permittivity of the material, ∈0 

denotes the vacuum permittivity, L is the thickness of the perovskite layer, and μ is the 

charge carrier mobility. In the presence of traps, the equation is modified to account for 

the trap density. The other methods are Time-of-Flight (TOF), Hall Effect, 

Photoconductivity, Field-Effect Transistor (FET) Measurements, and Transient 

Photovoltage/Photocurrent (TPV/TPC). The charge carrier diffusion length (𝐿𝐷) is 

typically calculated using the following equation94: 

𝐿𝐷 =√
𝑘𝐵𝑇𝜇𝜏

𝑞
 

Here, kB is Boltzmann constant, T denotes temperature, q is elementary charge, μ is 

carrier mobility, and τ is carrier lifetime. 
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Factors such as material composition, crystallinity, dimensionality (2D, 3D, or 

mixed-dimensional perovskites), and environmental stability all play vital roles in 

governing diffusion dynamics.  

1.3.3.1 Exciton diffusion in polycrystalline films 

In polycrystalline film, excitons are dissociated in free carriers very quickly. Piotr 

Piatkowsk et al. studied time-resolved terahertz (THz) spectroscopy of FAPbI3 

polycrystalline film. They reported that the weakly bonded and strongly bound excitons 

are dissociated into free carriers less than 1 ps and 20 ps respectively.95 The movement of 

these charge carriers in polycrystalline HPs remains a topic of debate due to its complexity. 

This complexity arises from the interaction of two key processes: the movement of 

carriers within individual monocrystalline grains and their transport across grain 

boundaries. Grain boundaries are widely recognized for their significant influence on 

carrier dynamics in polycrystalline LHP films. Grain boundaries have structural defects 

and impurities that serve as sites for nonradiative recombination, adversely affecting the 

carrier diffusion length. Experimental studies suggest that the carrier mobilities in 

polycrystalline LHPs are generally smaller than those in single-crystal counterparts. Yet, 

this conclusion is complicated by the significant variability in reported mobility values. 

For instance, Jongchul Lim et al. reported mobility values for MAPbI3 range widely, from 

2.2 to 0.2 cm2 V−1 s−1 between films96, reflecting inconsistencies across different 

measurement techniques and material processing methods.   

A reduction in carrier mobility has been reported for solution-processed 

polycrystalline LHP films97, indicative of band-like charge transport similar to that 

observed in single-crystal systems. Conversely, studies have also documented an increase 

in carrier mobility with temperature98, 99, implying a thermally activated hopping 

mechanism similar to charge transport in polysilicon. The diversity in results highlights 

the impact of GBs, defect densities, and fabrication methods on transport properties, 

necessitating more standardized characterization approaches for clearer comparisons.  

Wenming Tian et al. reported unexpectedly high carrier diffusivities inside the gains 

of CH3NH3PbI3(Cl) polycrystalline films. These diffusivities, ranging from 1.5 to 3.3 

cm²/s, are equivalent to those observed in bulk single crystals. Additionally, the local PL  
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Figure 1.17. The diffusion lengths (𝐿𝐷) of charge carriers in high-quality MAPbI3 film 

have been determined as a function of charge-carrier density. This analysis considers a 

variety of monomolecular recombination rates (𝑘1), which are inversely related to the 

carrier lifetime (𝜏).100  

lifetimes are approximately 200 ns, showing remarkable uniformity within individual 

grains and grain boundaries.61 Another article reported the diffusion length of 25 μm (∼75 

cm2 V–1 s–1) in the case of 210 nm FAPbI3 polycrystalline film upon exciting above the 

absorption edge95, which exceeds the diffusion length observed in single crystals. 

Considering different monomolecular recombination rates, the carrier diffusion in 

polycrystalline film can be higher up to 1ms (Figure 1.17). The carrier infusibility in the 

polycrystalline film also depends on the film's morphology. Adhyaksa et al. show 

different diffusion lengths when the polycrystalline film has a different morphology.101   

1.3.3.2 Exciton diffusion in single crystals 

Single crystal has a continuous and uniform crystal lattice without grain boundaries. This 

structure provides minimal scattering sites for carriers, allowing for more carrier lifetime 

and efficient diffusion (Figure 1.18). Shi et al. reported the MAPbX3 (X = Br–, I–) LHP 

single crystals exhibit charge carrier diffusion lengths of more than 10 μm and possess an 

exceptionally low trap density in the range of 109 to 1010 cm–3.64 Different sizes of single 
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crystals have different carrier diffusion lengths. For instance, Yu Bi et al. reported the 

carrier diffusion length of CH3NH3PbI3 having dimensions of 10 × 8 × 3 mm3 can reach 

up to 50 μm.102 Moreover, Dong et al. demonstrated the highest carrier diffusion lengths 

in CH3NH3PbI3 single crystals synthesized through a solution-growth approach of more 

than 175 μm when exposed to 1 sun illumination. Furthermore, the carrier diffusion in

Figure 1.18. a) As-prepared MAPbI3 single crystal. (b) The MAPbI3 single-crystal device 

has a high carrier lifetime under 1 sun and 0.1 sun illumination. Both figures are 

reproduced from Dong et al.63  

the case of Ruddlesden-Popper (RP) layered perovskites single crystal varies on the 

number of layers. Shrestha et al. measured the carrier diffusion length of RP single crystal 

using the scanning photocurrent microscopy method, which depends on different n values. 

They observed that as n decreased, the diffusion length also diminished.103 

Due to their superior optoelectronic properties including carrier lifetime and carrier 

diffusion length, these kinds of bulk LHPs are more promising for application in solar 

cells, LED, lasing, and photodetectors. However, desired low-dimensional thin bulk 

LHPs (e.g. single crystal) are difficult to prepare, which is required for most of the 

optoelectronic device fabrication. In bulk LHPs, photogenerated charge carriers have to 

travel more distance to reach the charge transfer layer which increases its chance of 

radiative and nonradiative recombination (Figure 1.19).  Moreover, this bulk LHP 

consumes large amounts of materials increasing the cost. Therefore, PNC films are getting 

more attention in this sense because of their easy synthesis of desired size film and 

excellent PLQY. 
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Figure 1.19. Extended carrier diffusion is essential in single-crystal LHP solar cells due 

to the larger thickness of the crystal. 

1.3.3.3 Exciton diffusion in PNC films 

When the dimensionality of HPs reduced to leverage quantum confinement effects, it 

introduces significant alterations to the lattice structure. This reduction is often achieved 

by incorporating insulating organic ligands, which disrupt the crystalline framework. 

Such modifications bring intriguing questions about the charge diffusion behavior within 

these materials, as the interplay between confined excitons, lattice disruptions, and 

organic barriers becomes increasingly complex. 

 

Figure 1.20. PL lifetime change of PNC during assembly formation.91 

In conventional inorganic QD systems, such as cadmium selenide (CdSe) QDs, the 

exciton diffusion lengths are typically limited to just a few tens of nanometers.104, 105 In 

contrast, PNC film can have longer exciton diffusion. Zhang et al. reported the carrier 
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lifetime increased upto the 550 ns during film formation (Figure 1.20).91 The diffusion 

length of a carrier is directly related to its lifetime. Giovanni et al. reported that exciton 

diffusion in CH3NH3PbBr3 PNC films exhibits remarkable behavior, having diffusion 

lengths exceeding 1 μm.106 Notably, the exciton mobilities in their films can achieve 

values as high as 10 ± 2 cm² V⁻¹ s⁻¹, which is unexpectedly multiple times longer than the 

carrier mobilities observed in three-dimensional (3D) LHP films. This extraordinary 

diffusion capability arises from a combination of highly efficient inter-PNC exciton 

hopping (Figure 1.21), facilitated by Förster resonance energy transfer, and a notable yet 

smaller contribution from photon recycling mechanisms. Nair et al. demonstrated the 

carrier hopping inside the NC film. They said that alkyl chain ligand helps to come closer 

to the PNC by hydrophobic interactions which helps to increase the carrier diffusion107.   

 

Figure 1.21. Charge carrier diffusion in self-assembled PNCs.108 

1.4 Carrier extraction 

Carrier extraction in HPs refers to the process of efficiently collecting the photogenerated 

charge carriers/excitons from the LHP layer by the electrode. Efficient carrier extraction 

is crucial for increasing the efficiency of HP-based devices because it directly impacts the 

device's efficiency by reducing losses due to radiative and non-radiative recombination. 

Because of the direct band gap nature, low exciton binding energies, high light absorption, 

exceptional charge mobility, and long charge carrier diffusion lengths, HPs show balanced 

ambipolar charge transport.109 Theoretically, this allows PSCs to operate without 

additional carrier transport layers, as the HP layer itself can enable direct transfer of 

generated carriers to the electrodes.110 Shi et al. demonstrated the ETL-free PSC 

fabricated with MAPbI3 achieves a maximum PCE of nearly 13%.109 The reported 

maximum efficiency obtained without a charge transport layer is around 20%.111 However, 
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despite these potential benefits, devices without charge transport layers generally exhibit 

lower PCEs compared to those with optimized CTLs.  

 

Figure 1.22. Various strategies used to improve charge carrier extraction from the LHP 

active layer. 

Recently, there are different types of HTL and ETL have been utilized to increase 

the efficiency of carrier extraction from LHPs. While HTLs and ETLs are crucial for 

selectively guiding holes and electrons to the respective electrodes, their interactions with 

perovskite layers introduce several issues impacting device performance, stability, and 

scalability. Energy level misalignment, interface-induced recombination, poor stability of 

transport layers, and low conductivity of common issues of charge transport layers. 

Therefore, various strategies (Figure 1.22) are reported by the researcher to improve the 

charge extraction which is discussed in the next section. 

1.4.1 Strategies to improve carrier extraction 

1.4.1.1 Material optimization 

Material optimization can be done by adjusting the ratio of lead, halides, and organic-

inorganic cations which tune the bandgap and stability. Consequently, the carrier 

transport improves. Introducing 2D perovskite layers upon the 3D structure can enhance 

stability, and passivate surface defects. Singh et al. reported the rapid carrier extraction 

in 2D/3D PSCs compared to 3D PSCs.112 Different types of additives are incorporated 

into the perovskite precursor material to decrease the crystal grain and reduce defects. For 
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instance, studies by Wang et al. revealed that low concentrations of Al3⁺ doping reduced 

crystal defects due to decreased micro strain in the lattice of MAPbI3. Additionally, this 

doping lowered urbach energy from 13.09 to 12.64 meV, indicating less lattice disorder 

and suggesting enhanced electronic properties of the perovskite films.113 Similarly, 

monovalent cations such as Cu⁺, Na⁺, and Ag⁺, with ionic radius comparable to Pb2⁺, have 

been suggested for surface or grain boundary passivation.114  

1.4.1.2 Defect passivation  

Like other semiconductor materials, HPs also contain defects. It is reported that defects 

with low formation energy inset shallow traps whereas high formation energy defects 

introduce deep traps inside the bandgap. These function as a center for nonradiative 

recombination.115 On the other hand, organic cations are volatile creating further defects 

in the crystal upon interaction with light and heat.116 Recently, Li et al. showed that the 

use of Rb to fill the vacancy of A site MA cation increases carrier transport by reducing 

nonradiative recombination.116 Jiang et al. achieved comparable improvements by 

applying phenethylammonium iodide, an organic halide salt, onto HC(NH2)2–CH3NH3 

mixed LHP films to decrease surface defects.117 Liao et al. demonstrated the use of a 2D 

polymer semiconductor on a perovskite to passivate defects at the GBs and/or surface 

which improves charge extraction and transport.118 

1.4.1.3 Interface engineering 

Optimization of ETL (e.g., SnO2, and TiO2) and HTL (e.g., Spiro-OMeTAD, and PEDOT) 

is crucial for better alignment of energy bands, conductivity, and reduced recombination. 

Matching the energy levels of the perovskite with ETL and HTL can create a more 

favorable band alignment for efficient charge transfer. This can be accomplished by 

altering the materials used in transport layers or applying interfacial layers to shift energy 

levels. Using materials with high electron mobility and modifying them with surface 

treatments (e.g., UV-ozone, self-assembled monolayers) can improve electron extraction. 

Nanostructured or mesoporous ETLs also enhance charge collection. High-mobility hole 

transport materials can improve hole extraction. Adding ultra-thin buffer layers, such as 

LiF or organic molecules, within the perovskite and transport layers can minimize 

recombination and enhance carrier extraction.119 Moreover, HP's interfacial passivation 
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using different methods can ensure intimate contact which reduces trap and facilitates 

carrier transport.  

Reducing nonradiative recombination is necessary by surface defect passivation or 

interface engineering. Similarly, minimizing radiative recombination by ultrafast carrier 

extraction is equally important to enhance charge carrier extraction in HPs. Different 

charge acceptor molecules are reported in the literature including fullerene, carbon 

nanotube, TCNQ, TCNB, and 4,5-dibromofluorescein. A good acceptor can quickly 

extract carriers from the HPs and reduce recombination. 

1.4.2 Biexciton and nonradiative Auger recombination 

 In semiconductor physics, a biexciton is a quasi-particle comprising two bound electron-

hole pairs or excitons. On the other hand, multiexciton refers to a state where multiple 

excitons coexist within the same semiconductor nanostructure. These multi-particle 

complexes arise from attractive Coulomb interactions.  They can be generated through 

single-photon or multi-photon excitation processes. Juska et al. reported that the resonant 

two-photon excitation can efficiently initialize biexciton states in semiconductor QDs.120 

In contrast, Fomichev et al. theoretically demonstrated that a biexciton can be generated 

in silicon nanostructures through single-photon excitation.121 The phenomenon of the 

absorption of a single photon leads to the creation of more than one exciton in 

semiconductor materials, which is called multiple exciton generation (MEG).122 This 

occurs when the photon energy significantly exceeds the material's bandgap. The excess 

energy absorbed is transferred to the creation of additional electron-hole pairs, rather than 

being dissipated as heat. MEG is particularly significant in materials with quantum 

confinement effects, where electron and hole interactions are enhanced.123, 124  

Multiexcitons exhibit optical properties that differ from those of individual excitons. 

MEG offers several advantages, particularly in optoelectronic applications such as solar 

cells, light-emitting diodes, and lasers. One of the key benefits is the increased PLQY. In 

MEG, the material can produce a higher number of photons per absorbed photon, 

improving the efficiency of light emission. This enhancement in PLQY can be especially 

important for developing high-efficiency light sources and improving the performance of 

photodetectors.125 Additionally, MEG enables simulated emission in the presence of an 
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external electromagnetic field, offering a pathway to create highly efficient lasing 

sources.124 This capability is highly desirable for low-threshold lasers and optical 

amplifiers, where efficient photon generation and emission are essential. Moreover, MEG 

can enhance the performance of solar cells by creating more excitons from a single photon. 

The more charge carriers available for collection, the better the efficiency of solar cells.  

Although MEG can significantly boost the performance of devices, it is also 

accompanied by challenges. For instance, Auger recombination, where the energy from 

one exciton is transferred to another exciton non-radiatively, can lead to energy loss.126 

This is particularly problematic in high-density exciton systems where the probability of 

these non-radiative processes is elevated. The rate of Auger recombination is often 

dependent on several factors, including the size of the PNCs (due to quantum confinement 

effects), the type of material, and the exciton density. Smaller QDs, for example, tend to 

have higher exciton densities, which can increase the likelihood of Auger recombination. 

In PSC, MEG increases the number of carriers to be extracted. However, slow extraction 

can initiate the Auger recombination. Therefore, to minimize this, quick carrier extraction 

is necessary.  

1.5 Applications of halide perovskites 

1.5.1 Solar cell 

PSCs are gaining popularity due to their remarkable and rapid advancements in efficiency. 

After the pioneering work by Miyasaka in 2009, the next major advancement in PSCs 

came in 2012 from the research groups of Michael Grätzel and Nam-Gyu Park.127 Their 

work showcased solid-state photovoltaic devices based on perovskite materials, achieving 

an efficiency of 9.7% where they used spiro-MeOTAD as a HTL. Now the PCE reaches 

up to 26% comparable to silicon solar cells. PSCs offer numerous benefits over traditional 

and emerging solar cells. For example, silicon solar cells need purified silicon, which 

involves heating sand at high temperatures (over 1000 °C).  The production of silicon 

solar cells involves multiple steps, including wafer slicing, texturing, coating, and 

assembling into modules which require specialized facilities and energy, all of which 

contribute to higher manufacturing costs. In contrast, HPs can be produced through 

solution processing, enabling simpler, low-energy synthesis with common coating 

techniques. Some other emerging solar technologies, like organic solar cells (OSCs), are 
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generally less expensive and can also be processed in solution, unlike silicon solar cells. 

However, OSCs face challenges with their intrinsic properties, such as low dielectric 

constants which limit the generation of free charge carriers upon photoexcitation, low 

charge-carrier mobility, and limited charge-carrier diffusion lengths. In contrast, PSCs 

exhibit a higher dielectric constant, higher charge-carrier mobility, and greater diffusion 

lengths.  

PSCs typically consist of multiple layers (Figure 1.23a). These include a transparent 

conductive oxide (TCO)-coated glass substrate, followed by an n-type ETL, a perovskite 

active layer, a p-type HTL, and a back-contact, which may be made of metal, TCO, or 

Figure 1.23.  (a) Structure of a typical PSC. (b) Energy alignments of different electron-

transport, hole-transport, perovskite, and electrode components. Both are reproduced 

from Chouhan et al.29   

carbon. Each layer has a crucial function in facilitating the flow of the carriers and 

enhancing the cell's efficiency in producing electricity from sunlight. PSCs is either 

standard (n–i–p) or inverted (p–i–n), which depends on the arrangement of charge-

selective layers. The operation of PSCs involves light absorption by the perovskite layer, 

which generates charge carriers that are subsequently extracted via the HTL and ETL to 

their respective electrodes. The properties of HTL and ETL are very important to 

effectively extract the photogenerated charge carrier. The optimal ETL material should 

possess high electron conductivity, well-matched energy level with the perovskite layer 

(Figure 1.23b), and high transparency to enable light to pass through and reach the active 

layer for absorption.128, 129 Ideal HTL materials should have higher hole mobility, good 

stability, and appropriate energy level alignment with the perovskite layer. Common ETL 

includes TiO2, TCNQ, TCNB,  and HTL includes PDOT: PSS, spiro-MeOTAD. The 
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interfaces of PSCs are critical because they determine the efficiency of charge extraction 

and transport. Poor interface quality can lead to recombination losses, reducing the 

device's overall performance. Correct positioning of energy levels across the layers, as 

well as minimizing defects at the interfaces, ensures that the electron and hole currents 

flow effectively.  

1.5.2 LED 

The tunable PL and high PLQY of HPs have garnered significant interest in creating 

multicolor perovskite-based LEDs (PeLEDs).130 While efforts to utilize HPs in LED 

applications began in the early 1990s, recently room-temperature multicolor PeLEDs 

have been successfully demonstrated. Notable advancements include achieving peak 

external quantum efficiencies (EQEs) of 20.3% for green131 PeLEDs and 21.6% for red 

PeLEDs132. Blue PeLEDs, often based on pure chloride or mixed chloride-bromide 

perovskites, have also been developed.  

 

 Figure 1.24. Structure of a typical PeLED (a).29  Image of a red PeLED (b)133 

LED is a multilayer structure device (Figure 1.24a) comprising a transparent 

conductive substrate (e.g., ITO), ETL, a perovskite emissive layer, an HTL, and a metal 

electrode.134 The ETL was deposited on the substrate to facilitate electron injection. Next, 

HP is spin-coated or solution-processed to serve as the emissive layer. The HTL (e.g., 

Spiro-OMeTAD or PEDOT: PSS) is then applied to inject hole. Finally, a reflective metal 

electrode (e.g., Au or Al) is deposited through thermal evaporation. Careful optimization 

of each layer and the interfaces is crucial to achieving higher efficiency with balanced 

color mixing and high device stability.  When a voltage is applied to the LED, electrons 
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are introduced from the ETL, while holes are injected from the HTL. As electrons and 

holes meet at the p-n junction, they recombine. During this recombination process, the 

electrons lose energy, which is released in the form of photons (light). This is the key 

principle of how LEDs emit light. 

1.5.3 Laser 

The impressive PLQY, low defect density, and high absorption capability of LHPs make 

it highly potential for lasing applications. In 2015, Yakunin et al. reported that the 

solution-processed CsPbX3 (where X = Cl, Br, I) NCs have low-threshold amplified 

spontaneous emission (ASE).135 After that research on lasing and ASE has expanded to

 

Figure 1.25. The multicolor single-mode lasing and the associated emission patterns of 

CsPbX3 microspheres.29 

explore various forms of HPs. As the intensity of the excitation light increases, the 

emission shifts to the narrow, red-shifted peak from broad spontaneous emission (SE) 

which is indicative of ASE behavior. Moreover, single-mode and multimode lasing, 

characterized by an ultra-narrow emission spectrum and high quality (Q) factor, have 

been achieved in these materials.  The Q factor is a measure of the damping or energy 

loss in a resonant system, such as a laser cavity. It quantifies how sharply the system 
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resonates at its natural frequency. A high Q factor indicates that the system can store 

energy efficiently with minimal energy loss over time. 

In the context of lasers, a high Q factor implies that the laser has a narrow emission 

linewidth, meaning it can emit light with a very specific frequency or wavelength. This 

leads to high spectral purity and stability, which is desirable for applications requiring 

precise and controlled emission. The lasing wavelength in HPs can be changed across the 

visible to NIR range by adjusting the halide composition (Figure 1.25). Lasing has been 

demonstrated in all types of HPs, using various cavity configurations, including vertical 

microcavities, random cavities, Fabry–Pérot cavities, and Whispering Gallery Mode 

cavities. Cavities play a crucial role in facilitating lasing by providing a confined space 

where light can be amplified and sustain oscillations. They achieve this by creating 

resonant conditions, where light bounces between reflective surfaces, such as mirrors or 

other optical structures, repeatedly stimulating the lasing material. This repeated 

stimulation leads to the amplification of light through stimulated emission, which is the 

core mechanism of lasing. The cavity also ensures that only specific wavelengths of light, 

corresponding to the resonance modes, are amplified, allowing for coherent and 

monochromatic light output. By controlling the geometry and reflective properties of the 

cavity, it is possible to fine-tune the lasing threshold, emission linewidth, and overall 

efficiency of the laser. 

1.6 Motivation and objective of this research 

In addition to the outstanding photophysical and optoelectronic properties of HPs, their 

solution processability and cost-effective synthesis processes positioned them as 

promising candidates for next-generation photovoltaic applications. HPs possess low 

exciton binding energy which make excitons dissociate into free carriers at room 

temperature without requiring additional power. The quick dissociation reduces the 

likelihood of electron-hole recombination. Extended carrier diffusion is necessary for 

improving the efficiency of devices. Bulk perovskites have increased carrier lifetime and 

extended carrier diffusion length making them suitable for application in solar cells and 

other photovoltaic devices. However, low-dimension thin film preparation is difficult 

using bulk perovskite. Therefore, perovskite NCs gaining popularity due to the ease of 

synthesizing films with the desired thickness. When PNCs are organized to form self-
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assembly, the carrier lifetime and carrier diffusion increase. Moreover, defect-free NCs 

further enhance carrier migration and efficient carrier extraction because of the low 

degree of non-radiative recombination. To minimize radiative recombination at the 

interface, quick extraction of diffused electrons from NC films to ETL is necessary. 

Therefore, defect passivation, systematic arrangement of PNC, and interfacial 

engineering are important. Although researchers trying to solve these issues, significant 

scope of improvement in this field remains. In Chapter 3, I have focused on the defect 

passivation in isolated CsPbBr3 PNCs using different bromide salts at the organic-

aqueous interface. In Chapter 4, I investigated the formation of FAPbBr3 PQD assembly 

in the polymer microenvironment. In this Chapter, I also reported the modulation of the 

exciton/carrier recombination by reversibly making and breaking the assembly using heat. 

In Chapter 5, I focused on the multiwall carbon nanotube template-assisted arrangement 

of CsPbBr3 PNCs and ultrafast carrier extraction from PNCs to multiwall carbon 

nanotubes. This work contributes valuable insights toward fabricating PSCs with 

improved efficiency. 
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Chapter 2 

Experimental 

Abstract 

This chapter outlines the various materials and experimental methods employed in my research. 

I detailed the synthesis procedures for lead halide perovskites (LHPs) and the characterization 

techniques used, including an explanation of their fundamental principles. It also includes the 

multiwall carbon nanotube (MWCNT) functionalization procedure, and instrumentation used 

for investigating the conjugates. I synthesized LHP quantum dots (PQDs) and nanocrystals 

(PNCs) using the hot injection method. UV-visible absorption spectroscopy was employed to 

measure the absorption and steady-state fluorescence spectroscopy was employed to measure 

the emission characteristics of the synthesized halide perovskites. X-ray diffraction (XRD) was 

employed to determine the crystal structure of the perovskites. Small-angle X-ray scattering 

(SAXS) provided insights into interparticle distances during assembly formation. On the other 

hand, the functionalization of MWCNT was investigated using X-ray photoelectron 

spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy. 

The size and shape of PQDs, PNCs, and MWCNTs as well as their conjugates were determined 

by scanning transmission electron microscopy (STEM). Moreover, STEM coupled with 

energy-dispersive X-ray spectroscopy (EDX) was used to determine the composition of PNCs. 

The fluorescence blinking of individual PNCs and PQDs was investigated through single-

particle microscopy. To assess carrier lifetime, photoluminescence (PL) decays were analyzed 

using time-correlated single-photon counting (TCSPC) techniques, utilizing ultrafast pulsed 

laser systems operating in the picosecond (ps) and femtosecond (fs) ranges. Additionally, I 

employed Quantaurus-Tau for PL lifetime measurement where LEDs were used as excitation 

sources to measure the carrier lifetime. These techniques helped me to understand charge 

carrier recombination in the samples. For exploring excited-state carrier dynamics and carrier 

transfer, I used transient absorption spectroscopy with a 400 nm fs pulse laser as the pump and 

a white light continuum as the probe.  
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2.1 Materials 

The following chemicals and materials were used in this research without any further 

purification: 

Formamidine hydrobromide (FABr, TCI, >98.0%), cesium acetate (CH3COOCs, Sigma-

Aldrich, 99.9%), lead (II) bromide (PbBr2, Sigma-Aldrich, ≥98%), hexadecyl amine (C16H35N, 

TCI, >95.0%), n-octylamine hydrobromide (TCI, >98.0%), oleic acid (TCI, >85.0%), 

polybutadiene (PBD, Sigma-Aldrich, average Mw ~200,000), multiwall-carbon nanotube 

(Sigma–Aldrich, >90% carbon basis, D×L = 110-170 nm ×5-9 µm), 4-nitrobenzediazonium 

tetrafluoroborate (TCI, >98.0%), cresyl violet perchlorate (Sigma-Aldrich), sodium 

borohydride, dehydrated N, N-dimethylformamide (DMF, Fujifilm Wako), potassium bromide 

[KBr, crystallized from the HBr (Fujifilm Wako, 47.0–49.0%) + KOH (Fujifilm Wako, 85%) 

reaction in ice-cold water], dimethyl sulfoxide (DMSO, Fujiifilm Wako), sodium bromide 

(NaBr, Fujifilm Wako, 99.5%), rhodamine B (Fujiifilm Wako), cesium bromide (CsBr, TCI, 

>99.0%), coumarin 120 (TCI, 98%), coumarin 6 (Sigma-Aldrich, 98%), fluorescein sodium 

salt (Sigma-Aldrich),  1-octadecene (TCI, >90.0%), 1-hexadecene (TCI, 98%), acetone 

(Fujifilm Wako, ≥99.5%), hexane (Fujifilm Wako, >96.0%), toluene (Fujifilm Wako, ≥99.5%), 

dimethyl sulfoxide, acetonitrile (Fujifilm Wako, ≥99.5%), (NH4)2CO3 (Fujiifilm Wako), HCl 

(Fujiifilm Wako, 35-37%), HBr (Fujiifilm Wako, 47-49%), tetrahydrofuran (THF, Fujifilm 

Wako, 99.5%), and distilled water (Fujifilm Wako). 

2.2 Sample preparation 

2.2.1 Preparation of PQDs and PNCs 

Preparation of FAPbBr3 PQDs 

FAPbBr3 PQDs were synthesized by following a hot injection method with some 

modifications.1 25 mg FABr (0.2 mmol) and 73.4 mg PbBr₂ (0.2 mmol) were solubilized in 

400 µL dry DMF to prepare a precursor solution. In a separate three-neck flask, 25.2 mg (0.12 

mmol) n-octylammonium bromide, 200 μL (0.63 mmol) oleic acid, and 1-octadecene (4 mL) 

were taken and mixed well to prepare a ligand solution.  The ligand solution was vacuumed for 

15 minutes to remove dissolved moisture and air. The temperature was raised to 80 °C while 

maintaining an argon flow and the mixture was stirred continuously for 10 minutes. Afterward, 

400 µL precursor solution was incorporated into the flask containing ligand solution. Then, 

acetone and hexane mixture (1:1 v/v) was added under vigorous stirring, and the reaction vessel 

was rapidly transferred to the ice water bath to stop the perovskite overgrowth. Next, 100 µL 

of the synthesized PQD solution was diluted with 3 mL of toluene while stirring vigorously. 
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The resulting PQD dispersion was centrifuged at 14,500 rpm for 5 minutes, and the DMF-

containing supernatant was discarded. The PPT was then redispersed in toluene and used for 

further experiments. Figure 2.1 presents a schematic of the synthesis procedure of FAPbBr3 

PQDs. 

 

 Figure 2.1. A scheme of the synthesis of FAPbBr3 PQDs. 

Preparation of CsPbBr3 PNCs 

Using the hot injection method, I synthesized the CsPbBr3 PNCs (Figure 2.2).2, 3 In a three-

neck conical flask, 420 mg (1.1 mmol) of PbBr2, 3.2 mL (10 mmol) of oleic acid, 2.4 g (10 

mmol) of hexadecyl amine, and 50 mL of 1-hexadecene were taken and heated at 120 °C under 

vacuum condition for 1 hour. Simultaneously, in another three-necked flask, 30 mg (0.15 

mmol) of cesium acetate, 1.2 mL of 1-hexadecene, and 180 µL (0.5 mmol) of oleic acid were 

taken and heated at 120 °C under reduced pressure for 1 hour. Once all the precursors had been 

fully dissolved, argon gas was introduced, and the temperature was increased to 170 °C. At 

170 °C, the cesium acetate precursor solution was rapidly injected into the lead precursor 

solution, causing an immediate color change to greenish yellow. The mixture was then quickly 

cooled in an ice-water bath to stop the reaction and prevent further growth of the NCs.  

 

Figure 2.2. A scheme of the synthesis of CsPbBr3 PNCs. 

Afterward, the as-synthesized PNC colloid in 1-hexadecene was mixed with 50 mL of 

toluene and centrifuged at 14,500 rpm for 30 minutes. The resulting PPT was dispersed in 
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toluene. To isolate the small, uniform-sized PNCs, the mixture was centrifuged again at 3,000 

rpm for 5 minutes, and the larger particles in the precipitate were discarded. The purified 

sample was then used for further analysis.  

2.2.2 Functionalization of MWCNTs 

1 g of 4-Nitrobenzediazonium tetrafluoroborate (NBDTFB) was added to the 100 mg of 

MWCNTs in a vial. They were mixed very well by shaking and later using a motor and pastel. 

After confirming uniform mixing, the mixture was heated to 150 °C, leading to the 

decomposition of NBDTFB and the formation of free radicals (Figure 2.3).4 These free radicals 

are very unstable and react with the surface of the MWCNT very quickly.5, 6 The crude product 

was dispersed in acetonitrile, subjected to sonication, and centrifuged. The washing procedure 

continued until the acetonitrile turned colorless. The resulting pure nitrobenzene functionalized 

MWCNT (MWCNT-NO2) was dried under a high vacuum.  

 

Figure 2.3. Representation of the chemical reaction taking place on the MWCNT surface 

during the functionalization with a terminal phenylamine group. 

The obtained MWCNT-NO2 was dispersed in 10 mL of dimethyl sulfoxide (DMSO) in a 

vial. Then sodium borohydride (NaBH4) was added to an excess amount to the vial under 

vigorous stirring at 100 °C. The reaction was accelerated by adding a small amount (200 µL) 

of water. NaBH4 reduced the -NO2 groups of MWCNT-NO2 to -NH2 groups.7 The reaction 

progress was tracked by observing the generation of hydrogen bubbles in the DMSO. The 

reaction continued for 24 hours. The crude phenylamine functionalized MWCNT (MWCNT-

NH2) was washed with acidic water to remove any unreacted NaBH4. It was then rinsed 
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multiple times with pure water until the pH reached neutral. The pH was adjusted to slightly 

basic by adding ammonium carbonate ((NH4)2CO3) to deprotonate the MWCNT-NH3
+ groups. 

Finally, the MWCNT-NH2 was properly dried. This sample was used for characterization and 

conjugate formation. 

2.2.3 Preparation of PQD assemblies and PNC-MWCNT conjugates 

Preparation of FAPbBr3 PQD and polybutadiene film (PQD-PBD film) 

PQD-PBD film was fabricated using the drop-casting method. 25 mg/mL PBD and the 

FAPbBr3 PQD solution (10 mg/mL) in toluene were mixed well by shaking. The uniform 

mixing was confirmed by sonicating for 5 minutes. A 5 µL portion of the mixture was placed 

onto a glass coverslip (25×50 mm²). Then the film was dried very well.  

Preparation of CsPbBr3 PNCs and MWCNT conjugates (PNC-MWCNT) via post-mixing 

method 

MWCNT-NH2 was converted to MWCNT-NH3
+Br− before assembly formation by treatment 

with dilute HBr. MWCNT-NH3
+ Br−  was dried properly under a high vacuum. It was 

then mixed with dilute CsPbBr3 PNCs in the toluene-THF (9:1 v/v) mixture. THF was used to 

decrease the aggregation of MWCNT. After 2 days, the sedimented MWCNT-PNC was 

collected and the upper solvent was discarded. The collected sample was washed with the same 

ratio of toluene-THF mixture to remove excess unattached PNC from the surface of MWCNT. 

The scheme is presented in Figure 2.4. 

 

Figure 2.4. MWCNT-PNC conjugate formation by the post-mixing method. 

Preparation of CsPbBr3 PNCs and MWCNT conjugates (PNC-MWCNT) via in-situ hot 

injection method 

In-situ PNC-MWCNT conjugates are prepared following the hot injection synthesis procedure 

of CsPbBr3 PNCs with little modifications.  My method is similar but not the same as the 

already reported method of preparing these types of assembly of PNC around CNT.8  
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Figure 2.5. MWCNT-PNC conjugate formation by in-situ hot injection method. 

Here, in a three-neck flask, 420 mg of PbBr2, 3.2 mL of oleic acid, 2.4 g of hexadecyl amine, 

and 35 mL of 1-hexadecene were added.  5 mg of MWCNT-NH2 was sonicated with 15 mL of 

1-hexadecene for 15 mins and then added to this flask. In another three-neck conical flask, 30 

mg of cesium acetate, 1.2 mL of 1-hexadecene, and 180 µL of oleic acid were added. Both of 

the flasks were heated at 120 °C under high vacuum for 1 hour. After stopping the vacuum, 

argon was flashed inside the flasks, and the temperature was increased to 170 °C. Then all the 

Cs-precursor solution was injected into the Pb-precursor flask. Immediately the color changes 

to yellowish green.  The reaction mixture was cooled using an ice bath, and the conjugates were 

harvested by centrifugation at 1000 rpm for 3 mins. Then conjugates were redispersed in 

toluene. This sample was used for further experiments. The scheme is presented in Figure 2.5. 

2.2.4 Preparation of samples for single-particle and time-resolved spectroscopy studies 

The drop-and-drag method was used to obtain the CsPbBr3 PNC single particle distribution on 

a coverslip. The distribution of PNCs was confirmed through single-particle microscopy. After 

confirmation, the sample's lifetime and PL blinking were measured. Films for measuring the 

PL lifetime of PNC-MWCNT conjugates and PNC films were prepared by dropping the 

samples on a glass coverslip and drying them properly. 

2.3 Methods 

2.3.1 UV-vis absorption spectroscopy 

The ultraviolet-visible or UV-vis absorption spectra of FAPbBr3 PQDs, CsPbBr3 PNCs, and 

conjugates were measured using a UV-Vis spectrophotometer (Evaluation 220, Thermo Fisher 

Scientific). A typical schematic of a UV-vis absorption spectrophotometer is presented in 

Figure 2.6. This method primarily assesses the quantity of light absorbed or passed through the 

sample. A light source provides a continuous spectrum of light covering both UV and visible 

regions. The light travels through the monochromator (prism or diffraction grating) and 
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separates it into different wavelengths. The desired wavelength of light that will be passed 

through the sample can be selected by adjusting the monochromator. Molecules in the sample 

absorb specific wavelengths of light. 

Figure 2.6. Schematic representation of a typical UV-vis absorption spectroscopy. 

Based on their electronic transitions, a reduction in the strength of the incident light 

occurs. The transmitted light that emerges from the sample is detected by a photodetector (e.g., 

photomultiplier tube or photodiode). The detector measures the intensity of the transmitted 

light and transforms it into an electrical signal. The instrument compares the light's intensity 

before and after it travels through the sample. The difference in intensity is used to calculate 

the absorbance of the sample. From the absorption spectra, I can identify the sample and 

measure its concentration following the Beer-Lambert Law. According to this law, absorbance 

(A) is directly proportional to both the concentration (c) of the absorbing substance and the 

optical path (l) through which the light travels. 

A=εcl 

Here, ε is the molar absorptivity or molar extinction coefficient, which quantifies the extent to 

which a substance absorbs light at a specific wavelength.  

 Anyway, when a molecule absorbs or emits light, it undergoes a transition between 

various electronic states. The electronic states and the vibrational energy levels involved with 

the electronic states play a role in the transition (Figure 2.7). The intensity and likelihood of 

electronic transitions (e.g., during absorption or emission of light) in molecules can be 

explained by the Franck-Condon Principle.  
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Figure 2.7. Different electronic states of a molecule with probable transition. 

When a molecule absorbs or emits light, electrons rearrange almost instantaneously, 

while the nuclei (protons and neutrons in the atoms) move much more slowly. This is because 

nuclei have significantly greater mass compared to electrons. Due to the slower movement of 

the nuclei, electronic transitions occur "vertically" on a potential energy diagram. This means 

that when an electron jumps from one energy state to another, the nuclei do not have time to 

adjust during the transition. Thus, the transition happens at a fixed nuclear configuration. The 

likelihood of a transition is dependent on the overlap of the vibrational wavefunctions in the 

initial and final electronic states. These overlaps are known as Frank-Condon factors. The 

greater the overlap, the more probable the transition. Like in Figure 2.7 the position of excited 

states slightly changes from the ground state. Here the most probable transition is from 𝑣1 to 

𝑣3
′ .  

2.3.2 Steady-state fluorescence spectroscopy 

Steady-state fluorescence spectroscopy is a powerful technique for studying the PL properties 

of materials and molecules. PL spectra give us insight into excitonic relaxation. I measured the 

PL spectra of my samples using a fluorescence spectrometer (F-4500, Hitachi). The scheme of 

the spectrometer is presented in Figure 2.8. 

In this instrument, the light emitted from the source goes through an excitation 

monochromator or filter to select the specific wavelength needed to excite the sample. The 

selected excitation light is directed toward the sample holder or cuvette, which contains the 

perovskite colloidal samples. The sample is usually placed at a 90° angle to the excitation light 
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path to minimize the detection of the excitation light and ensure that only the emitted 

fluorescence is collected. The fluorescence signal is then directed to the detector. When a 

compound absorbs light, it gains energy and is transferred from its ground electronic state (S₀) 

to the excited electronic state (S₁ or higher). The energy of the absorbed photon must match the 

energy difference between the molecule's ground state and its excited state. Kasha's rule states 

that fluorescence emission almost always takes place from the lowest excited singlet 

 

Figure 2.8. Schematic representation of a typical steady-state fluorescence spectroscopy. 

state (S1), regardless of which higher excited state (S2, S3, etc.) was initially populated upon 

photon absorption. As a result, following excitation, the molecule rapidly releases excess 

energy as heat and relaxes back to the first excited electronic state’s (S₁) lowest vibrational 

level. This process occurs through internal conversion or non-radiative relaxation by electron-

phonon coupling, where excess energy is dissipated as heat. This intra-band relaxation happens 

within a very short period (femtosecond and picosecond level). Once the molecule returns to 

the lowest vibrational level of the S₁ level, it can go back to the S₀ state by releasing a photon. 

The emitted photon typically has lower energy than the absorbed photon because of energy loss 

during vibrational relaxation. This difference in absorption and emission energy is known as 

the Stokes shift. If there is an intersystem crossing, the photon is emitted as a phosphorescence. 

All the possible transitions after the excitation of the charge carrier are presented in Figure 2.9 

(Jablonski Diagram). The PL quantum yield (QY) refers to the ratio of emitted photons and 

absorbed photons, while the PL lifetime is the average duration a compound remains excited 

before emitting a photon. 
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Figure 2.9. A simplified Jablonski Diagram. 

2.3.3 Time-resolved photoluminescence spectroscopy 

Femtosecond lifetime measurement system 

I used femtosecond PL lifetime measurement systems for monitoring the exciton dynamics in 

FAPbBr3 PQDs film and PQD-PBD assembly. This machine is used to measure ultrafast carrier 

relaxation dynamics that occur on the femtosecond (10⁻¹⁵ seconds) timescale. The mechanism 

behind such systems relies on generating and detecting very short laser pulses and monitoring 

the fate of photogenerated charge carriers after excitation. The instrumentation of this system 

is presented in Figure 2.10. The perovskite samples were irradiated with a 405 nm pulse laser 

having a pulse width of 150 fs and frequency of 200kHz. This 405 nm laser is generated by a 

series of events. First, A mode-locked Ti: sapphire oscillator (Mira 900) generates 800 nm 76 

MHz femtosecond seed pulses through Kerr-lens mode-locking. This light is sent to the 

amplifier (Rega 9000) where it converts to 800 nm, 200 kHz, and 150 fs laser. This laser is then 

introduced to the optical parametric amplifier (OPA 9400) where it goes through the second 

harmonic generation (SHG) crystal. SHG is a nonlinear optical process that takes place in a 

nonlinear crystal. When two photons with identical frequencies merge, they combine to create 

a new photon that possesses double the energy of the individual photons. This process results 

in a photon with half the original wavelength. This laser is then split into two parts: one part 

goes to the digital delay via photodiode and another to the sample via a series of optics.  
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Figure 2.10. Optical setup for time-resolved PL studies using an ultrafast femtosecond laser. 
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Here I used a heating plate for heating the PQD-PBD assembly. The emission goes 

through the objective lens (Olympus) and is detected by the streak camera. The computer then 

processes both excitation and emission signals. The PL decay curves obtained were fitted by 

the following equation- 

𝜏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
𝑎1𝜏1+𝑎2𝜏2+𝑎3𝜏3+… . .

𝑎1+𝑎2+𝑎3+… . .
 

Here, 𝜏  is the lifetime component and 𝑎 is the amplitude. The short PL lifetime component is 

because of the nonradiative recombination which is mainly contributed by the traps. Traps are 

localized states in the material where charge carriers (electrons or holes) can become 

temporarily trapped. When an electron recombines with a hole via a trap, the recombination 

does not result in the emission of a photon, but instead, the energy is released as heat through 

interactions with the lattice (phonon emission).  These traps often arise due to defects, 

impurities, or surface states within the material. The longest component is because of the 

radiative recombination where the energy is released as a photon (light). The 𝜏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is the 

average time a charge carrier stays excited.  

 Picosecond lifetime measurement system 

I used the picosecond lifetime measurement system to measure the PL lifetime of CsPbBr3 

single particles, PNC-MWCNT conjugates, and CsPbBr3 PNC film. This setup is designed to 

measure the carrier lifetime in the picosecond (10⁻¹² seconds) range. The whole arrangement is 

represented in Figure 2.11. The 405 nm pulse laser is generated from a PicoQuant GmbH 

picosecond laser diode. Laser frequency 1MHz was used. The pulse width is <50 ps. Neutral 

density filters were employed to regulate the intensity of the laser. This laser goes through 

different optics, and ultimately through the objective lens where it illuminates the sample. I 

prepared my samples on a glass cover slip and placed them on the stage. I used the pinhole on 

the irradiation side in every measurement to irradiate only a small selected area. On the 

emission side, I used a 480 nm long pass filter to cut the laser. The emission goes to the 

avalanche photodiode (SPCM-AQR, PerkinElmer) and TCSPC system (SPC-830, Becker and 

Hickl GmBH) for counting photons. The resulting histogram on the screen provides a temporal 

decay curve of the emitted photons. This decay curve is analyzed to extract information such 

as fluorescence lifetimes, which indicate carrier dynamic processes within the sample. The 

acquired PL decay curves were analyzed using a triexponential fitting approach, applying the 

same equation used for the femtosecond laser system. 
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Figure 2.11. Optical setup for time-resolved PL studies using a picosecond laser system. 

Transient absorption spectroscopy 

Transient absorption spectroscopy of my CsPbBr3 PNC and conjugates were measured using 

an ultrafast femtosecond pump and probe system. Mode-locked Ti: sapphire (Solstice, Spectra-

Physics, Milpitas, CA) generates an 800 nm laser (1 kHz repetition rate and 150 fs pulse width). 

The laser is then fed into an amplifier, where its energy is boosted. The 800 nm pulse laser then 

goes to the OPA (optical parameter amplifier) where it is converted to the 400 passing through 

the BBO crystal. This crystal works via a second harmonic generation. The probe light is 

produced by directing signal light from an optical parametric amplifier (TOPAS, Light 

Conversion Ltd., centered at 1.6 μm) onto a CaF₂ plate. The probe light is detected using a 

complementary metal-oxide-semiconductor detector (PMA-20, Hamamatsu Photonics, 

Shizuoka, Japan). The typical setup of the pump-probe system is given in Figure 2.12. 

 For t<0, the probe pulse arrives and measures the initial absorption (𝐴0) of the LHP 

samples. At t=0, the pump pulse excites the sample, promoting a significant number of ground-

state (S0) electrons to the excited state (S1). When t>0, the probe pulse again measures the 

absorption (At) which is less than A0.  Therefore, absorption change ∆𝐴 = 𝐴𝑡 − 𝐴0 . These 

absorbance changes at each wavelength are recorded for various time delays. The result is a 

2D dataset showing how ΔA evolves over time and across the spectral range (Figure 2.12b). 
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Figure 2.12. Optical setup for transient absorption studies using a pump-probe system. 

Ground state bleach (GBS) peak appeared because of the decrease in absorption of 

ground state. When the pump pulse excites electrons from the ground state to an excited state, 

fewer molecules are available to absorb photons at the wavelength corresponding to the 

ground-state absorption. This depletion appears as a negative signal spectrum. Photo-induced 

absorption (PIA) peak arises from excited-state absorption, where excited electrons in higher 

 

Figure 2.13. a) The different possible transitions of the carriers recorded by a pump-probe 

system after getting photoexcited. b) A typical spectrum generated by a pump-probe system. 

energy states absorb additional photons, promoting them to even higher states. This is a positive 

signal in the spectrum. The excited molecules can relax by emitting photons spontaneously 

(spontaneous emission). This process occurs randomly and is independent of external 

electromagnetic fields. Sometimes, stimulated emission (SE) occurs when the incident photon 

from the probe pulse induces an excited molecule to emit a photon of the same energy, phase, 
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and direction as the probe pulse photon. SE is a negative signal because the emitted photons 

amplify the probe pulse, effectively reducing the net absorbance. Using this system, excited 

carrier dynamics as well as charge transfer and energy transfer can be predicted. 

2.3.4 Single-particle spectroscopy 

A single-particle microscope allows the visualization and analysis of individual particles at the 

nanoscale. I used this system to measure the PL blinking properties of CsPbBr3 PNCs single 

dots. The setup of a single particle microscope is presented in Figure 2.14a. 400 nm CW laser 

generated from the laser head goes through different optics and illuminates the sample. The 

main part of this system is the Electron-Multiplying Charge-Coupled Device (EMCCD) camera. 

EMCCDs are built on the traditional CCD architecture, consisting of a sensor chip (Figure 

2.14b) with an array of light-sensitive pixels that convert incoming photons into charge. Each  

 

Figure 2.14. Optical setup of a single-particle microscopy system (a) and structure of an 

EMCCD sensor chip (b).  

pixel accumulates a charge based on the number of photons detected. This chip has a series of 

charge transfer channels that allow for the movement of the generated charge from one pixel 

to another. The gain register of EMCCD is responsible for the electron multiplication process. 

Once the charge has been multiplied, it is transferred to the output node, where the charge is 

converted into a voltage signal that can be digitized and read out. EMCCD is equipped with a 

cooling mechanism (typically around -80 °C) to minimize thermal noise.  

Quantaurus-tau 

Quantaurus-tau (Hamamatsu, C11367 series) was used to measure the PL lifetime of CsPbBr3 

PNC in the colloidal state. Among the different LED excitation wavelengths available, I used 
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365 nm LED excitation. The obtained decay curves were fitted triexponentially using the 

instrument software. 

2.3.5 XRD and SAXS  

XRD is a method for analyzing the structure of crystalline materials. When X-ray is focused 

on a crystalline sample, it is scattered by the atoms in the crystal lattice. The constructive 

interference of these scattered X-rays leads to a pattern that can be analyzed to assess various 

characteristics of the material. I measured the XRD of my PNCs and PQDs to understand the 

crystal structure of them. The fundamental equation governing XRD is Bragg's Law, which 

relates the wavelength of the incident X-rays to the angles at which they are diffracted by the 

crystal planes. It is expressed as: 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃) 

Where, 𝑛 = Order of diffraction, λ = X-ray wavelength, d = Distance between crystal planes, 

and 𝜃 = Diffraction angle.  

SAXS provides critical information about the size, shape, and arrangement of particles 

or domains of the LHP assembly/film. The interparticle distance d (Bragg distance or center-

to-center distance) within the film can be calculated from the position of the peak q, using the 

following equation:  

𝑑 =
2𝜋

𝑞
                                                                                                    

Both XRD and SAXS of my PQDs and PQD-polymer assembly were measured using a 

SmartLab X-ray diffractometer (RIGAKU), equipped with a copper Kα (λ = 0.15406 nm) X-

ray source. For the XRD analysis, samples were put on glass slides, while for the SAXS 

measurements, Kapton films were first attached to the glass. LHP samples were drop casted on 

that film.  

2.3.6 XPS 

XPS of my functionalized multiwall carbon nanotubes was measured to examine the elemental 

composition and chemical states. It helped me to confirm successful functionalization. XPS 

operates on the principle of the photoelectric effect, where X-rays are employed to eject 

electrons from the surface of the material. When X-rays are directed at a sample, they impart 

energy to core-level electrons, causing them to be emitted from the material. The kinetic energy 
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of the emitted photoelectrons is measured. The binding energy of the electrons can then be 

calculated using the following equation: 

𝐸𝐵 = ℎ𝑣 − 𝐸𝑘 − 𝜑 

Where: 𝐸𝐵= Binding energy of the electron, ℎ𝜈= Energy of the incident X-ray photon, 𝐸𝑘= 

Kinetic energy of the emitted electron, and 𝜑 = Work function of the spectrometer. 

The binding energy values are characteristic of the specific elements and their chemical 

states present. The relative intensity of the peaks corresponding to different elements allows 

for the quantification of their presence, while the chemical shifts in these peaks provide insight 

into the oxidation states and bonding environments of the elements. By examining the peak 

intensities and position in the XPS spectrum, I was able to ascertain the elemental composition 

and identify the chemical states of the species present on the surface of the MWCNT. 

2.3.7 FTIR 

For the characterization of the functionalization of MWCNT, FTIR was also measured. It 

provides valuable information about the molecular structure, functional groups, and chemical 

bonding in materials. In FTIR, infrared radiation passes through a sample, certain wavelengths 

are absorbed, causing molecular bonds to vibrate. Molecules undergo various types of 

vibrations, including stretching and bending. The result is a spectrum that displays 

transmittance versus wavenumber, with characteristic peaks corresponding to specific 

molecular vibrations. The key advantage of FTIR over traditional IR spectroscopy is its use of 

a mathematical process called Fourier Transform, which allows FTIR to collect a broad range 

of wavelengths simultaneously, rather than measuring each one individually. Then it converts 

the data into a spectrum. Analyzing the peaks of the spectrum helps to identify the functional 

groups and molecular structures. Common functional group regions include O-H stretching: 

3200-3600 cm⁻¹ (alcohols, phenols); C-H stretching: 2800-3000 cm⁻¹ (alkanes, alkenes); C=O 

stretching: 1650-1750 cm⁻¹ (carbonyls, carboxylic acids), and N-H stretching: 3300-3500 cm⁻¹ 

(amines, amides). 

2.3.8 STEM-EDX 

The size and shape of PNC, PQD, assembly, conjugates, and MWCNT were observed using a 

STEM. The sample is placed in the STEM grid (ELS-C10, Okenshoji Co., Ltd). Dried well and 

inserted into the STEM (HD-2000, Hitachi). Here, a focused beam of high-energy electrons 

passes through the extremely thin perovskite sample. The acceleration voltage is 200 kV. The 
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electrons can interact with the sample, and the transmitted electrons are detected to form an 

image. The setup is presented in Figure 2.15. STEM coupled with EDX is used for both high-

resolution imaging and elemental analysis. I used STEM-EDX to determine the elemental 

composition of the PNCs. It helped me to determine the halide vacancies 

 

Figure 2.15. Scanning transmission electron microscopy.  

present in my sample. When high-energy electrons hit the sample, it can cause the ejection of 

inner-shell electrons from atoms, leading to vacancies. Higher energy levels of electrons then 

transition to fill these vacancies, leading to the emission of X-rays characteristic of the elements 

present in the sample. The EDX detector detects this. 

2.3.9 Raman spectroscopy 

Functionalized MWCNTs characterization was also performed by measuring the Raman 

spectra. It involves the scattering of monochromatic light by molecules. Renishaw inVia reflex 

Raman microscope was used. I used a 532 nm monochromatic laser to excite the sample. Light 

interacting with a sample can be scattered elastically (Rayleigh scattering) or inelastically 

(Raman scattering). The Raman scattering has a different energy than the incident light. The 

energy difference corresponds to vibrational or rotational transitions in the molecule. The 
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scattered light passes through a notch or edge filter to block Rayleigh's scattered light and allow 

only the Raman-shifted signals. This signal is then dispersed using a grating. The grating  

 

Figure 2.16. Optical setup of a typical Raman microscope.  

spreads the light according to its wavelength, creating a Raman spectrum. A CCD detector 

recorded the spectrum. The instrumental is presented in Figure 2.16. In the case of my sample, 

the intensity difference of D and G peaks in Raman spectra before and after functionalization 

helped me to ensure successful functionalization. 
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Chapter 3 

Defect passivation in isolated nanocrystals 

Abstract 

Excitons are quasi-particles formed due to the coulombic attraction between an electron 

and a hole in a semiconductor. These entities significantly influence materials' optical and 

electronic behavior, especially in nanostructures like perovskite nanocrystals (PNCs) and 

quantum dots (PQDs). Photoluminescence (PL) is produced through the process of 

radiative exciton recombination. Exciton lifetime is a critical parameter for optimizing 

devices such as solar cells, where extended excitonic lifetimes enhance charge separation 

efficiency. Defect-induced exciton/carrier trapping is one of the prominent factors in 

reducing exciton lifetime. In halide perovskite (HPs), halide vacancies are the major 

defects responsible for nonradiative recombination. These vacancies are also accountable 

for lattice degradation, halide ion migration, and PL blinking. Therefore, addressing these 

defects is important for enhancing the perovskite’s performance in optoelectronic 

applications. In this chapter, I discussed the bromide vacancy filling in CsPbBr3 PNC. 

Various strategies for filling these vacancies were examined, specifically using NaBr, KBr, 

or CsBr at the toluene-water interface. EDX, XRD, PL, and exciton lifetime were used to 

confirm the vacancy filling. Post-treatment with NaBr led to a remarkable increase in 

PLQY from 57% to 98%, which provides direct evidence of reduced nonradiative decay 

rates. Single-particle blinking studies further confirm vacancy passivation, as the PL of 

initially poorly luminescent particles shows significant improvement after vacancy filling. 

This defect passivation strategy not only enhances the optoelectronic properties but also 

holds promise for the development of stable, water-soluble HPs which opens new 

possibilities for high-performance perovskite devices. 
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3.1 Introduction 

HPs have become a focal point of research due to their remarkable optical and electronic 

characteristics, including strong light absorption, extended carrier diffusion capability, 

and exceptional energy conversion efficiency in solar cells.1-3 Although advancements in 

light-harvesting efficiency have driven remarkable progress in optoelectronic 

applications, the stability of these devices remains inferior. The instability limits their 

commercialization and long-term performance.4 Perovskite instability is a multifaceted 

issue driven by environmental factors including moisture, heat, and UV exposure, and 

inherent properties including vacancies, ion migration, and phase transitions.4-6  Moisture 

and oxygen can penetrate perovskite layers and trigger chemical reactions that degrade 

the crystal structure.7 Prolonged light exposure and thermal cycling can cause phase 

transitions or ion migration.8, 9  

Halide vacancies are a key intrinsic factor contributing to the instability of HPs. 

These vacancies contribute to both chemical degradation and performance losses. For 

example, Shi et al. identified halogen vacancies as the primary electron-trapping defects 

within halide structures.10 These vacancies create localized defects in the crystal lattice. 

These defects create energy levels within the material's band structure that act as a trap. 

These traps function as centers for non-radiative recombination, capturing either the 

electron or the hole from the exciton, preventing them from recombining radiatively.11 

Ran et al. demonstrated, using machine learning techniques, that bromine vacancies 

introduce trap states between the band gap in CsPbBr3 at room temperature.12 For 

perovskite solar cell applications, efficient extraction of charge carriers is essential to 

enhance device performance and maximize power conversion efficiency (PCE).13 

However, vacancy-induced energy states in the perovskite structure can capture charge 

carriers, which hinders their transport and reduces overall device efficiency.14 Moreover, 

halide vacancies at the surface or grain boundaries facilitate ion migration, which limits 

the long-term device stability. Moreover, ion migration can alter the desired bandgap of 

the material.15 Therefore, filling these vacancies is crucial to maintaining precise control 

over excitonic recombination dynamics and carrier lifetimes. 

There are various strategies for vacancy-related defect passivation mentioned in the 

literature. For example, Chouhan et al. demonstrated the halide vacancy filling of 
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MAPbBr3 and MAPbI3 using MABr and MAI solution in dichloromethane. They reported 

the increased PLQY and lifetime of excitons after successful vacancy filling.16 Shahjahan 

et al. reported that vacancy-related halide exchange can be homogeneously suppressed 

by filling the vacancy using the precursor solution.17 Ren et al. also carried out a similar 

study and showed that the HC(NH2)2PbIxBr3−x perovskite optoelectronic properties are 

improved by vacancy filling. They achieved PCE up to 18.2% after removing defects 

from the surface.18 Similarly Subramaniam et al. reported the successful halide vacancy 

filling of CsPbBr3 PQDs using SbBr3 in toluene.19 However, the process of halide vacancy 

filling at the aqueous-organic interface represents a novel area of study. Water is known 

to infiltrate the perovskite structure, dissolving precursor materials and leading to 

degradation of the crystal lattice. However, numerous studies have reported that 

introducing trace amounts of water during synthesis or post-treatment can enhance the 

optical and electronic properties, and stability of perovskite materials simultaneously by 

effectively passivating grain boundaries and mitigating surface trap states.20-24 For 

instance, Bhatia et al. reported that the controlled incorporation of small quantities of 

water to FAPbBr3 PNCs significantly increases their stability, resulting in a PLQY of 95% 

in PNC thin films.22 

This chapter focused on the photogenerated excitons of CsPbBr3 PNCs and their 

lifetime. I examined the influence of halide vacancies on the PLQY of PNCs and 

demonstrated a strategy for vacancy passivation. Using the saturated aqueous solution of 

halide salts, I achieved interfacial halogen transfer from the water phase to the toluene 

phase which effectively passivates surface vacancies. This process enhances both PL 

intensity and exciton lifetime. Additionally, single-particle blinking trajectories were 

analyzed to confirm the effective passivation of halide vacancies. Trap-assisted activation 

and deactivation of PL are responsible for the Type-B blinking.25 Our data indicate that 

halide vacancy passivation suppresses blinking and enhances PL in low-emission 

particles. These results reveal that effective defect passivation can enhance the stability 

and efficiency of the optoelectronic devices by reducing nonradiative recombination 

pathways and limiting ion migration within the perovskite structure. This defect 

management strategy is therefore promising for the advancement of stable, high-

performance PNC-based optoelectronic devices. 
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3.2 Results and discussions 

3.2.1 Synthesis and characterization of CsPbBr3 PNCs 

CsPbBr3 PNCs were prepared following the hot injection technique.26 The hot injection 

method was used because it enables accurate control over the nucleation of perovskite 

crystals by injecting a precursor into a hot solvent containing ligands. Several researchers 

reported that monodispersed PNCs with narrow size distribution can be attained through 

the hot injection method.27, 28  

Figure 3.1. Absorption (black) and PL (red) spectra (a), STEM (b), and size distribution 

(c) of CsPbBr3 PNCs. Inset: Images of CsPbBr3 PNCs at room light and under 365 nm 

UV radiation.  

In this synthesis procedure, I used oleic acid and hexadecylamine as the ligands, 

and perovskite precursors cesium acetate and PbBr2 were used. 120 °C temperature was 

used to dissolve all the components in 1-hexadecene. The samples were vacuumed to 

remove all the moisture and air which are detrimental for PNC synthesis. Hot injection of 

the Cs-precursor into the Pb-precursor was done at 170 °C under an argon atmosphere. 

The change in precursor color confirmed the PNC formation after injecting the Cs-

precursor into the Pb-precursor. The detailed procedure of synthesis is presented in the 

experimental chapter. After purification by centrifugation, the final color of the PNCs in 

toluene is greenish yellow, and under 365 nm laser excitation, it shows green emission 

(Figure 3.1a inset).  

The absorption and PL emission spectra of the colloidal CsPbBr3 PNCs in toluene 

were measured. The excitation wavelength was 365nm. The absorption and steady-state 

PL spectra are presented in Figure 3.1a. The as-synthesized CsPbBr3 PNC shows 

absorption excitonic peak and emission peak in toluene at 501 nm and 510 nm, 
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respectively (Figure 3.1a). The small Stocks shift represents the higher excitonic binding 

energy. The Stokes shift denotes the energy disparity between the absorption peak and PL 

emission maxima of a material. In PNCs, a small Stokes shift indicates that the excitons 

(electron-hole pairs) recombine without significant energy loss, often attributed to strong 

Coulombic interactions between the photogenerated electron and hole. High excitonic 

binding energy results in stronger confinement of excitons, leading to efficient radiative 

recombination. This is reflected in the small Stokes shift. The size, shape, and 

morphology of the PNCs were analyzed using STEM. The STEM specimens were 

prepared by depositing a diluted PNC solution in toluene onto a STEM grid via the drop- 

 

Figure 3.2. XRD of CsPbBr3 PNCs. 

casting technique. The residual solution was eliminated by adsorption using an absorbent 

tissue. The STEM grid was dried overnight under the vacuum. A well-dispersed cubic 

shape PNCs were observed (Figure 3.1b). The average size of PNCs was 7.12±0.96 nm 

which was analyzed using the image-j program. The size distribution of the CsPbBr3 

PNCs is represented in Figure 3.1c. This is similar to the previously reported data.29 

Smaller size PNCs also indicate the more quantum confinement of the PNCs. When the 

dimensions of a PNC approach or fall below the exciton Bohr radius, the charge carriers 

experience quantum confinement in all three spatial directions. This phenomenon arises 

from fundamental quantum mechanics principles. This quantum confinement alters the 

optoelectronic properties of the PNCs. As the crystal size shrinks, the spatial confinement 

of charge carriers increases, raising their kinetic energy. This is a direct consequence of 

the Heisenberg Uncertainty Principle. Decreasing the spatial extent (∆𝑥) increases the 
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momentum uncertainty (∆𝑃), leading to higher energy. Instead of a continuous band of 

states (as in bulk materials), the energy levels in PNCs become discrete due to size 

confinement. The separation between energy levels (∆𝐸) increases with decreasing size.  

The crystallographic structure of the as-synthesized PNCs was investigated through 

XRD analysis of the PNC thin film. The as-synthesized PNC sample was subjected to 

centrifugation at 14,500 rpm for 15 minutes. The obtained PPT from centrifuged samples 

was drop cast to prepare films for XRD measurements. The observed XRD peaks arise 

due to constructive interference of X-rays diffracted by lattice planes. These planes are 

described by their Miller indices (hkl). The XRD spectra show the characteristic peak at 

15.05°, 21.48°, 30.63°, 33.96°, 37.92°, 44.10° and 48.55° corresponding to 100, 110, 200, 

210, 211, 220, and 310. These peaks represent the cubic phase (Pm3m crystal structure) 

of CsPbBr3 PNCs (Figure 3.2).30, 31 The cubic phase of the PNCs was determined by 

analyzing the reported literature32-34 and standard ICSD card no #29073. The extra peaks 

may be generated from the precursors.  Defects are common in HPs. Therefore, to assess 

the quality of synthesized PNCs and to understand defect states, I measured the PLQY 

(Φ) of the as-prepared CsPbBr3 PNCs.  I calculated the Φ values using a relative method, 

employing standard fluorophores as references for comparison. The fluorophores and 

their properties are shown in Table 3.1.  

Table 3.1. Standard dyes and experimental conditions used for measuring the relative 

PLQY (Φ) of PNCs. 

Dyes Solvent λex (nm) λem (nm) PLQY Reference 

Coumarin 120 Methanol 365 432 0.71 1 

Coumarin 6 Ethanol 420 502 0.78 2 

Fluoresceine Ethanol 425 512 0.79 3 

Rhodamine B Ethanol 510 566 0.70 4 

Cresyl violet Ethanol 540 623 0.54 5 

The PLQY of the PNCs was calculated using the following equation26 

Φ𝑃𝑁𝐶 = Φ𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 ×
(∆𝐼 ∆𝐴⁄ )𝑃𝑁𝐶

(∆𝐼 ∆𝐴⁄ )𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
×

𝜂𝑃𝑁𝐶
2

𝜂𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
2  
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Where Φ𝑃𝑁𝐶  and Φ𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑  represent the PLQY of the PNCs and the standard dyes, 

respectively. η𝑃𝑁𝐶 and η𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑  denote the refractive indices of the solvents that were 

used to dissolve the PNCs and standard dyes, respectively. 
ΔI

ΔA
 corresponds to the slope of 

the integrated PL intensity (I) versus absorbance (A) plots for the standard dyes and PNCs 

across various dilutions. 

 

Figure 3.3. EDX of CsPbBr3 PNC thin film. 

In this investigation, toluene (η=1.496) was employed as the solvent for dissolving 

PNC. For the standard dyes, either methanol (η =1.328) or ethanol (η =1.361) was utilized 

as the solvent. This choice of solvents ensures appropriate solubility and consistency in 

measurements, thereby enhancing the accuracy of the PLQY determinations. Anyway, the 

calculated Φ for the PNCs is 57%, which is much lower. PLQY represents the ratio of 

emitted photons to absorbed photons. A low PLQY indicates that a substantial fraction of 

the absorbed energy in a material is not re-emitted as light but is lost through non-radiative 

processes. Radiative recombination occurs through the emitting photon which is 

responsible for increasing the PLQY. La-Placa et al. reported that the low PLQY can be 

ascribed to the presence of free charge carriers and defect-induced trap states, which serve 

as pathways for non-radiative recombination.35 Xiaochen Wang et al. reported the deep-

level chloride vacancy in mixed halide PNC with PLQY 30% only.36 Usually PNCs have 

high surface-to-volume ratio which increases the likelihood of surface imperfections and 

surface-related defects. There are different kinds of point defects in the HPs as discussed 

in Chapter 1. Vacancies are a type of point defect commonly found in perovskites. Due to 

their relatively low formation energy, vacancies tend to form more easily37, often resulting 
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in the creation of trap states inside the material. These trap states can capture charge 

carriers and hinder the efficient recombination of excitons. However, there are different 

types of vacancies present in the perovskite including A-site, B-site, and halide 

vacancies.38  

To further elucidate the nature of these defects (vacancies), I conducted STEM-

EDX (Figure 3.3). STEM-EDX provides elemental maps and spectra for all elements of 

a compound. The intensity of the X-ray peaks is proportional to the elemental 

concentration within the sample. The sample preparation for these experiments is similar 

to STEM sample preparation as discussed before. The resultant elemental ratios were 

determined to be Cs:Pb:Br = 1:1.1:2.64. This lower amount of bromine in the synthesized 

PNCs compared to the expected stoichiometric ratio (Cs:Pb:Br = 1:1:3) can be attributed 

to the presence of bromine vacancies.  This Br- vacancies is the reason for the low Φ 

value.  

The density and energy distribution of defect-induced traps within the electronic 

band structure are crucial factors influencing the performance of the device. An increase 

in trap density is associated with a shift in trap energy levels closer to the mid-band gap 

and has been shown to negatively impact carrier diffusion and reduce the open-circuit 

voltage of solar cells.39 Studies have revealed that the trap density in perovskite is highly 

sensitive to processing techniques, leading to variations in results even for the same 

material.11, 40 Addressing and minimizing these traps is still a significant scientific and 

technological challenge.  However, reducing their effects is essential for improving 

optoelectronic properties because, nearly trap-free conditions have been achieved in 

CsPbI3 QDs, resulting in PLQY approaching unity.41 Various defect passivation methods 

have been extensively reported in the literature. For PNCs, post-synthetic passivation 

methods are among the most commonly employed strategies.42 Typically, a range of 

organic and inorganic compounds serve as halide sources for this purpose. However, 

organic compounds such as methylammonium iodide (MAI) are volatile, which can 

inadvertently introduce additional defects. Moreover, organic compounds often face 

solubility challenges in non-polar solvents, as PNCs are highly sensitive to polar solvents. 

Additionally, some halide sources, such as antimony bromide (SbBr3), are expensive, 
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limiting their practical application. Therefore, developing an efficient and cost-effective 

strategy to address halide vacancy passivation in PNCs remains a critical research priority. 

3.2.2 Defect passivation 

I investigated the passivation of halide vacancies using various inorganic bromide salts 

including CsBr, NaBr, and KBr. First, a saturated solution of the salts is prepared by 

dissolving them in water. The PNC dispersion in toluene is added to the mixture, followed 

by vigorous shaking to ensure thorough mixing. The phases are then allowed to settle, 

and this process is conducted multiple times. Since the solution is saturated, the likelihood 

  

Figure 3.4. Mechanism of halide vacancy filling of CsPbBr3 PNCs using saturated NaBr 

solution at toluene and water interface. 

of water dissolving the perovskite is minimized. Finally, the toluene part is collected, and 

measured. The anticipated mechanism for vacancy filling involves the migration of 

bromide ions from the aqueous phase to the toluene phase, where they occupy the 

vacancies. (Figure 3.4) The higher affinity of the vacancies for bromide ions serves as the 

driving force for the transfer of the bromine species. Anyway, among these salts, NaBr 

exhibited the most effective passivation results. I selected NaBr to minimize potential 

influences from K+ and Cs+ ions in terms of surface passivation and the possibility of 

inducing compositional or phase changes. For example, previous studies have reported 

the PL enhancement of the CsPbI3−𝑥Br𝑥 PNCs using KBr. However, they observed the 

formation of a KBr1−𝑥I𝑥 impurity phase due to high amount of K+ ions present during the 

surface passivation, which adversely impacted the morphology, structural integrity, and 
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optical characteristics of the PNCs.43 Additionally, in our experiments, post-synthesis 

treatment of CsPbBr3 PNCs with CsBr in aqueous solution resulted in notable changes in 

 

Figure 3.5. XRD pattern CsPbBr3
 
PNC thin film treated with CsBr (a), CsBr itself (b), 

CsPbBr3
 
PNC treated with NaBr (c), and NaBr itself (d). Green stars are the characteristic 

peaks of double perovskite. 

the XRD patterns (Figure 3.5a), suggestive of double perovskite formation (Cs4PbBr6).
44 

The CsBr XRD is presented in Figure 3.5b. CsBr crystallizes in a cubic structure with the 

cesium chloride (CsCl) type arrangement, belonging to the 𝑃𝑚̅ 3𝑚̅  space group. It 

possesses a structure defined by a basic cubic lattice where each cesium ion is surrounded 

by eight bromine ions, and vice versa, resulting in a high coordination number of 8:8. 

However, no notable variations were detected in the XRD patterns following NaBr 

treatment, indicating stability in the crystal structure (Figure 3.5c). Furthermore, XRD 

data confirmed the absence of residual NaBr precipitation on the PNC surfaces after NaBr 

treatment (Figure 3.5d). NaBr adopts a rock-salt (NaCl) type structure, also cubic, but 
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with the Fm 3m space group. In this arrangement, each sodium ion is surrounded by six 

bromine ions in an octahedral coordination, and each bromine ion is similarly coordinated 

by six sodium ions, forming a 6:6 coordination. Based on the above findings, I 

concentrated our bromine vacancy passivation studies on NaBr treatment. After post-

treating the PNC in toluene with saturated aqueous NaBr solution, STEM-EDX analysis 

was performed to reassess the atomic composition. The samples of STEM-EDX are 

prepared by drop casting the defect-passivated PNCs on the STEM grid. The obtained 

spectra from EDX were analyzed and the ratios of the compounds were obtained. The 

post-treatment composition was found to be Cs:Pb:Br = 1:1.17:2.98 (Figure 3.6a and 3.6b) 

 

 Figure 3.6. a) EDX spectra of CsPbBr3 PNCs following post-treatment with a saturated 

aqueous NaBr solution. b) Pie chart representation of the elemental composition of NaBr-

treated PNCs, including standard deviation values.  

closely approximating the standard stoichiometric ratio. These findings indicate the 

effective filling of anion vacancies within the lattice.  

Additionally, the PLQY of the treated PNCs was measured, showing a significant 

increase to 98 ± 2% within 15 minutes, further supporting the efficacy of the NaBr post-

treatment in enhancing material quality and luminescence efficiency. The PL spectra and 

the PL lifetime prior to and following the vacancy passivation with NaBr are presented in 

Figure 3.7a and 3.7b, respectively. Although there is a huge change in PL intensity, PL 

lifetime change from 11.6 ns to 13.8 ns. The PL lifetime is the average time the charge 

carrier remains excited before recombining. It is defined by the total decay rate-  

𝜏 =
1

𝑘𝑟+𝑘𝑛𝑟
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Where, kr is the radiative and knr is the nonradiative decay constate. 

Φ can be defined as - 

Φ =
𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟
 

From these 2 equations, the calculated kr value of as-synthesized PNCs is 4.9 × 107 s–1, 

whereas the nonradiative rate is 3.7× 107 s–1.  Following the NaBr treatment, knr is 

decreased to 1.4 × 106 s–1 whereas kr increased to 7.1× 107 s–1. This observed enhancement 

in radiative recombination and reduction in nonradiative pathways further substantiates 

the passivation of vacancy-related defects. Notably, the 72% increase in Φ (from 57% to 

98%) after NaBr treatment is associated with only a 19% increase in the average PL 

lifetime. The disproportionate increases in Φ and average lifetime imply a redistribution 

of both radiative and nonradiative recombination rates following NaBr passivation. The 

 

Figure 3.7. PL spectra (a) and PL decay (b) of CsPbBr3 PNCs before (Black) and after 

(Red) the treatment with the saturated aqueous NaBr solution. 

PLQY and carrier lifetime are closely related properties in light-emitting materials, 

especially in semiconductor nanocrystals. When kr≫ knr, radiative recombination 

dominates, resulting in long radiative lifetimes (τ) and high PLQY. The carrier lifetime, 

in this case, is approximately equal to the radiative lifetime. If knr ≫ kr, non-radiative 

recombination dominates, leading to shorter PL lifetimes and lower PLQY, as most 

carriers recombine non-radiatively. PLQY and carrier lifetime are influenced by the 
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balance of kr and knr. For a fixed kr, increasing knr shortens the carrier lifetime and 

reduces PLQY.  

These radiative and nonradiative rates are also dependent on the sample preparation, 

experimental condition, and laser power. For example, the carrier density depends on the 

laser power and absorption characteristics of the material. As the laser power increases, 

the carrier density (n) rises, influencing recombination dynamics. At low laser power, 

trap-assisted recombination dominates. Knr remains relatively constant, since it depends 

mainly on the defect density and trap filling. With increasing laser power, more traps are 

filled, and the trap-assisted knr can saturate. At this stage, radiative recombination 

becomes more significant compared to non-radiative recombination. At high laser power, 

Auger recombination dominates, and knr increases significantly, scaling with 𝑛2or 𝑛3. 

This leads to a decrease in PLQY and shorter exciton lifetimes due to the increasing non-

radiative losses. 

3.2.3 Single-particle study 

I measured the single particle PL blinking to confirm the successful defect passivation 

because one of the reasons of blinking is trap. In blinking, individual dots randomly 

switch between "on" (emitting) and "off" (non-emitting) states. This phenomenon is 

discovered by researchers M. Nirmal and Louis Brus and their team in CdSe QDs.45 There 

are major 2 types of blinking present: type A and type B. Type A bilking is due to the 

changing discharging of particles whereas, type B blinking is attributed to the trapping 

and subsequent de-trapping of charge carriers within defect-induced energy states.16, 46, 47   

This blinking behavior provides valuable insight into charge carrier dynamics and their 

interactions with defect states. I prepared the sample by the drop and drag method. A very 

dilute solution of both as-synthesized and defect-passivated PNC in toluene was dropped 

on the cover slip and using a lens cleaning paper the solution was dragged. Then the 

coverslip was dried properly. I observed the single PNC dots using the EMCCD camera, 

I noticed that different blinking behaviour is present in our as-synthesized PNC sample 

(Figure 3.8). In my synthesized PNCs, the observed blinking may be due to the trapping-

detrapping and charging-discharging of charge carriers.  However, Ahmed el al. 

demonstrated that the trapping of charge carriers in defects is responsible for most of the 

blinking in CsPbBr3 NCs.48 They passivated the defects by treating PNCs with 
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tetrafluoroborate salt. This post-treatment removes most of the nonradiative 

recombination. Some of the blinking trajectories before NaBr treatment of the as-

synthesized CsPbBr3 are represented in Figure 3.8. 

 

Figure 3.8. PL intensity trajectories of as-synthesized CsPbBr3 PNC. 

These trajectories were collected from individual PNCs, which show variation 

from particle to particle. A small extent of bleaching is present in the PL intensity. This is 

because the experiments were carried out in the air. Our lab previously reported the 

decreasing PL emission in the presence of air at single particle level.49  However, almost 

all of the single particles observed have a fluctuation of PL intensity. Paul et al. also 

reported the presence of similar blinking properties in CsPbBr3 PNCs. They observed an 

increase in the charge carrier trapping rate with decreasing PNC size.50  

The ON- and OFF- probabilities were calculated from the collected trajectories 

(Figure 3.9). For calculation, a threshold level of PL intensity was determined to 

distinguish the OFF state from the ON state. The ON probability was fitted with a 

truncated power law (𝑃 (𝜏𝑜𝑛) = 𝐴0𝜏𝑜𝑛
−𝑚𝑒

−
𝜏𝑜𝑛
𝜏𝑐 ) and the OFF was probability follow linear 
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power law (𝑃 (𝜏𝑜𝑓𝑓) = 𝐴0𝜏𝑜𝑓𝑓
𝑚  ), where 𝐴0  is a constant, m is a power law coefficient, 

 

Figure 3.9. The probability distribution of (a) ON- and (b) OFF- times of as-synthesized 

CsPbBr3 PNC. 

and 𝜏𝑐 is truncation time. Both short and long ON and OFF are present in the sample. 

However, the occurrence of the OFF-event is higher than the ON events. 

Figure 3.10. (a-b) PL blinking trajectories of CsPbBr3 PNCs after NaBr treatment. (c) 

The mechanism of blinking suppression. 

Similarly, after NaBr treatment, I measured the blinking.  I observed PNCs behave 

differently this time. Some poorly luminescent PNCs show gradual photo-brightening 

(Figure 3.10a), and other PNCs show suppression of blinking (Figure 3.10b). The 

blinking that remains in PNC after NaBr treatment can be assigned as a type A blinking 
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which is because of the auger process. Studies have also  indicated that single particle can 

display simultaneously type-A and type-B blinking patterns.51-53 However, the 

suppression of surface defects has been shown to decrease type-B blinking compared to 

type-A blinking behavior as reported by Takagi et al.53 Therefore, This suppression of 

blinking and increasing PL indicate successful passivation of halide vacancies by NaBr, 

resulting in a decrease in knr of the sample (Figure 3.10c).  

3.3 Conclusions 

In conclusion, this research highlights the significance of halide vacancy passivation in 

enhancing the optoelectronic properties of CsPbBr3 PNCs and the broader implications 

for optoelectronic device stability and performance. Halide vacancies in perovskite 

structures significantly degrade PLQY and exciton lifetime due to nonradiative 

recombination pathways. These intrinsic defects act as traps for charge carriers, reducing 

both luminescence efficiency and long-term stability of devices. By employing NaBr as 

a passivation agent at the toluene-water interface, I achieved effective bromine vacancy 

filling, increasing PLQY from 57% to 98%. This enhancement, supported by both 

ensemble and single-particle PL studies. The results demonstrate reduced nonradiative 

decay and suppression of blinking behavior which indicate the reduction of trap-related 

defects. Post-treatment analysis also indicates improved radiative recombination rates and 

stabilized PNC structure, without introducing detrimental compositional changes. The 

NaBr passivation method offers a promising approach to achieving highly luminescent, 

stable PNCs, supporting the development of durable, high-efficiency perovskite-based 

technologies. 
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Chapter 4 

Temperature-controlled exciton recombination in halide 

perovskite assemblies 

Abstract 

Efficient exciton/carrier migration is fundamental for optimizing charge separation, 

transport, and extraction/recombination processes in solar cells and LEDs. If migration is 

hindered, excitons may recombine prematurely. In bulk halide perovskites (HPs), carrier 

lifetimes are significantly high due to strong dielectric screening, which reduces exciton 

binding energy and enhances carrier mobility and diffusion. These properties make HPs 

highly promising for optoelectronic applications. However, a large amount of precursor 

is necessary to prepare bulk perovskite, making them costly. The carriers also need to 

travel a long path to arrive at the charge transport layer, which increases the chance of 

radiative and nonradiative recombination. Also, energy loss is caused by photon recycling. 

Therefore, thin films are necessary which can be easily prepared by PNC assembly 

formation.  Closely packed PNC film provides a less confined structure where excitons 

can move freely and convert to free carriers with less chance of recombination. In this 

chapter, I demonstrated exciton diffusion control in FAPbBr3 PQDs by forming 

assemblies in polymer microenvironments. I also modulated the exciton/carrier 

recombination dynamics within the assemblies using heat-induced structural changes. A 

mixture of PQDs and polybutadiene in toluene was drop-casted on the glass cover slip. 

Polymer shrinkage during drying of the solvent in PQD-polymer film helps to assemble 

the PQDs which increases exciton lifetime compared to isolated PQDs. This effect is 

mainly due to the reduction in quantum confinement, caused by enhanced interparticle 

interactions that increase dielectric screening. As a result, exciton and carrier diffusion 

within the film is improved.  On the other hand, heat-induced polymer expansion 

increases the particle-to-particle distance between PQDs, which consequently reduces 

exciton diffusion as well as exciton lifetime.  Notably, this structural alteration is partially 

reversible upon cooling. These tunable properties of PQD assemblies have promising 

applications in the development of stimuli-responsive switchable optoelectronic devices. 
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4.1 Introduction 

HPs have attracted considerable attention in the last decade as a highly efficient material 

for lighting and power harvesting technologies.1-3 The photophysical properties of 

perovskite materials, including exciton/carrier lifetime, are influenced by several intrinsic 

and extrinsic factors such as particle size, bandgap, composition, and external 

environmental conditions.4-6 Extended carrier/exciton lifetime is necessary for increasing 

the efficiency of optoelectronic devices.7, 8 The assembled structure within a film has a 

much larger exciton lifetime compared to PNCs/PQDs because of the decreased quantum 

confinement. The assemblies have better mechanical strength, electronic coupling, 

charge-carrier transport, and stability, compared to isolated PNCs. Moreover, the 

assembly formation can tune the bandgap9, emission color10, morphology, and exciton 

lifetime11.  

I investigated the defect passivation of CsPbBr3 PNCs using different halide sources 

in Chapter 3. My initial goal in Chapter 4 was to explore exciton migration and the 

modulation of carrier recombination under external stimuli in a CsPbBr3 PNC film. 

However, after preparing a compact film using defect-passivated CsPbBr3 PNCs, I found 

that exciton/carrier migration was insufficient for the intended study. Therefore, I decided 

to use FAPbBr3 PQDs instead. Rehman et al. reported that FAPbBr3 film exhibits charge-

carrier diffusion lengths extending beyond 1 μm, making that a more suitable choice for 

this investigation.12 There is a large PL maximal and exciton lifetime shift between the 

isolated and the self-assembled FAPbBr3 PQDs reported.10 Previous work in our lab 

demonstrated ligand-assisted assembly formation of CsPbBr3
13 and FAPbBr3

10 PQDs. 

CsPbBr3 PNC assemblies showed greater stability against the external stimuli whereas 

the excitonic recombination of FAPbBr3 PQD assemblies can be tuned under mechanical 

force. This difference in stability is another reason for selecting FAPbBr3 for this study. 

The tunable optoelectronic properties and easy synthesis make perovskites potential 

for developing next-generation stimuli-responsive devices. 14-17 For example, Zhang et al. 

demonstrated the fabrication of a thermochromic smart window using CH3NH3PbI3 

perovskite, which modulates luminous transmittance in response to temperature 

fluctuations.15 Similarly, Huang et al. observed that the PL properties of 

CsPb(Cl/Br)3 NCs pattern exhibit switchable behavior. The PL is deactivated upon fs 
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laser irradiation and reactivated through subsequent low-temperature thermal treatment.18 

However, understanding reversible optical property changes achieved by the controlled 

assembly and disassembling of PNCs using heat is essential for advancing stimuli-

responsive device functionality.  

A polymer matrix can act as a framework to facilitate the controlled assembly and 

disassembly of photo-responsive nanomaterials for stimuli-responsive devices. Williams 

et al. demonstrated the self-assembling of silica nanoparticles using polymer into a 

superlattice which shows switchable properties upon mechanical deformation.19 Sussman 

et al. fabricated polymer opals by manipulating the core and shell which is transparent at 

room temperature and undergoes heat-induced color change.20 Jurewicz et al. 

demonstrated evaporation-driven self-assembly of graphene within a polymer matrix, 

resulting in switchable optical properties in response to mechanical force or temperature 

variations.21 The polymer in the perovskite field is mainly used to enhance stability.22-25 

Some research reported that external stimuli-dependent PL properties change in HP-

polymer composites. For instance, Gong et al. demonstrated that mechanical stretching 

in a polymer composite could enhance PL intensity for CsPbBr3 PQDs26, while Bade et 

al. designed a perovskite LED composed of MAPbBr3 and poly(ethylene oxide) that 

exhibits stretchability and the ability to withstand significant deformation27. In spite of 

these advancements in HP–polymer composites, the excitonic/carrier recombination 

processes in HP assemblies within a polymer matrix under stimuli-responsive conditions 

remain largely unexplored.  

In this chapter, I modulated excitonic recombination by making and breaking the 

FAPbBr3 PQDs assemblies within polybutadiene (PBD) polymer through the application 

of external heat. PBD is elastic, transparent, and has a very low glass transition 

temperature (Tg < 210 K). This is why it is chosen as the matrix for PQD assembly 

formation. The self-assembly of PQDs within the film is facilitated by both solvent 

evaporation and polymer shrinkage during drying. The as-synthesized small size (ca. 5 

nm) PQDs show blue emission at ca. 441 nm which is shifted to ca. 532 nm after self-

assembling in PBD. The exciton/carrier lifetime changes from 1.3 ns to 345 nm after 

assembly formation. Heat-induced expansion of polymers helps partial dissociation of 
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assembly with a slightly blue-shifted emission peak (from 532 to 530 nm) and a new peak 

generation at 495 nm. Conversely, cooling the film promotes reassembly formation. 

4.2 Results and discussions 

4.2.1 PL characteristics of defect-passivated CsPbBr3 PNC films 

Excitons are generated upon light absorption by HPs. Efficient exciton migration or 

diffusion is essential for transporting these excitons to interfaces where they can 

dissociate into free charges and be collected by the charge transport layer. This migration 

helps in effective charge collection, reducing recombination losses and increasing device 

efficiency. 

Figure 4.1. PL spectra (a) and PL decay (b) of as-synthesized (black) and NaBr-treated 

(Red) CsPbBr3 PNC film.  

To examine the exciton migration pathways in closely packed CsPbBr3 PNCs film, 

I centrifuged as-synthesized and defect-passivated CsPbBr3 PNCs at 14,000 rpm for 15 

minutes. Then, I collected the precipitate, redissolved it in a minimal amount of toluene, 

and prepared a film by drop-casting. After fully drying the films, PL spectra and PL 

lifetime were measured. The PL spectra exhibited a peak around 515 nm for both films, 

indicating comparable film thickness (Figure 4.1a). However, this spectral shift is 

minimal when compared to the PL spectra of the isolated PNCs (510 nm). The exciton 

lifetime of the as-synthesized and NaBr-treated PNC film was 32.5 and 40.6 ns, 

respectively. The small increase in carrier lifetime upon NaBr treatment suggests a limited 

impact on exciton lifetime in the film state upon defect passivation. Jiang et al. reported 
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the maximum PL lifetime of a CsPbBr3 PNC film is 44 ns after passivating both surfaces 

of the film using different polymers.28 Their perovskite layer thickness was 112 nm.  

Another article reported the excitonic lifetime of 12.5 ns in CsPbBr3 where the number 

of perovskite layers is 4.29 In contrast, Okamoto et al. reported the maximum PL lifetime 

of CsPbBr3 PNC film is >175 ns with film thickness 1.2 μm.13 However, this higher film 

thickness is suboptimal for optoelectronic applications. Du et al. reported that the 

performance of HP solar cells started to decrease at 1 sun illumination when the 

perovskite layer thickened beyond 750 nm.30 Although an increase in thickness increases 

light absorption, the exciton has to travel a long path before being extracted. 

 

Figure 4.2. Characterization of FAPbBr3 PQDs. Absorption (i) and PL spectra (ii) of the 

PQDs solution (a). Inset:  Images of the PQD colloidal solutions in toluene under daylight 

and 365 nm UV light. A STEM image of the as-synthesized PQDs (b). PL decay curve of 

the as-synthesized PQD colloidal solution in toluene (c). SAXS pattern of the as-

synthesized PQD film (d).  

50 nm 
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Therefore, there is a high chance of recombination. Anyway, these reported lifetimes are 

much shorter than other perovskite film lifetimes.10, 31 To get longer exciton diffusion 

length, FAPbBr3 was selected over CsPbBr3 for subsequent experiments in this chapter. 

4.2.2 Synthesis and characterization of FAPbBr3 PQDs 

FAPbBr3 PQDs were synthesized using a modified hot injection method.32 Here, oleic 

acid and n-octylammonium bromide in 1-octadecene were used as a ligand solution, and 

FABr and PbBr2 in dry DMF were used as precursor a solution. The precursor solution 

was injected into the ligand solution at 80℃ temperature. The detailed synthesis process 

is discussed in Chapter 2. This process yielded FAPbBr3 PQDs with a light-yellow color 

that emits blue light under 365 nm UV excitation (Figure 4.2a inset). The prepared sample 

exhibits a pronounced excitonic absorption peak at 437 nm and a PL peak at 

approximately 441 nm attributed to the formation of PQDs (Figure 4.2a). These spectral 

features indicate strong quantum confinement effects and high exciton binding energy, 

typically observed in low-dimensional LHPs.10, 13, 33, 34  

 

Figure 4.3. XRD of the as-synthesized FAPbBr3 PQD films.  

To understand the size, shape, and morphology of the FAPbBr3 PQDs, I performed 

the STEM. STEM sample was prepared by dispersing a very dilute solution of PQDs in 

toluene onto a copper grid, followed by overnight drying. As shown in Figure 4.2b, the 

PQDs are spherical, with an average size of around 5 nm in diameter. The excitonic 

lifetime was determined through femtosecond (fs) time-resolved single-photon counting 
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techniques. A 405 nm 150 fs laser pulse was used to excite the PQDs dispersed in toluene. 

The obtained decay is fitted mono-exponentially. A very short PL lifetime of 1.3 ns is 

obtained from the as-prepared PQD colloidal solution (Figure 3.4c), that is quite 

comparable with the lifetimes reported for lead halide PQDs.10, 35  

SAXS (Figure 4.2d) and XRD (Figure 4.3) analyses were also conducted to confirm 

the structure of the FAPbBr3 PQDs. Cu Kα (λ = 0.15406 nm) was used as an X-ray source 

in both procedures. SAXS sample was prepared by drop casting PQDs on Kapton film, 

whereas the XRD sample was prepared by depositing PQDs on the slide glass. SAXS 

helps to understand the interparticle distance and dispersity of the PQDS. A sharper peak 

at 2.4 nm-1 indicates a more regular ordering film. The calculated interparticle distance 

from equation 2.4 is 2.6 nm. The XRD analysis of the FAPbBr3 PQD film reveals 

diffraction peaks corresponding to the (100) and (200) crystal planes. The other peaks at 

10°, 13.5°, and 16.6° are assigned to low dimensional FAPbBr3, as reported by Yuan et al. 

(Figure 4.3).36 They also revealed that with the increase of dimensionality, these peaks 

disappear.36 Qu et al. observed that when the size of PQDs is very small, some new 

diffraction peaks are generated because of the availability of only a few unit cells and the 

replacement of some FA cation with the ligand.37 

 

Figure 4.4. Assembly formation within FAPbBr3 PQD-only (a) and PQD-PBD (b) film. 

(c,d) STEM images of PQD-PBD film.  
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4.2.3 Optoelectronic properties of FAPbBr3 PQDs and PQD-PBD films 

To investigate exciton/carrier migration dynamics, I prepared FAPbBr3 PQD-only and 

PQD-PBD film using the drop-casting method. A 10 mg/mL solution of PQDs in toluene 

was used to prepare the PQD-only film. On the other hand, PQD-PBD film was prepared 

by mixing 10 mg/mL FAPbBr3 PQDs and 25 mg/mL PBD. Both were dissolved in toluene. 

Therefore, the resulting concentration of PBD was 12.5 mg/mL. A 5 μL sample from this 

mixture was taken and deposited onto a glass coverslip. During drying when the solvent 

evaporates, the PQDs are assembled regularly or irregularly in the case of PQD-only film 

(Figure 4.4a). Sometimes, PQDs formed a close-packed structure which our lab 

Figure 4.5. (a) PL spectral change observed during the drying process of a PQD–PBD 

film. Inset: PL images (1.2 mm × 1.2 mm) captured at various stages of drying. (b) PL 

decay profiles of the PQD–PBD film recorded at (i) the initial stage (0 h) and (ii) after 

4.5 h of drying, with excitation at λex = 405 nm. (c) Temporal plots showing PL lifetimes 

and optical bandgap values of the PQD–PBD film during the drying process. (d) SAXS 

pattern of the PQD–PBD film. 
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(Figure 4.4a) previously observed.10 However, in PQD-PBD film, the polymer chains 

rearrange and pack more closely together during drying, reducing volume and causing 

shrinkage. This property helps PQDs come close and assemble in a film (Figure 4.4b).  

The STEM images of the thin PQD-PBD film confirm the polymer-induced 

assembly formation (Figure 4.4c and 4.4d). It is obvious from the STEM images that the 

small-size PQDs come closer to each other and form a multilayered assembly. The PL 

color change, PL spectra, and carrier lifetime were measured using the fs laser system to 

understand the assembly formation in PQD-PBD film. The film's emission color shifted 

from blue to green accompanied by a redshift in PL from approximately 460 nm to 532 

nm over time (Figure 4.5a). Normally, HP platelets, nanowires, and QDs exhibit 

pronounced quantum confinement effect, leading to absorption and emission bands that 

are shifted towards shorter wavelengths (blue-shifted) unlike red-shifted emission in large 

lattices like large PNCs, superlattices, and microcrystals.38-41  

Figure 4.6. Concentration-dependent λmax (a), and average PL lifetime (b) of PQD-PBD 

film after assembly formation.  

Similarly, when such low dimensional HPs self-assemble, the degree of dielectric 

screening increases which modifies excitonic properties including spectral redshift, 

miniband formation, and increases in the PL lifetimes.42 The exciton lifetime of the 

mixture is increased from 1.3 ns (isolated PQDs) to 19.5 ns (concentrated PQD-PBD 

mixture) and ultimately 83.8 ns (PQD-PBD film) with time (Figure 4.2c and 4.5b). This 

redshift and increase in PL lifetime are because of the increased exciton/carrier diffusion 

and strong dielectric screening.10, 13, 40, 43 The time-dependent PL lifetime and bandgap 

change during assembly formation of PQB-PBD film is present in Figure 4.5c. When 
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particles PQDs are close together, the spatial overlap of electronic wavefunctions 

increases. This can lead to the broadening of energy levels and, consequently, a narrowing 

of the bandgap in the assembled structure. In contrast, the carrier lifetime increases over 

time because, in the assembled structure, the reduction in the quantum confinement effect 

allows excitons to dissociate into free carriers. The SAXS of the PQD-PBD was also 

measured, which gives a peak (Figure 4.5d) in the same position as the PQD-only film 

(Figure 4.2d). The interparticle distance in both films is the same because it is determined 

by the ligands.  

To investigate the PBD concentration-dependent assembly formation rate of PQDs, 

I monitored the spectral shift of the PQD-PBD film at varying PBD concentrations, as 

shown in Figure 4.6a. Measurements were taken immediately following film drying using 

the fs laser system. At very low PBD concentrations (0.2 mg/mL), PQDs spread well 

along the glass surface, resulting in a larger surface area. This limits effective PBD-

mediated assembly, causing some areas to contain isolated PQDs, while others show 

strong aggregation due to insufficient PBD between them. At moderate PBD 

concentrations (5-10 mg/mL), dielectric screening is enhanced. However, at higher PBD 

concentrations, the abundance of PBD between individual PQDs reduces dielectric 

screening because PBD is a material with low dielectric properties. This is confirmed by 

a blue shift in emission maxima as well as a shorter PL lifetime (Figure 4.6b). 

4.2.4 Temperature-dependent exciton recombination in films 

Temperature-dependent PL properties were investigated in both PQD-only and PQD-

PBD films to understand the assembly formation mechanism and the influence of 

temperature on exciton recombination. The films were heated using a micro warm plate 

KM-1(KITAZATO). The PL spectra and PL decay were recorded at different temperatures 

using the fs laser system (𝜆𝑒𝑥 = 405 𝑛𝑚). Initially, at room temperature (296 K), the 

assembled PQD-PBD film shows a strong PL peak at 544 nm (Figure 4.7a). The 

temperature of the film was increased up to 323 K. At 323 K, a shoulder band at 495 nm 

is generated and the main PL peak at 544 nm undergoes a 14 nm blue shift (Figure 4.7a). 

on the other hand, the carrier lifetime decreases from 345 ns to 74 ns with increasing 

temperature (Figure 4.7b). The average PL lifetime of the photons within 440 to 515 nm 
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is 31 ns and 515 to 570 nm is 76.5 ns. The 31 ns photon represents the isolated PQD 

formation in PQD-PBD film. 

 

Figure 4.7. (a) PL spectra and (b) PL decays of a dried PQD–PBD film at different 

temperatures (λex = 405 nm). 

In contrast, the spectrum of PQD-only film does not change much when the 

temperature is increased from 296 to 323 K (Figure 4.8a). I also mechanically dissociated 

the PQD-only film which shows a large blue shift (Figure 4.8b) of PL spectra. This large 

blue shift is comparable with the PQD-PBD film blue shift (new peak) at high temperature. 

Since the PQD-PBD film has a large change compared to other PQD-only films by 

thermal stimuli, this blue shift of PQD-PBD film can be assigned as the increased 

interparticle distance due to polymer expansion at high temperature. Consequently, this 

phenomenon decreases electronic coupling, weakens dielectric screening, and increases 

the quantum confinements. This observed blue shift in PL for PQD-PBD film opposes the 

Varshni model.  Varshni established a relation of change in semiconductor bandgap with 

temperature, representing the red shift in semiconductors under thermal influence.44 

Wang et al. previously noted a temperature-dependent blue shift in FAPbBr3 PNC films 

(Δλ ∼ 7 nm from 280 K to 320 K), attributed to optical phonon scattering,45 while Yang 

et al. also demonstrated this effect for FAPbBr3 PNCs, with shifts occurring between 90 

K to 350 K due to phase transitions and 290K to 320K due to thermal expansion.46 Other 

studies on HP with different cations, such as MAPbBr3 and CsPbBr3, reported smaller 

blue shifts because of thermal lattice expansion and electron-phonon interactions.47, 48 
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Figure 4.8. a) PL spectra of the PQD-only film at different temperatures. b) PL spectra 

of PQD-only film before and after applying mechanical forces.  

In our study, the small blue shift in the main PL peak (544 to 530 nm) can be 

explained by temperature-dependent exciton-phonon interactions.  However, the more 

significant 39 nm blue shift as the shoulder band, accompanied by a shorter PL lifetime, 

indicates that the thermal expansion of the polymer matrix partially disrupts the PQD 

assemblies. This swelling of the polymer increases the inter-particle distance and weakens 

dielectric screening. The persistence of green emission at higher temperatures indicates 

residual assemblies or fused PQDs. I did not increase the temperature further due to 

concerns regarding potential thermal PL quenching and phase transition. There is no 

phase transition in FAPbBr3 between 296 K and 323 K. Therefore, these changes are not 

due to a temperature-induced phase change.49  

To verify whether PQD assembly formation and dissociation were reversible, I 

cooled the PQD-PBD film. Cooling the film back to 296 K from 323 K shifts causes the 

main PL peak to shift from 530 nm to 544 nm, accompanied by a decrease in the intensity 

of the shoulder band (Figure 4.7a). PL lifetime increasing from 74 to 128 ns (Figure 4.7b). 

This redshift in PL upon cooling suggests the decrease in electron-phonon coupling in 

PQD-PBD film. At higher temperatures, the lattice atoms vibrate more intensely, leading 

to stronger phonon interactions. These vibrations can scatter excitons and electrons, 

increasing the coupling between them. When the temperature decreases, the amplitude of 

lattice vibrations reduces, resulting in weaker electron-phonon interactions. Strong 

electron-phonon coupling at high temperatures leads to spectral broadening and potential 
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blue-shifted contributions from higher-energy states or phonon-assisted transitions. When 

coupling diminishes at lower temperatures, such contributions are suppressed, and the PL 

spectrum shifts towards longer wavelengths dominated by the lower-energy excitonic 

recombination. Additionally, the reduction in intensity of the new peak and increased PL 

lifetime suggest PQD reassembly as the polymer matrix contracts. However, complete 

elimination of the new peak and full restoration of PL lifetime were not achieved, likely 

due to polymer chains partially obstructing the reassembly of thermally separated PQDs. 

  

Figure 4.9. Reversibility of temperature-induced spectral changes in the PQD–PBD film 

across multiple cycles: (a) 1st cycle, (b) 2nd cycle, and (c) 3rd cycle. 

This heating and cooling cycle was carried out multiple times to find out the efficiency 

of this process (Figure 4.9). The results demonstrated that while the spectral changes are 

reversible several times, the degree of reversibility depends on the ratio of strongly and 

weekly assembled PQDs. Strongly assembled PQDs, bound more tightly within the 
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polymer matrix, are more likely to maintain their configuration during thermal 

 

Figure 4.10. (a) Streak camera images of the PQD–PBD film captured at (i) 296 K before 

heating, (ii) 323 K during heating, and (iii) 296 K after completing the heating and cooling 

cycle. (b) Schematic representation of energy states, photoexcitation, and relaxation 

processes in the PQD–PBD film: (i) before assembly formation, (ii) after assembly 

formation, (iii) after heating, and (ii) after cooling. The diagrams include key parameters 

such as the nonradiative recombination rate (knr) and the radiative recombination rate (kr). 

(c) Schematic representation of the structural change of PQD–PBD film during the 

heating and cooling process. 

cycling. In contrast, weakly assembled PQDs are more susceptible to external stimuli, 

leading to deviations in the optical properties. 

  450        500       550     600   

a) b) c) i) 

ii) 

i) 

ii) 

iii) 
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Temperature fluctuations during these cycles induce thermal expansion and 

contraction within the PQD–PBD film, generating strain or stress. These strain-induced 

effects can alter the band structure, leading to changes in excitonic energy levels and 

optical transitions. While returning the film to its initial temperature reduces the strain, 

complete reversibility may not occur due to residual stress or structural rearrangements 

in the material. Additionally, during the annealing process at elevated temperatures, some 

PQDs may interact more strongly with one another, potentially forming aggregated 

complexes or clusters. These interactions can alter the local electronic and optical 

environments of the PQDs, further affecting the reversibility of their spectral behavior.  

Finally, I correlated the changes in the structural and optoelectronic properties of 

the PQD–PBD film during the heating and cooling cycle with the exciton and charge 

carrier recombination dynamics (Figure 4.10). These correlations provide insights into 

how thermal effects influence both the physical arrangement of PQDs and their optical 

behavior. During the formation of PQD assemblies, a redshift in PL emission is observed 

(Figure 4.10a). This redshift is attributed to the decrease in inter-PQD distances, which 

enhances the electronic wavefunction overlap between neighboring QDs. Such overlap 

facilitates the formation of minibands, as described in previous studies of QD 

superlattices.50 These minibands allow for extended excitonic states and lower the energy 

of the emission, manifesting as the observed redshift (Figure 4.10b(ii)). 

Additionally, the increased PL lifetime during assembly formation can be linked to 

a reduction in the surface trap density of the PQDs. Surface traps often act as nonradiative 

recombination centers, quenching PL and shortening lifetimes.51 The decreased trap 

density, combined with enhanced exciton dielectric screening due to the closer proximity 

of PQDs, results in reduced nonradiative recombination rates. This environment also 

favors the dissociation of excitons into free carriers, as indicated by the extended PL 

lifetime reported in similar perovskite systems.10 In contrast, when the PQD–PBD film is 

heated, the polymer matrix expands, disrupting the PQD assemblies and increasing the 

inter-dot distance (Figure 4.10c). This disruption weakens the inter-PQD interactions, 

diminishing wavefunction overlap and thereby reversing the miniband formation. As a 

result, the PL emission shifts to higher energies (blue-shifted PL), consistent with the 

emission from more isolated PQDs. The shorter PL lifetime observed during heating 
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further supports the notion of weakened PQD interactions. The increased distance 

between PQDs exposes more surface traps and reduces dielectric screening, leading to a 

higher rate of nonradiative recombination. However, the incomplete recovery of the 

spectral features and PL lifetime upon cooling suggests that a fraction of the PQDs remain 

spatially separated, likely due to the intercalation of polymer chains between them. 

4.3 Conclusions 

In this chapter, I demonstrated that the exciton migration and recombination in perovskite 

films can be effectively controlled through the self-assembly formation and dissociation 

of FAPbBr3 PQDs within PBD polymer matrix. During the drying process, the shrinkage 

of the polymer matrix brings PQDs into closer proximity, facilitating the formation of 

organized assemblies. This assembly enhances exciton lifetime by reducing nonradiative 

recombination and promoting exciton diffusion across the PQD network. It also through 

increases the dielectric screening. In contrast, thermal stimuli disrupt this organization as 

polymer expansion during heating separates the PQDs, reducing inter-dot interactions. 

This separation decreases exciton migration efficiency, as evidenced by the emergence of 

a new peak at shorter wavelengths in the PL spectrum and a significant reduction in PL 

lifetime. Although this process exhibits partial reversibility upon cooling, complete 

recovery of the excitonic properties is hindered by the incomplete reassembly of PQDs, 

likely due to residual polymer matrix effects. These findings highlight the potential of 

perovskite-polymer composites as tunable materials for optoelectronic applications, 

where external stimuli such as temperature can dynamically alter their optical and 

electronic properties. This controllability paves the way for designing advanced, 

switchable devices. 
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Chapter 5 

Carrier extraction at the perovskite carbon nanotube interfaces 

Abstract 

In halide perovskite (HP) solar cells (PSCs), sunlight generates electron-hole pairs (charge 

carriers) within the perovskite layer. These charge carriers must be extracted quickly to 

minimize recombination losses and ensure efficient power generation. Band-edge electron 

extraction is a fundamental process in solar cells, causing intra-band relaxation or internal 

conversion-assisted energy loss in the form of heat. Therefore, extraction of hot carriers (HCs) 

is crucial for improving solar cell power conversion efficiency (PCE). The HC extraction can 

be accomplished by modulating their relaxation dynamics using an acceptor. The kinetics of 

carrier relaxation in these types of donor-acceptor hybrid systems remain an active area of 

investigation and debate, with essentially no ideal solution for HC extraction at the HP electron 

transport layer interface. In this chapter, I used multiwall carbon nanotubes (MWCNTs) as a 

carrier extractor and transporter for as-synthesized CsPbBr3 PNCs. To produce an intimate 

interface between CsPbBr3 PNCs and MWCNTs, I first functionalized the MWCNT with 

phenylamine (MWCNT-NH2). The PNC-MWCNT conjugates were prepared by post-mixing 

of PNCs with functionalized MWCNT or following the in situ hot injection method. MWCNTs 

are anchored with a sub-monolayer of PNCs in the post-mixing method, whereas the in situ 

method yields MWCNTs coated with dense PNC layers. The PL lifetime of the conjugates was 

measured to investigate the excited-state carrier dynamics. A reduction in PL lifetime observed 

in both post-mixing and in situ synthesized conjugates compared to individual PNC dots and 

PNC films, respectively, suggests charge or energy transfer occurring at the interface within 

the conjugates. To further elucidate the dynamics of photogenerated charge carriers, transient 

absorption (TA) spectroscopy was performed. TA result shows the slow intra-band relaxation 

of HCs in PNC-MWCNT conjugates (320 fs) compared to PNC-only (250 fs), showing HC 

transfer. It also reveals the predominance of nonradiative Auger recombination (AR) in PNC-

only sample because of the high carrier density at the band edge which is suppressed in PNC-

MWCNT conjugates due to HCs transfer occurring before relaxation to the band edge. 

Moreover, the shortening of the slowest component in bleach recovery kineties for the PNC-

MWCNT conjugates compared to PNC-only shows band-edge electron or energy transfer. 

These conjugates have significant potential for fabricating devices with enhanced efficiency.  
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5.1 Introduction 

HPs are semiconducting materials, that hold significant potential in meeting the energy 

demands of a modern, sustainable society due to their exceptional optoelectronic properties 

and versatility.1, 2 While they are best known for their application in solar cells, they are also 

used in LEDs, lasers, and various other optoelectronic devices.3 Their unique photophysical 

characteristics, including high absorption coefficients, long carrier diffusion lengths, and 

tunable bandgaps, make them ideal for these applications.4, 5 Upon absorbing sunlight, the HP 

layer in solar cells generates electron-hole pairs.6 These photogenerated electrons are captured 

by the electron transport layer (ETL) and holes are captured by the hole transport layer (HTL) 

before recombination.6 The efficiency of a particular solar cell depends on the successful 

extraction of these photogenerated charge carriers. Several photophysical processes including 

radiative carrier recombination, nonradiative AR, and charge carrier trapping in defects 

compete with efficient carrier harvesting.7-9  Various approaches such as surface passivation, 

bandgap engineering, ligand engineering, and doping are employed to address these issues.10-

12 These approaches are primarily used to enhance stability, optimize band alignment, and 

improve surface properties to reduce recombination at the material’s surface. However, such 

treatments can sometimes act as insulators (e.g., polymer encapsulation), hindering charge 

transport and ultimately reducing device efficiency. This approach doesn’t offer 

comprehensive performance enhancement, especially in devices where charge generation, 

separation, and transport are central to performance. Therefore, along with decreasing 

recombination loss, incorporating materials that efficiently extract and transport carriers to the 

charge transport layer is advantageous. 

Band edge carrier extraction using an acceptor molecule is widely investigated in LHPs. 

However.  Although band-edge carrier extraction increases the PCE of PSCs, it relies on 

carriers cooling to the band edges before extraction, leading to significant energy loss through 

thermalization. HC extraction offers significant advantages over conventional band-edge 

carrier extraction. Here carriers are captured by the acceptor before they thermalize to the band 

edges, preserving their excess kinetic energy. HC extraction is crucial for overcoming the 

theoretical limit of solar cell efficiency.13-15 In perovskites, HCs are generated when the 

material is excited with energy greater than its bandgap.15 Upon thermalization, HCs lose 

energy to return band edge mainly by emitting longitudinal-optical phonons, which are high-

energy lattice vibrations.15, 16 This thermalization process is one of the loss mechanisms of 

PSCs.14 To overcome this problem understanding the HC dynamic as well as combining 
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perovskite with a material having fast charge extraction and transport capability is a promising 

approach.  

There are various carrier acceptors reported in the literature.17, 18 When a perovskite binds 

with these acceptor molecules, the hybrid donor-acceptor systems exhibit synergistic effects 

by fine-tuning physical, chemical, and electronic properties. Our lab investigated the 

photoinduced charge transfer between HPs and different acceptors including TCNQ, TCNB, 

and fullerene.19, 20 On the other hand, Nagal et al. investigated the HC kinetics in a 

CsPbBr3/ZnO heterojunction. Their results revealed suppressed excitonic recombination and 

enhanced carrier transfer at the interface, which consequently increased the photodetector's 

responsivity.21 Maity et al. reported charge carrier dynamics in the perovskite-organic 

molecular composite. They claimed both electron and hole transfer at CsPbBr3 PQDs and 4,5-

dibromofluorescein complex.22 Jesús Jiménez-López et al. reported the use of C60 to improve 

the HC extraction and collection.23 Combining HPs with carbon nanotubes (CNTs) can be one 

of the choices for increasing carrier lifetime because CNTs have exceptional charge carrier 

properties. Moreover, CNT has high mechanical strength, which enables it to serve as a 

template for HPs and enhance the overall stability of the system. Several research articles have 

demonstrated that the incorporation of CNT enhances charge transfer efficiency. For example, 

Nian Cheng et al. demonstrated that MWCNT on CH3NH3PbI3 PNCs function as a carrier 

transport highway, facilitating hole movement between PNCs and thereby, extending carrier 

lifetime. As a result, the PCE increased by approximately 15% compared to solar cells without 

MWCNTs.24 In contrast, Dan Li et al. reported the introduction of amino-functionalized carbon 

nanotubes (CNT-NH2) as crystal growth templates. They claimed that NH2-CNT successfully 

passivates the defects and adjusts the energy band alignment, creating a faster carrier transport 

route that accelerates the extraction and transfer of electrons.25 For further increasing device 

performance in HP-CNT composite, understanding the HC lifetime and hot-carrier 

deactivation mechanism is crucial, which remains a topic of controversy.  Extensive research 

is needed to unravel this mystery. 

In this study, I investigated the HC extraction from PNCs. HC lifetime is very short and 

HC transfer occurs in femto- to pico-second level.26, 27 Therefore, I selected MWCNT as HC 

acceptor and transport mediators due to their exceptional charge transport properties. MWCNT 

functionalized with terminal phenylamine group used as a template for binding with CsPbBr3 

PNCs. Post-mixing and in situ hot injection methods were used to prepare these conjugates. 
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The strong interaction between the -NH2 groups and the PNCs ensures a robust attachment of 

MWCNTs to the PNCs which opens a route for carrier transfer from PNC to MWCNT. A 

reduction in carrier lifetime in PNC-MWCNT conjugates compared with PNC-only samples 

confirms the decrease in radiative recombination, which indicates the carrier or energy transfer 

at the interface. Furthermore, TA spectroscopy reveals that in the presence of MWCNTs, HC 

relaxation to the band edge is suppressed which favors the transition of HCs from PNC to 

MWCNT. This transition reduces intra-band non-radiative AR which is predominant in the 

absence of MWCNT.  

5.2 Results and discussions 

5.2.1 Characterization of functionalized MWCNTs 

The commercial MWCNT was functionalized through a two-step reaction process. Initially, 

the MWCNTs were treated with 4-nitrobenzenediazonium tetrafluoroborate at approximately 

150°C. At this elevated temperature, the diazonium salt undergoes thermal decomposition to 

generate highly reactive nitrobenzene free radicals. These free radicals readily interact with the 

MWCNT surface, forming covalent bonds. Subsequently, the nitro functional groups 

introduced onto the MWCNT surface were reduced to amino groups by reacting with sodium 

borohydride (NaBH4) in dimethyl sulfoxide (DMSO). As a result, the final functional group 

covalently attached to the MWCNT surface was phenylamine. The amino group is chosen as a 

terminal functional group since it can strongly bind to PNCs.28 The reaction scheme and 

detailed synthesis procedure are shown in Chapter 2.   

The STEM of MWCNT-NH2 was measure to confirm the structural integrity of nanotubes 

after reaction at high temperature. The STEM sample was prepared by drop casting a dilute 

solution of MWCNT-NH2 in acetone onto a STEM grid, followed by drying overnight. Figure 

5.1a shows the STEM image of MWCNT-NH2. To confirm the successful functionalization of 

MWCNT, X-ray Photoelectron Spectroscopy (XPS), Raman Spectroscopy, and Fourier 

Transform Infrared Spectroscopy (FTIR) were measured. The surface chemical composition of 

pristine MWCNT and MWCNT-NH2 were investigated using XPS. In the carbon region, both 

samples exhibit a peak at 284.1 eV, corresponding to graphitic sp2-hybridized carbon (Figures 

5.1b and 5.1c).29, 30 In addition to this peak, the MWCNT-NH2 sample displayed another peak 

at 285.5 eV which originated from a defect site on the nanotube, indicating sp3 hybridization29, 

30 (Figure 5.1c). The predominance of the 285.5 eV peak in MWCNT-NH2 confirms successful 

functionalization. This is because pristine MWCNTs are predominantly composed of sp²-
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hybridized carbon atoms, which form the conjugated π-electron system responsible for their 

exceptional electrical, mechanical, and optical properties. Functionalization typically involves 

covalent bonding between the nanotube's carbon atoms and external chemical groups. This 

covalent bonding requires some sp²-hybridized carbons in the nanotube's hexagonal lattice to 

transition to sp³ hybridization, breaking the conjugated π system locally. The peak at 291.3 eV 

corresponds to the π-π* transition, as previously reported.29, 31 In the nitrogen region, a distinct 

N1s peak  (399.6 eV)32 is observed exclusively in the MWCNT-NH2 sample, while it was 

absent in the non-functionalized MWCNT (Figure 5.1d) confirming the presence of N in a 

functionalized nanotube. Ramanathan et al. reported that the N1s peak for terminal primary 

amine-functionalized CNT appears approximately in that binding energy region.33 Both non-

functionalized and functionalized samples display an O1s peak centered at 533 eV (Figure 5.1e 

and 5.1f), which is reported to be unintentionally incorporated into the CNT during purification 

or upon exposure to environmental oxidants.34 The increase in O1s peak intensity in the 

MWCNT after functionalization can be attributed to the more surface oxidation or introduction 

of some oxygen-containing functional groups to the surface. 

 

Figure 5.1. STEM image of MWCNT-NH2 (a). XPS spectra of carbon region (C1s) for the (b) 

MWCNT, (c) MWCNT-NH2, nitrogen region (N1s) for the (black) MWCNT and (Red) 

MWCNT-NH2 (d), and oxygen region (O1s) for the MWCNT (e) and MWCNT-NH2 (f). 

Raman spectroscopy is also a powerful tool for characterizing MWCNT which can 

provide information about their structural properties, defect density, and functionalization 
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status. Samples are prepared by drop casting the concentrated MWCNT and MWCNT-NH2 in 

acetone on the glass cover slip followed by vacuum drying. Raman spectra of pristine MWCNT 

and MWCNT-NH2 are presented in Figure 5.2a in a range 500-3500 cm-1. The 2 main peaks 

arise from first-order scattering mode: D peak at 1338.7 cm⁻¹ and the G peak at 1569 cm⁻¹. The 

G peak arises from the in-plane stretching vibration of sp²-bonded carbon atoms from MWCNT 

carbon sheet, whereas the D peak is a disorder-induced feature that arises from the in-plane 

breathing vibration of sp² carbon rings, activated by the presence of defects.35 The G and D 

bands are associated with the E2g and A1g phonon mode at the Brillouin zone respectively.36 

The intensity ratio of the D to G peak (ID/IG) serves as a useful indicator to understand the 

degree of defects introduced to the MWCNT upon chemical processing.32 The increased ratio 

of ID/IG, in the case of MWCNT-NH2 (0.73) compared with MWCNT (0.53) provides strong 

evidence of successful functionalization of carbon nanotube. The conversion of sp2 hybridized 

carbons to sp3 hybridization due to functionalization creates a three-dimensional bonding 

geometry, introducing defects or distortions in the planar or tubular sp2 lattice. This 

phenomenon is responsible for the increase in the intensity of D peak.  

 

Figure 5.2. Raman (a) and FTIR (b) spectra of MWCNT and MWCNT-NH2. 

To investigate the exact functional group on the modified MWCNTs, I performed the 

FTIR, which is presented in Figure 5.2b. The strong board peak between 3000-3700 cm-1 in 

the MWCNT is assigned for the O-H stretching. This peak is commonly associated with 

hydroxyl groups, which can originate from carbonyl groups or adsorbed water. As previously 

discussed, the O-H peak observed in the MWCNT may result from the oxidation of the 

nanotubes during the manufacturer's purification process, which often involves exposure to 

oxidative environments.37 In contrast, MWCNT with phenylamine functional groups, shows a 

new peak in the same region (3000–3700 cm⁻¹), which is attributed to the N-H stretching 
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vibration of primary amines. This distinct peak is indicative of the successful attachment of 

phenylamino groups to the nanotube surface. A similar splitting and peak pattern have been 

reported by Chen et al. and Chinh et al. in the presence of -NH2 groups.32, 38 Additionally, the 

peak between 2973 cm-1 corresponds to C-H stretching.39 Another prominent feature is the peak 

around 1627 cm-1, which is associated with the C=C stretching vibration, indicative of the 

presence of the conjugated carbon-carbon bonds that are characteristic of the CNT structure.39 

Peak at 1560 cm-1 is for the cylindrical graphene sheet.40 All the above characterization results 

confirm the successful functionalization of MWCNT surface. 

5.2.2 MWCNT-PNC conjugate formation 

CsPbBr3 PNCs were used for MWCNT-PNC conjugate formation.  PNCs were synthesized 

following the previously reported hot injection method,41 where oleic acid and hexadecyl anime 

are used as ligands. The synthesis procedure is explained in chapter 2. Figure 3.1a shows the 

absorption and PL spectra of the as-synthesized CsPbBr3 PNCs. The absorption and emission 

peaks in toluene are observed at 501 nm and 510 nm, respectively. These light-yellow PNCs 

emit green light (Figure 3.1inset) when excited under 365 nm UV light. The synthesized PNCs 

are cubic and the size is approximately 7.12±0.96 nm (Figure 3.1b and Figure 3.1c) which is 

similar as previously reported.41 I prepared the PNC-MWCNT conjugates by two processes.  

 

Figure 5.3. STEM image of the conjugates prepared by post-mixing method (a), and following 

in situ hot injection synthesis procedure (b).  

The first involves post-mixing the as-synthesized PNCs with MWCNT-NH3
+Br− in a 

toluene THF mixture (9:1). In this process, THF is used to decrease the aggregation of 

MWCNT-NH3
+Br−  in toluene. MWCNT-NH2 is converted to MWCNT-NH3+Br−  (detail 

process is presented in Chapter 2) before adding PNC in the post-mixing conjugate formation 

method to stabilize the heterogeneous system. This can also act as an extra bromide source.42 

Yan et al. reported that ammonium salts can more effectively coordinate with both surface 
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cations and anions of PNCs compared to amine ligands, while also aiding in the passivation of 

surface defects.43 Similarly, Kazes et al. report the strong binding of ammonium with 

perovskite surface compared to carboxylate ligand by occupying the Cs+ position. 44 After two 

days the nanotubes are collected by centrifugation and redispersed in the same ratio of solvents.  

Another process of MWCNT-PNC conjugate formation is the hot injection method where 

MWCNT-NH2 was used as a ligand along with oleic acid and hexadecyl amine (details 

provided in chapter 2). In this process, the hot Cs-precursor was injected into the Pb precursor 

containing functionalized MWCNT. A similar hot injection method for the growth of PNCs on 

the nanotube surface was reported by Lee et al. recently.45 Their study demonstrated that the 

surface of the CNTs can effectively serve as a nucleation center for the crystallization and 

growth of PNCs, providing a template that promotes uniform crystal formation. In our work, I 

employed a similar hot injection technique, with modifications, such as temperature, precursor 

concentrations, and solvent composition. The amino groups (-NH2) on the nanotube surface 

are expected to play a critical role in facilitating nucleation by providing anchoring sites for 

the PNC precursors, thereby enhancing their local concentration and promoting crystal growth. 

The conjugation by post-mixing and in situ synthesis schemes are illustrated in Figures 2.4 and 

2.5, respectively.   

The conjugation formation is confirmed by STEM imaging, which is presented in Figures 

5.3a and 5.3b. Almost no size change of PNC was observed after mixing with functionalized 

MWCNT. On the other hand, the size of in situ synthesized conjugates is 8.69± 1.34 nm, 

slightly larger than the PNC-only sample. The increase in PNC size with MWCNT is previously 

reported by Lee et al.45 They reported variations in particle shape and size depending on the 

injection temperature. At an injection temperature of 170°C, the cubic PNC size increases from 

14.6 to 21 nm in the presence of MWCNT.45 In our case, the PNC size increase is minor 

compared to their PNC size increase. This can be attributed to the functionalization of our 

MWCNTs with terminal -NH2 groups, which facilitates further binding to the PNC surface and 

likely inhibits crystal growth. A submonolayer of PNC around the carbon nanotube is achieved 

in the post-mixing method (Figure 5.3a) by mixing very diluted PNC with functionalized 

MWCNT. However, multilayer PNCs are formed around the CNT (Figure 5.3b) in the case of 

in situ prepared conjugates which is similar to the previous report.45 This multilayer formation 

can be attributed to dipole-dipole interactions between the PNCs, which promote their self-

assembly into layered structures around CNT.46 
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5.2.3 Optoelectronic properties of the conjugates  

The absorption and PL spectra of the post-mixing and in situ prepared conjugates were 

investigated to understand the effect of MWCNT on the optical properties of PNC which are 

presented in Figure 5.4a and Figure 5.4b respectively. These spectra were measured in toluene. 

The excitation wavelength was 365 nm.   The excitonic absorption peaks are observed at 502 

nm and 505 nm, while the PL peaks are observed at 511 nm and 513.5 nm for the post-mixing 

and in situ synthesized samples, respectively. No significant shift in the absorption and PL peak 

positions for the post-mixing sample are observed when compared to the PNC-only sample, 

indicating no change in the band structure. However, the redshift in both absorption and PL 

peaks in the in situ prepared conjugate, compared to the PNC-only sample, is attributed to the 

formation of a multilayer of PNC around the MWCNT. The inset of Figure 5.4b shows images 

of the in situ prepared conjugates under daylight and 365 nm UV excitation. The daylight image 

of in situ synthesized conjugates is greenish compared to the PNC-only sample. 

 

Figure 5.4. Absorption (black) and PL (red) spectra of conjugates synthesized by post-mixing 

(a) and in-situ (b) procedure. Inset: Images of the in-situ synthesized conjugates under the room 

light and 365 nm UV light. 

I also measured the PL lifetime of post-mixing and in situ synthesized conjugate films at 

several positions (Figures 5.5a) using a picosecond (ps) time-resolved photoluminescence 

(TRPL) measurement system. The average PL lifetime is 4±1.8 ns and 5.66±1.7 ns for post-

mixing and in situ synthesized conjugate respectively. An intimate interface formation has led 

to the possibility of carrier transfer at the interface of the conjugates. Therefore, to compare the 

conjugate's PL lifetime with the PNC-only sample, I measured the single PNC dot and PNC 

film PL lifetime (Figure 5.5a). These measurements can provide deeper insights into the 

conjugate system's exciton and carrier recombination dynamics. The single PNC dots (Figure 
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5.5b) are prepared by the drop and drag of the dilute CsPbBr3 PNCs in toluene on the glass 

cover slip. The single PNC dot distribution was confirmed by observing the sample through an 

EMCCD camera. Conjugates and film samples are prepared by drop casting the PNC-MWCNT 

and concentrated PNC on the glass cover slip respectively. The film (11.66±1.6 ns) has the 

longest lifetime because of the long-range diffusion of free carriers. In the PNC film, carriers 

can move freely across interconnected nanocrystals or grains, reducing the likelihood of non-

radiative recombination and extending the lifetime. The PL lifetime of the single PNC 

(3.86±0.78 ns) is reduced compared to the film due to carrier confinement. The confinement 

restricts carrier mobility and increases the probability of radiative or non-radiative 

recombination within the PNC, thus reducing the lifetime. 

  

Figure 5.5. (a) PL decay curves for the PNC single dot, PNC film, and PNC-MWCNT 

conjugates prepared via post-mixing and in situ hot injection methods. (b) EMCCD image 

showing the single-particle distribution of the CsPbBr3 PNCs. 

As shown in the STEM image (Figure 5.3a), the conjugate prepared by post-mixing has 

separate single PNC dots on the MWCNT surface. Therefore, it is comparable to the PNC-

single dots in Figure 5.5b. Similarly, in situ prepared conjugate is comparable to the PNC film 

because of the PNC multilayer formation on the MWCNT. Therefore, the decrease in the PL 

lifetime of the post-mixing and in situ prepared conjugates compared to the PNC-single dot 

and PNC film respectively, indicates the possibility of interfacial energy or carrier transfer in 

the conjugates system. 

5.2.4 Chanrge carrier dynamics at the MWCNT-PNC interface  

To further analyze whether this PL lifetime change is due to charge transfer or energy transfer, 

and to gain a detailed understanding of the excited-state carrier dynamics, I performed TA 

spectroscopy measurements on PNC-only sample and PNC-MWCNT conjugate. Since in-situ 
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hot injection synthesis gives more attachment of PNCs to MWCNTs compared to the post-

mixing synthesis method, I chose this sample for TA measurement. Dried samples are used for 

this measurement. The TA was carried out by exiting the sample using a 400 nm (3.1 eV) 

femtosecond (fs) laser pulse, and a white light continuum monitored the photoexcited charge 

carrier kinetics. 

 

 

Figure 5.6. Transient absorption spectra of CsPbBr3 PNC-only sample (a), and PNC-MWCNT 

conjugates (b) prepared by the in-situ hot injection method.  

The TA spectra of the PNC-only and PNC-MWCNT are presented in Figure 5.6a and 

5.6b, respectively. Three characteristic peaks appeared in the TA spectra. A negative ground-

state bleach (GSB) peak at 510 nm appears because of the depletion of the ground-state 

electrons and a state-filling effect.47 A lower energy short-lived photoinduced absorption (PAI 

1) peak at around 530 nm appears due to the bandgap renormalization. This originated because 

of the relaxation of HCs. They populate lower-energy states near the band edges, which are 

now renormalized (shifted to lower energies).48 Finally, a higher energy long-lived 

photoinduced absorption (PIA 2)  peak appears due to the excitons re-excitation from the band 

edge to high energy states, which led to the formation of HCs.21 The contribution of stimulated 

emission to the GSB peak cannot be denied.49 A slight redshift in the GSB (Figure 5.6a) of the 

PNC-only sample at longer time delays suggests a biexciton-mediated Stark effect.50 51 This 

phenomenon occurs due to the interaction between excitons within the PNCs. When a biexciton 

state forms, the mutual Coulomb interactions between the two excitons introduce an additional 

electric field within the PNC, which alters the energy landscape. The biexciton binding energy 

is typically larger, which lowers the energy of the emission from this state, causing a red shift 

compared to the single exciton emission. There is no such red shift in the GSB peak of the 
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PNC-MWCNT (Figure 5.6b) conjugate. This absence can be attributed to HC transfer, which 

suppresses carrier relaxation at the band edge and prevents the formation of band-edge 

biexcitons. The GSB peak broadening (Figure 5.6a and 5.6b) of the PNC-only sample at a 

lower time delay in comparison with PNC-MWCNT also supports the biexciton formation.52  

 

Figure 5.7. GSB recovery kinetics of CsPbBr3 PNC-only sample and PNC-MWCNT 

conjugates (a).  GSB recovery kinetics of samples at early time delays (b).  

The time-dependent carrier dynamics for both samples were investigated by analyzing 

GSB recovery kinetics (Figure 5.7a).  The bleach kinetics at 510 nm were fitted tri-

exponentially. For the PNC-only sample, the calculated time constants are τ₁ = 250 fs (40%), 

τ₂ = 150 ps (34%), and τ₃ = 9.8 ns (26%). In contrast, for the PNC-MWCNT heterostructures, 

the time constants are τ₁ = 320 fs (38.5%), τ₂ = 1.0 ps (17.3%), and τ₃ = 3.7 ns (44.2%) (Table 

5.1).  

Table 5.1. Time constant of GSB recovery kinetics of PNC-only and PNC-MWCNT conjugate 

samples. 

 

Since the sample was excited with energy higher than the bandgap, HC production is 

expected. Therefore,  τ₁  is assigned for HCs relaxation to the band edge, which is responsible 

for the decay of short-lived low energy PIA1.49 The presence of MWCNT decreases the hot 

electron-phonon coupling and increases the HC lifetime. The slow cooling of the HC in the 

case of conjugate favors the HC transfer,53 because rapid carrier relaxation results in less 

availability of HCs at higher energy states. Therefore, within 320 fs the HCs are transferred 

Table 5.1. Time constant of GSB recovery kinetics of PNC-only and PNC-MWCNT 

sample. 

 τ₁ τ₂ τ₃ 

PNC-only 250 fs (40%) 150 ps (34%) 9.8 ns (26%) 

PNC-MWCNT conjugates 320 fs (38.5%) 1.0 ps (17.3%) 3.7 ns (44.2%) 
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from the PNC to MWCNT.  Biexciton formation at the band edge is confirmed from the TA 

spectra of the PNC-only sample. The biexcitons in PNCs can decay through multiple pathways. 

These include the generation of positive and negative trions, single exciton emission, and bright 

biexciton emission (Figure 5.8).  

 

Figure 5.8. Possible events occurring after photoexcitation of the PNC-only sample are as 

follows: Upon excitation, HCs are generated. After that, multiple charge carriers relax to the 

band edge. From this state, they can return to a neutral state through several processes, 

including the formation of positive and negative trions, bright biexciton emission, and single 

exciton emission. 

The τ2 (green in Figure 5.7a) corresponds to non-radiative recombination processes.54 In 

our PNC-only sample biexciton mediated nonradiative recombinations mainly contribute to the 

τ2. Under high pump fluence (increased carrier density in the excited state) and in a strongly 

confined system (7.12 nm), the charged particles' columbic interactions increase, opening a 

new decay pathway AR.55 56 It is well known that the time needed for the Auger process in the 

case of CsPbBr3 PNC is several 10s to 100 picoseconds,57 55 which is comparable with the 

value 150 ps, guiding me to assign τ2 as biexciton-mediated Auger process in case of PNC-

only sample58. In contrast, the 150 ps component is absent in the PNC-MWCNT sample, 

indicating that the Auger process is suppressed in the conjugates due to HC transfer, which 
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further prevents biexciton formation at the band edge. Therefore, I can conclude that the Auger 

process is predominantly active in the PNC-only sample, not in the PNC-MWCNT conjugates. 

 

Figure 5.9. Possible event happening after photoexcitation of PNC -MWCNT sample. Upon 

excitation, a fraction of hot electrons transfers to the MWCNT, while others relax to the band 

edge. The band-edge electrons are subsequently transferred to the MWCNT. Meanwhile, a 

portion of the hot holes left behind is neutralized by electrons from the MWCNT. 

The reason is that in conjugates, HCs are transferred from the PNC to MWCNT before relaxing 

to the band edge and initiating the Auger process. Anyway, the τ2 value for the conjugates is 

significantly lower (1 ps) compared to the PNC-only sample, and its contribution is halved 

(Table 5.1). This rapid recovery indicates that a small fraction of the depleted electrons quickly 

return to the ground state of the PNC.  This quick recovery may be due to the hot hole transfer 

from PNC to the MWCNT. The generation of a hot electron leaves behind a hot hole (high 

energy hole). Due to the hot hole's strong tendency to recombine with an electron, it can drive 

non-equilibrium dynamics at the interface, which makes it possible to transfer from PNC to 

MWCNT (Figure 5.9). Consequently, electrons from MWCNT come to the PNC. The 

contribution of this quick recovery is very small because it depends on the concentration and 

affinity of the hot hole. The hot hole interaction with lattice phonon and relaxation to the band 

edge is responsible for hampering this quick recovery process. Maity et al. reported a similar 

phenomenon that the fastest recovery (1.25 ps) at an early time scale is for hole transfer.22 

Actually, this type of hot hole neutralization could happen with or without hot electron transfer. 

Therefore, the 1ps component (hot hole quenching) in the case of the conjugates can be 

contributed by both processes.  

The longest lifetime (τ3) can be attributed to radiative or non-radiative band edge 

recombination in the case of only PNC-sample, and non-radiative back electron transfer for the 

conjugates. 59 60 In Figure 5.7a (blue), it is observed that the rate of recovery in the presence of 

MWCNT is quick (3.7 ns), compared to PNC-only (9.8 ns). Therefore, there is a chance of 
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band edge electron or energy transfer for the conjugates. However, most of the reported data 

suggested the electron transfer between the perovskite and CNT.61 62 The average recovery time 

decrease in the case of conjugates demonstrates the alternative way (via MWCNT) overall 

accelerates the ground state recovery of PNCs, which is similar to some of the reports, where 

a carrier transfer helps quick recovery.22, 59, 63  In contrast, Nagal et al. reported a delayed 

recovery of bleach at the interface between perovskite and graphitic carbon nitride nanosheet. 

This is due to the large nanosheet provides weak confinement and suppresses AR, consequently 

delaying the back electron transfer.54 In our conjugate system, although the MWCNT is large 

enough, the band gap is considerably negligible because of the multiple layers of the nanotube, 

which increase the density of states. It acts as a conductor where electrons can freely move. 

Direct electron transfer from MWCNT to PNC could be responsible for decreasing τ3 and 

ultimately the overall recovery time.  

5.3. Conclusions 

HPs exhibit promising optoelectronic properties that are ideal for advanced optoelectronic 

applications. However, the efficiency of perovskite-based devices is constrained by challenges 

such as carrier radiative recombination and nonradiative losses. Integrating CNTs with HPs has 

emerged as an effective strategy to improve performance by reducing recombination losses, 

particularly through enhanced charge extraction. In this study, I successfully functionalized the 

MWCNT surface with phenylamine and prepared PNC-MWCNT conjugates following post-

mixing of the CsPbBr3 PNCs and functionalized MWCNT, or in situ hot injection methods 

where functionalized MWCNT was used as a ligand. The strong interaction between PNC and 

MWCNT facilitates charge transfer from the PNC to the MWCNT. The MWCNTs contribute 

to the suppression of HC relaxation and reduce non-radiative AR, leading to enhanced charge 

transfer at the PNC-MWCNT interface. Conjugates also reduce radiative recombination at the 

band edge. These findings emphasize the potential of PNC-MWCNT conjugates to improve 

the carrier dynamics in optoelectronic devices and offer a pathway to develop high-

performance, stable perovskite-based systems. These conjugates show potential for the 

development of highly efficient PSCs. 
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General conclusions 

In conclusion, this thesis has comprehensively investigated the mechanisms of exciton 

migration, recombination, and transfer in LHPs. HPs are recognized for their excellent 

optoelectronic properties, making them strong candidates for advanced applications in modern 

technology, including solar cells, LEDs, and lasers. However, the efficiency of devices based 

on these materials is significantly constrained by challenges such as radiative and nonradiative 

carrier recombination. In solar cells, for instance, nonradiative losses and radiative 

recombination at interfaces impede efficient carrier extraction, limiting overall device 

performance. Conversely, in LEDs and lasers, nonradiative recombination competes with 

radiative recombination, reducing luminescence efficiency and impairing performance. 

Nonradiative recombination is typically linked to defects in the HP crystal lattice. On the other 

hand, radiative recombination in solar cells stems from high exciton binding energy, limited 

carrier diffusion length, and inefficient interfacial transfer. Although bulk perovskite increases 

carrier diffusion length, the carriers have to diffuse a long path to reach the carrier transport 

layer, consequently increasing the chance of radiative and nonradiative recombination loss. To 

effectively address these issues, this thesis focuses on the preparation of defect-free PNCs to 

decrease nonradiative recombination, assembled PNC thin films to increase carrier diffusion 

length, and facilitating rapid carrier extraction at the interface by incorporating an acceptor 

molecule. 

In Chapter 3, I investigated the defect passivation in CsPbBr₃ PNCs, with a focus on 

mitigating halide vacancies that contribute to nonradiative recombination and low PLQY. To 

address these defects, I tested various bromide salts, including CsBr, NaBr, and KBr, at an 

aqueous-organic interface. Among these, NaBr exhibited the most significant improvement, 

increasing the PLQY from 57% to 98%. STEM-EDX analysis revealed an increase in the 

bromide ratio from 2.64 to 2.98, approaching the ideal stoichiometric ratio for bromide in 

CsPbBr3. This result highlights an effective strategy for enhancing material stability and 

optoelectronic performance. Additionally, the extended PL lifetime following halide vacancy 

passivation indicates a reduction in nonradiative recombination pathways. This defect 

management approach also suppresses single-particle blinking, indicating the reduced trap 

states and minimized nonradiative decay pathways. 

In Chapter 4, I focused on the assembly formation of FAPbBr3 PQDs assemblies within 

a polymer matrix to increase the carrier diffusion length. Polybutadiene was used as polymer 
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which helps to self-assemble PQDs due to solvent evaporation and polymer shrinkage during 

drying. When the individual PQDs come closer in the assembly their electronic wave function 

overlaps and a miniband is formed. This assembly formation extends exciton lifetimes by 

reducing quantum confinement and enhancing dielectric screening.  In this chapter, I also 

investigated how external temperature modulates these assemblies as well as their 

optoelectronic properties. Polymer expansion at elevated temperatures disrupts the assemblies 

and increases the inter-QDs distance which is responsible for the blue shifts in PL spectra and 

decreased exciton lifetimes. Cooling of the assembly at room temperature partially recovers 

the optoelectronic properties as well as the assemblies. 

In Chapter 5, I demonstrated quick carrier extraction from CsPbBr3 PNCs to MWCNT. I 

functionalized MWCNTs with phenylamine to create PNC-MWCNT conjugates. The PNC can 

bind with the -NH2 group of the functionalized MWCNT. Post-mixing and in-situ hot injection 

were used to prepare the conjugates. The strong interaction between PNCs and MWCNTs 

fosters efficient charge transfer from the PNCs to the MWCNTs. This is proved by the TRPL 

and TA spectroscopy measurements. The decrease in PL lifetime in conjugates compared to the 

PNC-only sample indicates the carrier or energy transfer at the interface. TA result reveals a 

reduction in nonradiative Auger recombination in conjugates indicating the hot electron 

transfer from PNC to MWCNT.  Decreased band-edge radiative or nonradiative recombination 

in conjugates also indicates the band-edge carrier or energy transfer. These results suggest that 

MWCNT-decorated with PNCs hold significant promise for advancing the performance of 

perovskite-based devices.  

Overall, the improved quality of PNCs, a controlled carrier diffusion length, and 

enhanced hot carrier extraction at the interface offer significant potential for advancing LHP-

based device performance. 
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