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Abstract 

Lead halide perovskites have become the most promising semiconductor materials for light-

harvesting and light-emitting applications. These materials in the nanocrystalline forms, 

obtained by reliable colloidal synthesis approaches, show high photoluminescence quantum 

yield, high charge carrier mobilities, long photoluminescence lifetimes, and high photostability. 

However, their exciton, charge carrier properties, and interfacial electron transfer dynamics 

need optimization for next-generation perovskite devices. This thesis mainly focuses on the 

electron donor-acceptor systems involving perovskite nanocrystal films or single-particles, 

including the exciton, charge carrier, and electron-transfer dynamics. It is summarized in five 

chapters. In chapter 1, I discuss the general properties and significance of lead halide 

perovskites. First, I introduce their structure, chemical compositions, and stability factors. 

Subsequently, I explain various perovskite nanocrystal synthesis methods to control the shape 

and dimensionality. The preparation methods for self-assembled perovskite nanocrystal thin 

films and different characterization techniques are discussed in the second section of this 

chapter. In the third section, I present the bandgap and fundamental optical properties of 

perovskite nanomaterials as functions of their halogen compositions, size, and shape. Also, I 

describe the charge carrier properties and quantum confinement in perovskite nanocrystals and 

films. In the final section, I explain the applications of halide perovskites to solar cells, 

photodetectors, and light-emitting diodes, summarizing my research motivation and objectives. 

In chapter 2, I provided complete details about the materials, synthesis methods, samples, and 

instrumentation techniques in this thesis. Perovskite nanocrystals are synthesized using hot 

injection, ligand-assisted reprecipitation, and a modified spray technique. Next, I explain the 

theoretical bases, working principles, and instrumental setups of various spectroscopic (UV-

vis absorption, steady-state and time-resolved fluorescence spectroscopy, and transient 

absorption spectroscopy) and microscopic (single-particle fluorescence microscopy, 

transmission electron microscopy, and scanning electron microscopy) techniques. In chapter 

3, I summarize the extent of carrier diffusion, the degree of radiative loss, and the rate of 

diffusion-controlled interfacial electron transfer in heterojunction films of cesium or 

formamidinium lead bromide nanocrystals and C60 or TiO2. Electron transfer and charge 

separation were confirmed by measuring the photoluminescence decays, intensities, and 

transient absorption spectra. By measuring the distance-dependent photoluminescence 

lifetimes and photocounts in samples containing halide perovskite-C60 or halide perovskite-
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TiO2 donor-acceptor junctions, I find long-range (>100 µm) carrier diffusion and distance-

dependent (>800 µm) interfacial electron transfer.  In chapter 4, I demonstrate the electron 

transfer dynamics at the single-particle level by analyzing the photoluminescence blinking of 

single perovskite nanocrystals with or without tetracyanoquinodimethane or tetracyanobenzene. 

The Gibbs free energy changes of electron transfer are estimated to be negative, using the 

donors and acceptors' redox potentials and the HOMO-LUMO gaps/bandgaps. The electron 

transfer rates are determined from time-resolved photoluminescence measurements. Further, 

the statistical analysis of >450 single perovskite nanocrystals and the ON-time and OFF-time 

probability distributions help understand the photoluminescence blinking to the electron 

transfer relationship. In chapter 5, I investigated exciton-plasmon interactions for perovskite 

nanocrystals on Au plasmonic nanogaps. I find a huge photoluminescence intensity 

enhancement for perovskite single nanoparticles directly synthesized in Au nanogaps. Here, 

the Au nanogaps are created by the controlled Au sputter-coating on glass substrates, followed 

by the spray-synthesis of perovskite nanocrystals on the Au-coated substrates. The radiative 

exciton recombination rate of perovskite nanocrystals in the Au substrate is dramatically 

increased by coupling with the localized surface plasmon, obvious from a drastic decrease in 

the photoluminescence lifetime and an increase in the photocounts. The increased radiative 

recombination rate is attributed to the chemical and electromagnetic coupling of the Au 

plasmon with perovskite nanocrystals. Finally, I summarize the thesis and provide the prospect 

of the work embodied in this thesis. 
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Abbreviations and symbols 

AVC  Antisolvent vapor-assisted crystallization 

k3   Auger recombination rate constant 

τav   Average photoluminescence lifetime  

C60                   Buckminster fullerene 

k2   Bimolecular recombination rate constant 

CBM   Conduction band minimum 

CsBr   Caesium bromide 

ca  Centered around 

℃  Degree Celsius 

DMF   N, N-dimethylformamide 

EMCCD  Electron multiplying charge-coupled device 

ETL   Electron transport layer 

FA  Formamidinium 

FABr   Formamidinium bromide 

fs   Femtosecond 

FWHM  Full width at half maximum 

g   Gram 

GPa   Gigapascal 

h   Hour 

dhkl   Interplanar spacing 

ITC   Inverse temperature crystallization 

LUMO  Lowest unoccupied molecular orbital 

LED   Light emitting diode 
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LARP   Ligand-assisted reprecipitation 

k1   Monomolecular recombination rate constant 

MA   Methylammonium 

MHz   Megahertz 

min   Minute 

µM   Micromolar 

µm  Micrometer 

mL   Milliliter 

mmol   Millimole 

NA   Numerical aperture 

NIR   Near infrared 

nm   Nanometer 

ns   Nanosecond 

OPA   Optical parametric amplifier 

PET   Photoinduced electron transfer 

PL   Photoluminescence 

PLQY  Photoluminescence quantum yield 

PCBM-C61      [6,6]-phenyl C61 butyric acid methyl ester 

PeLED  Perovskite-based light emitting diode 

P(τ)   Probability distribution 

PCE   Power-conversion efficiency 

PNC   Perovskite nanocrystal 

PSC   Perovskite solar cell 

RegA   Regenerative amplifier 
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ket   Rate constant of electron transfer 

knr   Rate constant of nonradiative relaxation 

kr   Rate constant of radiative relaxation 

s   Second 

SEM   Scanning electron microscope 

STL                Solution temperature lowering method 

SHG   Second harmonic generation 

SOC  Spin orbit coupling 

T   Temperature 

τc   Truncation time  

TiO2   Titanium dioxide 

UV or uv Ultraviolet 

VBM Valence band maximum 

Vis   Visible 

V   Voltage 

W   Watt 

λ   Wavelength  

XRD   X-ray Diffraction 
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Chapter 1 

Introduction 

 

Abstract 

Halide perovskites emerge into a class of semiconductor materials for high-efficiency 

photovoltaic and optoelectronic devices. Their excellent optoelectronic properties, such as high 

photoluminescence quantum yields, halide- and size-dependent bandgap tuning, high 

absorption coefficients, high charge carrier mobility, and defect tolerance, have greatly 

attracted the entire semiconductor community. Nevertheless, understanding and optimizing the 

interfacial electron transfer and long-range charge carrier diffusion are important for future 

perovskite optoelectronics and photovoltaics. In this chapter, I briefly introduce halide 

perovskites, including their structure, synthesis, characterization, optical and charge carrier 

properties, and applications. At first, I introduce their history, summarizing their structures, 

chemical compositions, and stability factors. Next, I explain various perovskite nanocrystal 

synthesis methods to control the shape and dimensionality with suitable examples. The 

preparation methods for self-assembled perovskite nanocrystal thin films and different 

characterization techniques are discussed in the third section of this chapter. Further, I explain 

their bandgaps with the Jablonski diagram and the fundamentals of absorption and fluorescence 

spectroscopy. The fourth section describes the general charge carrier properties, including the 

charge carrier recombination mechanisms and their diffusion in single crystals and films. I 

provide the details of charge carrier diffusion lengths, time distributions, and diffusion 

coefficients.  Also, the charge carrier properties and quantum confinement in single particles 

and closely packed films are explained. In the fifth section, I introduce the applications of 

halide perovskites to solar cells, photodetectors, and light-emitting diodes (LEDs) with details 

about the device architecture, carrier diffusion, and interfacial charge transfer mechanisms. In 

the final section, I summarize my motivation for this research, then classify the specific 

objectives of this thesis.  
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1.1 General introduction to halide perovskites 

In the 1990s, the scientific and engineering communities started investigating halide 

perovskites due to their attractive optical and electronic properties, but the exploration was 

limited to transistors and light-emitting devices. Later, it took around two decades to discover 

the potential of these materials for practical applications.1,2 Perovskite structures are named 

after the Russian mineralogist Lev Perovski. Initially, the perovskite describes CaTiO3 

discovered in the Ural Mountains by the German scientist Gustav Rose in 1839. Today, any 

materials with an ABX3 structure are identified as perovskites. Generally, the A-site cation 

occupies the voids between the BX6 octahedra, as shown in  Figure 1.1, where A is a 

monovalent inorganic or organic cation [e.g., Cs+, HC(NH2)2
+ (FA+), or CH3NH3

+ (MA+)], B 

is a divalent cation (e.g., Pb2+, Ge2+, Sb2+, Sn2+, etc.), and X is a halide ion (Cl−, Br−, or I−).3 

The stability of the perovskite structures, based on the ABX3 chemical formula and the radii 

(ri) of the ions (A, B, X), has been extensively analyzed using the Goldschmidt tolerance factor 

(t):4 

t= (rA + rX)/[√2(rB +rX)]                                                                                                                  (1.1) 

 

Figure 1.1. A halide perovskite unit cell. 

 

where rA, rB, and rX are the radii of A-cation, B-cation, and halogen ion, respectively. Generally, 

the tolerance factor should be 0.76−1.13 for stable three-dimensional (3D) perovskite 

structures.5 Nevertheless, some other stable dimensionalities outside this range are reported. 

As a result, stable lead halide perovskites can be obtained using a limited number of A-cations 

ABX3

A+ B2+ X-
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(Cs+, MA+, and FA+). The octahedral structure stability can be further understood using an 

octahedral factor:3 

μ = rB/rX                                                                                                                                          (1.2) 

 

The stability range is 0.44 to 0.900. Lead halide perovskites gained popularity due to their 

straightforward and cost-effective synthesis,6-8 high photoluminescence quantum yields 

(PLQYs),9,10 halogen- and size-tunable bandgap,11,12 high photostability,13 and versatile 

solution processability.14,15 By building on pioneering advances in device engineering, 

researchers could significantly increase the power conversion efficiencies of perovskite 

photovoltaics and optoelectronics. Small stokes shifts,16 high charge carrier mobility,17 low 

Urbach energy,18 long-range carrier diffusion,19 and low trap density20 of halide perovskites 

have led to lightning advances in photovoltaic and optoelectronic devices such as solar 

cells,12,13,15,17,22 light-emitting diodes (LEDs),23 lasers,24 photodetectors,25 transistors,26 and 

single-photon devices.27 Currently, the certified power conversion efficiency exceeds 25% for 

perovskite solar cells (PSCs),28 and 22% for perovskite LEDs (PeLEDs).29 In this regard, 

synthesizing high-quality and stable halide perovskites and characterizing their photophysical 

and optoelectronic properties are important for optimizing their devices. 

 

1.2 Synthesis and characterization of halide perovskites 

The halide perovskite synthetic methods are critical to obtaining a pure and perfect crystal 

structure that can be stabilized with desired ligand molecules or doped with inorganic salts. 

High-quality perovskite nanocrystal fabrication is achieved at low temperatures because of its 

ionically bonded crystal structure.3 One can achieve a majority carrier type and concentration 

by treating with different molecules (ligands, or inorganic or organic salts).29 However, the 

defect chemistry and physics for perovskites are still not understood precisely. Still, the 

energies from the vacancy-related defects are considered close to or within the bandgaps. 

Halide perovskites can be synthesized by several straightforward, scalable, and cost-effective 

methods.4,5,8,9,30-33 Particularly, researchers have developed several techniques for controlling 

the size, shape, and quality of their optical properties. High-quality bulk perovskite crystals 

(micro to millimeter-scale)  can be readily crystallized by the inverse temperature 

crystallization technique (ITC),34 solution temperature lowering method (STL),35 anti-solvent 

vapor-assisted crystallization (AVC),36 or laser trapping induced crystallization method.37  On 

the other hand, halide perovskite nanocrystals (PNCs) can be obtained by hot injection,3,6 a 
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spray technique,38 and the LARP method,39 which are more convenient for fabricating thin-

film devices. A scheme of the different synthetic methods for halide perovskite microcrystals, 

nanocrystals, quantum dots, and their films is given in Figure 1.2. The most common and 

traditional methods for synthesizing PNCs, and preparing their self-assembled films are 

discussed below.  

 

 

Figure 1.2. A scheme of halide perovskite synthetic methods. 

 

1.2.1 Synthesis of nanocrystals  

The optical and electronic properties of the halide perovskites are mainly dependent on the 

structure-dimensionality,3,8,40 morphology,41 and crystal phase.3 For example, we can tune the 

optical properties of halide perovskites by achieving quantum confinement, i.e., by reducing 

the crystal size to the nanoscale. Halide perovskite quantum dots can be achieved readily by 

using long-chain amines or long-chain carboxylic acids and controlling the synthesis 

temperature.42 Particularly, the octahedral unit plays an important role in controlling the 

binding energies and the emission wavelengths of halide perovskites.8,42 Various synthetic 

approaches have been employed for obtaining defect tolerant crystals with narrow emission 

and tunable bandgaps. The hot injection and LARP techniques are the two well-known wet-

chemical syntheses methods widely used for synthesizing high-quality PNCs. The synthesis of 

different dimensions (zero-dimensional, one-dimensional, two-dimensional, and three-
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dimensional), and shapes using hot injection and LARP techniques are demonstrated in Figure 

1.3A-C.  In the hot injection method,3,8,43 the ratio of precursors to surfactants, the injection 

temperature, the reaction time, and the precursors' concentration needs to be maintained 

precisely for controlling the size distribution and shape of PNCs. This traditional method is 

more convenient for separating the nucleation and growth stages and small nanocrystals with 

a uniform and narrow size distribution. When one injects the precursor mixture into the ligand 

mixture at 180-200 oC, the rapid depletion of the monomers concludes the nucleation stage.  

 

 
Figure 1.3. Synthesis schemes for (A) PNCs with different morphologies (B) hot-injection 

and (C) LARP methods. Reproduced from (A) Chouhan et al.3 (B, C) Shamsi et al.4 

 

The hot injection method was further extended by Protesescu et al. in 2015.44 This was the 

first report of the colloidal synthesis of cesium CsPbX3 (X = Cl, Br, and I) PNCs. They obtained 

CsPbX3 PNCs by directly injecting the Cs-oleate into a mixture of PbX2 salts, fatty acids, and 

alkyl amines dissolved in octadecene at a high temperature (140−200 °C). They discovered 

Heating Mantle Ice Bath
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that the PNC size could be controlled by varying the reaction temperature and the ratios of 

carboxylic acids and alkyl amines. The color tunability across the entire visible spectrum was 

also achieved by tuning the PNC size or by using different halide salts (Cl-, Br-, I-). By simply 

varying the ratios of lead halide salts, they realized the mixed-halide PNCs. The growth kinetics 

of PNCs via the hot injection method was later investigated by Lignos et al.45 Here, they used 

a droplet-based microfluidic platform to understand the CsPbX3 PNCs growth and reported the 

fast reaction kinetics, where the nucleation and growth took place within the first 1-5 s of the 

reaction. In a subsequent study, a two-step growth mechanism was reported by 

Udayabhaskararao et al. in 2017.46 By employing electron microscopy, they monitored the 

CsPbX3 PNC growth, including a seed formation of Pbo NCs followed by CsPbX3 nucleation. 

LARP method is the simplest and most cost-effective technique to synthesize colloidal 

PNCs.3,8,47 At the equilibrium concentration of the precursors in a solvent, eventually attaining 

a nonequilibrium state of supersaturation help reprecipitate PNCs. The PNCs will be capped 

with long-chain acid or amine ligands, called ligand-assisted reprecipitation. Here, the 

supersaturated state can be achieved by evaporating the solvent, adding a poor solvent, or 

varying the temperature. In the LARP method, the nucleation and growth stages cannot be 

isolated in time, unlike in the hot injection method. This LARP method synthesis of PNCs was 

first demonstrated by Zhang et al. in 2015.48 They simply dissolved the precursors (PbBr2 and 

MABr) and ligands (alkyl amines and carboxylic acids) in DMF, and this clear precursor 

solution was injected into vigorously stirring toluene at room temperature and obtained 

colloidal MAPbBr3 PNCs. Also, they investigated the role of alkylamines and carboxylic acids 

in controlling the size of PNCs by using various organic acids (oleic acid, butyric acid, octanoic 

acid) and amines (hexylamine, dodecyl amine, hexadecyl amine, octylamine). Surprisingly, 

they obtained PNCs without using the amines, but without a carboxylic acid, the reaction 

resulted in the aggregated PNCs. Over the years, different groups further optimized this 

approach to obtain PNCs with narrow size distributions.  

Recently, Pushkarev et al.49 developed a new spray technique for the fabrication of PNCs, 

which can be achieved at ambient conditions faster than other literature methods. They 

demonstrated a simple, scalable technique, where the precursor ink was sprayed onto a glass 

or ITO substrate resulting in high-quality CsPbBr3 nanowires. Here, the clear precursor solution 

(PbBr2 and CsBr in anhydrous dimethyl sulfoxide, DMSO) was taken in a vial with a spray 

cap, and the ink was spray cast onto the substrate. They found isolated droplets with a 0.5-2 

mm diameter on the sprayed area. Interestingly, the crystallized PNCs showed the nanowire 

structure with excellent walls and end facets that are capable of lasing. This spraying technique 
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can be useful in the development of simple, stable, high-quality, and low-cost films for 

nanophotonic applications.  

 

1.2.2 Preparation of thin films  

Halide perovskite films are widely used as active layers in energy harvesting and light-emitting 

devices. The optical and electronic properties of the devices are mainly dependent on the 

surface chemistry and stability of the perovskite films.50-52 For this purpose, the crystallization 

of perovskite thin films and their surfaces are widely investigated but are yet to be fully 

understood. These perovskite thin films can be fabricated in a single step or two steps 

deposition (Figure 1.4) of their precursor solutions using several methods such as spin 

coating,53 hot-casting,54 doctor-blade coating,55 and spray coating.56 For example, a single-step 

deposition of precursor salts (MAX, CsX, or FAX and PbX2) dissolved in DMF, GBL, or 

DMSO on the substrate and drying and annealing give rise to brilliantly luminescent 

polycrystalline film.57  

 

 

Figure 1.4. A scheme of layer-by-layer PNCs thin film fabrication by the spin-coating 

technique.  

 

The nucleation and growth stages of the perovskites will be supported by the solvents' low 

vapor pressures and high boiling temperatures. Here, the film processing conditions play an 

important role in controlling the crystallization of perovskite thin films. In the case of 

sequential deposition, high-quality films can be prepared by depositing one of the precursor 

solutions on a substrate followed by coating another precursor solution, drying, and 

annealing.58  

 The most fascinating and challenging part of this perovskite thin-film preparation is 

fabricating halide perovskite nanostructures. Perhaps, the long-range charge carrier diffusion 

PNCs dispersed 

in toluene
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PNCs dispersed 
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is realized for PNC thin films where the closely packed PNCs could reduce the quantum 

confinement. In general, the dielectric screening is larger in PNC films, which dissociates 

excitons into free carriers and their migration.59 Thus, preparing these closely packed nano-

assemblies are more important to understanding the diffusion or migration of charge carriers. 

These ligand-assisted self-assembled films can be prepared by simple drop-casting or spin-

coating techniques. For instance, PNCs dispersed in toluene are deposited on a substrate with 

lower rotations per minute (rpm, e.g., 100 rpm for 1 min) followed by a consecutive deposition 

with a higher rpm (1000 rpm for 3 min) and drying gives brilliantly luminescent nanocrystalline 

films.60  

 

1.2.3 Characterization  

Precise knowledge of the electronic structures, electronic/bandgap properties, and optical 

properties is mandatory to advance the science and technology of halide perovskites. Several 

modern electron microscopy and spectroscopy techniques have been employed to understand 

various properties of these materials, such as the chemical composition, surface chemistry, 

structural and morphological properties, optical properties, and electronic band structures. The 

routinely used transmission electron microscopy (TEM) and scanning electron microscopy 

(SEM) are more promising for investigating the structures and morphologies.61,62 The size, 

shape, thickness, and stability of PNCs and their films can be explored using these microscopes. 

As shown in Figure 1.5A-D, the different shapes and sizes, such as nanorods, nanocubes, and 

nanosheets are detected using TEM. Also, the different dimensionalities like zero dimension, 

one-dimension, two-dimension, and three-dimension PNCs are revealed by TEM imaging. On 

the other hand, SEM could be more efficient in understanding the surface morphologies of 

perovskite films, including grain boundaries in nanocrystalline and polycrystalline films. Such 

grain boundaries and surface morphologies of halide perovskite thin films are widely studied 

using SEM, as shown in Figure 1.5 E, F. Similarly, SEM imaging is broadly extended to 

measure the thicknesses of thin films by cross-section analysis. Atomic force microscopy 

(AFM)63 is another candidate to measure and visualize PNCs and their surfaces at high 

resolutions. 

Researchers in the materials science field are fascinated by the excellent luminescence 

properties of halide perovskites. Understanding the absorption and emission properties of 

halide perovskites is essential to advance their practical applications. The optical properties of 

halide perovskites are extensively investigated using UV-vis absorption and steady-state 
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Figure 1.5. Characterization of halide perovskites. (A-D) TEM images showing different 

shapes and sizes of CsPbBr3 PNCs. (E, F) SEM images of MAPbI3-x Clx mixed halide 

perovskite films. Reproduced from (A, C) Dang et al.,64 (B) Wang et al.,65 (D) Shamsi et 

al.66 and (E, F) Heo et al.67 

 

fluorescence spectroscopic methods. Since halide perovskites absorb light from the UV-vis 

region to the near-infrared (NIR) region by engineering the halide composition, one can 

perform the bandgap tuning experiments by simple halide mixing or halide exchange 

reactions68,69 and monitor the change by UV-vis absorption and fluorescence analyses. For 

example, the blue emission and near UV absorption of CsPbCl3 can be shifted to green by 

treating with Br-, which further shifts to red by exchanging with I-. This halide exchange-

induced bandgap tuning of CsPbX3 and the corresponding absorption and photoluminescence 

(PL) spectra are shown in Figure 1.6A. The uniform size distribution of PNCs could be 

recognized with excitonic absorption band edges. The aggregates of PNCs and bulk crystals 

result in light scattering in the absorption spectra. The halide perovskites absorption edges are 

blue-shifted relative to their emission maxima, providing a few to a few tens’ nanometer stokes-

shift.70,71 

The atomic and molecular structures of the materials are widely studied using X-ray 

diffraction (XRD) analyses.72 The halide perovskite crystal phases are realized by both powder 

XRD and single-crystal XRD techniques. Generally, halide perovskites are tetragonal at room 

temperature, and other crystal phases are observed at low and high temperatures.73 For example, 

A  

 D

 

F

20 nm

20 nm 1 µm
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the high-temperature synthesis can result in the cubic-phase perovskites, whereas the 

orthorhombic phase is achieved in low-temperature experiments. The different crystal phases 

of halide perovskites are broadly studied by XRD analyses. The XRD patterns of CsPbX3 PNCs 

and mixed halide perovskites are represented in Figure 1.6B. The elemental composition of the 

  

 

Figure 1.6. Characterization of halide perovskites. (A) Absorption and PL spectra of 

CsPbX3 (X= Cl, Br, I) PNC solutions. (B) XRD patterns of CsPbX3 and mixed halide 

perovskite powders. (C) Energy-dispersive X-ray spectroscopy (EDS) mapping of 

CsPb1−xCdxBr3 and CsPb1−xZnxBr3 nanocrystals. Reproduced from (A, B) Protesescu 

et al.74 and (C) Der Stam et al.75 

 

halide perovskites are examined using EDS. For instance, as shown in Figure 1.6C, the 

elemental composition of CsPbBr3 doped with other divalent ions like Zn2+/Cd2+/Sn2+ resulted 

in the lattice contraction. Here the smaller ionic radii of the newly doped divalent cations helped 

 B

C
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in the lattice contraction, and EDS analyses confirm the doped ions. It is easy to disclose the 

elements' ratio in the crystal phase.76 All the cations to anions ratios present in the halide 

perovskite structures could be recognized using EDS. Hence, this technique is more efficient 

in developing novel perovskites doped with desired elements. The other properties like 

electronic and photoexcited states of halide perovskites are explored by using advanced 

characterization techniques such as time-resolved PL spectroscopy, transient absorption (TA) 

spectroscopy, and single-photon counting techniques. 

 

1.3 Properties of halide perovskites  

1.3.1 Bandgaps 

The band structures and the density of states substantially control the optical properties of 

halide perovskites. Hence it is necessary to explore their electronic structural disorders, 

dimensionality, and material composition to advance optoelectronic applications.77-79 The main 

optoelectronic properties of halide perovskite, including the charge carrier mobility, excited-

state lifetime, carrier recombination dynamics, and intrinsic carrier concentration, can be 

manipulated by controlling the structural framework. In halide perovskites, the conduction 

band minimum (CBM) is formed by hybridizing 6p-orbitals of Pb and s- and p-orbitals of 

halide. The valence band maximum (VBM) comprises 6p- and 6s-orbitals of Pb and s-and p-

orbitals of halide. By varying the halide composition, one can easily tune the bandgap of these 

materials. For example, the change in the halide from Cl to Br and Br to I increases the 

contribution of the halide p-orbitals to the VBM.  Dynamically, this contribution favors the 

orbital mixing between the Pb s-orbital and halide p-orbital to a considerable extent.80 This 

increase in the contribution of halide p-orbitals lowers the optical band-gap energy in the order 

of Cl > Br > I. The band-edge states of lead halide perovskites are represented in 1.7A.  

In general, the direct band-gap nature of halide perovskites is a deep-rooted concept, but 

the noncentrosymmetric lattice recently suggests Rashba or Dresselhaus band splitting in 

halide perovskites.81 Quantum confinement in halide perovskites is generally tiny, and also, 

when the electron-hole exchange interaction becomes predominant, one obtains an exciton 

state like 0 or 1 J values, and this is mainly due to the Rashba effect, or inversion symmetry 

breaking. The strong momentum-dependent interaction by the heavy nucleus of the lead is 

causing this spin-orbital coupling, splitting the exciton states into singlet and triplet states.82 

According to the angular momentum projections of the Rashba effect, the band edge further 

degenerates into three triplet states, as shown in Figure 1.7B. The spin-orbital coupling in the  
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Figure 1.7. (A) Band-edge states of lead halide perovskites. (B) Spin-orbit coupling and the 

total angular momentum of the electron states. Reproduced from (A) Chouhan et al.3 and (B) 

Utzat et al.83 

 

lead halide perovskites is well-known for tuning the optical properties by manipulating the 

CBM. The constitution of both A-site and B-site cations and octahedral tilting play an 

important role in the electronic structure and optoelectronic properties.84 The PbX6 octahedra 

undergo tilting, depending on the corresponding A-site cation. For example, The Pb-X-Pb 

dihedral angle decreases from 180o to 163o or 153o by reducing the size of A-site cations from 

larger to smaller [CH(NH2)
2+ (FA) >CH3NH3

+ (MA)> Cs+], which results in the octahedral 

tilting. Figure 1.8 exhibits the octahedral structure of PbX6 without and with tilting the dihedral  

 

 

Figure 1.8.  Structural deformations in halide perovskites induced 

by the A-site cation size. Reproduced from Manser et al.91 

 

angle from 180o for FA+ to 163.6o for MA+ and 153.2o for Cs+. The orbital overlap between Pb 

and X is lowered due to the octahedral tilting, which mainly weakens the spin-orbital coupling. 

Hence, the contribution of Pb orbitals to the band-edge is considerably decreased. However, 

 B
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the octahedral tilting is not only size-dependent on the A-site cation but also changes the crystal 

phase. It is well established that changes in the temperature and pressure cause a series of phase 

transformations.85 Consequently, the optical properties are modified. The strongly quantum 

confined PNC structures such as two-dimensional nanoplatelets or nanosheets are expected to 

have large lattice distortions compared to the three-dimensional nanocubes, which result in 

blue-shifted absorption and emission spectral maxima.86  

 

1.3.2 Absorption and photoluminescence properties 

The optical properties of halide perovskites are widely studied using UV-vis absorption and 

fluorescence spectroscopic methods. The band-gap tuning, quantum confinement, and 

electronic transition of PNCs can be understood using these fundamental methods, which 

provide details about the absorption/emission-concentration relations as a function of the 

wavelength.87,88 Halide perovskites under UV light illumination undergo electronic transitions 

from the ground to the excited state, which consists of multiple vibrational and rotational 

transitions. The PL of halide perovskites can be tuned from the UV-vis to the NIR region by 

the quantum confinement effect and simple halide exchange reactions, as shown in Figure 

1.9A-C.  

 

 

Figure 1.9. Halide- and size-dependent bandgap tuning in halide perovskites: (A) colloidal 

CsPbX3 PNCs dispersed in toluene and taken under UV light. (B) PL spectra of mixed halide 

perovskites with FWHM 12-42 nm. (C) The corresponding UV-vis absorption and PL spectra. 

Reproduced from Protesescu et al.44 

 

A) B

C
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Classically, the Franck-Condon factor determines the electronic transition probability. 

According to the Franck-Condon principle, electronic transitions take place vertically in a 

potential well while maintaining the positions of the nuclei or the internuclear distance. Light 

absorption can be determined by a particular transition probability between the ground (S0) and 

the excited electronic states (S1). Electronic energy levels and vibrationally-coupled electronic 

transitions in simple molecules are models for understanding the absorption features of PNCs. 

The total energy of a molecule is given by 

 

E = kinetic energy + potential energy 

E = k + V;                                                                                                      (1.3) 

k = 
1

2
mx2; x is the position operator 

 k = 
1

2
mx2 = 

p2

2𝑚
                                                           (1.4) 

 or E = 
𝑝2

2𝑚
 + V                                (1.5) 

The quantum mechanical form of this equation in one dimension is  

 𝐸𝜓 = –
ℏ2

2m

∂2𝜓

∂x2 +  V𝜓                                       (1.6) 

The total energy is represented by the momentum operator −𝑖ℏ
𝜕

𝜕𝑡
 

 ∴−iℏ
∂

∂t
𝜓 = –

ℏ2

2m

∂2𝜓

∂x2  + V𝜓                            (1.7) 

For the particle in three dimensions, 

 −𝑖ℏ
𝜕

𝜕𝑡
𝜓 = –

ℏ2

2𝑚
 𝛻2𝜓 +  V𝜓                                          (1.8) 

This particle in a box behaves like a wave. The corresponding de Broglie wavelength is   

= 
ℎ

𝑝
                                                                                                               (1.9)                                                    

The probability of finding the particle in the box is determined by the wave's amplitude, which 

is zero at the walls of the box. Therefore, the box length must be integral multiples of  

 Or L = 
𝑛

2
;  = 

ℎ

𝑝
                                             (1.10) 
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 ∴E = 
ℎ2

8𝑚

𝑛2

𝐿2                                                 (1.11) 

Equation (1.11) defines the vibrational states in a potential well (Figure 1.10) or the 

electronic state of a molecule. 

 

 

Figure 1.10. A scheme of vibrational states in a molecule. 

 

Considering the molecule, a harmonic oscillator, the potential energy is  

 V = ∫ 𝑓𝑑𝑥
𝑥

0
=  ∫ 𝑘𝑥 𝑑𝑥

𝑥

0
 = 

1

2
𝑘𝑥2                                          (1.12)                                            

∴Equation (1.6) becomes  

 𝐸𝜓 = –
ℏ2

2𝑚
𝛻2𝜓 + 

1

2
𝑘𝑥2𝜓                                                                           (1.13) 

The oscillator takes the values 

 (V + 
1

2
) ℏ √𝑘/𝑚 with the selection rule ∆V =±1 

Therefore, an electronic excitation (for v to v’ states) by the absorption of a photon is 

represented by the energy change 

 ∆E = h𝜈 = (v + 
1

2
) ℏ √𝑘/𝑚 - (v’ + 

1

2
) ℏ √𝑘/𝑚                                        (1.14) 

During such excitation by the absorption of a photon, the angular momentum or the spin is 

conserved. Therefore, the total angular momentum J changes by  ∆
𝐽

→ =±1. Also, from the 

initial (𝑖) state to the final. 
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 ｜𝐽𝑖 + 1｜ > |𝐽𝑓| > |𝐽i − 1| 

The selection rule for angular momentum change is ∆𝐽 = 0, ±1 

The rate of absorption of photons for the following transitions (Figure 1.11) between the two 

states E1 and E2 is  

 

Figure 1.11 A scheme of electronic excitation and relaxation. 

 

 𝐵12 =  
2303

ℎῡ𝑁
∫ ℰ𝑑ῡ                                                     (1.15) 

Where 𝑁 is the Avogadro number, ℰ is the molar extinction coefficient, and 𝑑ῡ is the transition 

bandwidth. The intensity of transition is defined in terms of the oscillator strength f, 

 𝑓 =
𝑚𝑒ℎ𝑐2ῡ

𝑒2  𝐵12                                             (1.16) 

Where me is the reduced electron mass. 

 ∴𝑓 =
2303 𝑚𝑒𝑐2

𝑁𝑒2 ∫ ℰ𝑑ῡ
ῡ2

ῡ1
                                                                             (1.17) 

The intensity of lines, also called the molar absorption coefficient, is given by the overlap 

integral between the electronic and vibrational wave functions in the initial and final states. 

The overlap integral is called the Franck-Condon factor. 

A simplified Jablonski diagram for an electronic excitation from the ground (S0) to the excited 

(S1) states is shown in Figure 1.12. The intensity of lines (< 𝜇 >) for the excitation or transition 

in Figure 1.12 is given by the sum of the transition dipole moments of individual atoms. 

 < 𝜇 >  =  < 𝜓𝑆1
|𝜇̂|𝜓𝑆0

>                                        (1.18) 

Where 𝜓𝑆1
 and 𝜓𝑆0

 are the total amplitudes of the active modes (wave functions) in the excited 

(S1) and the ground (S0) states, and 𝜇̂ is the dipole moment operator. Considering the electronic 

(𝜓𝑒) and nuclear (𝜓𝑁) wave functions, 

 

E2

E1

B12 B21 A21
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Figure 1.12. A simplified Jablonski diagram and an electronic excitation. 

 

 𝜓𝑆1
= 𝜓𝑒𝑠1

𝜓𝑁𝑠1
                                                                                          (1.19) 

 𝜓𝑆0
= 𝜓𝑒𝑠0

𝜓𝑁𝑠0
                                                                                          (1.20) 

Also, the dipole moment operator is separated into the electronic and nuclear components. 

 Or 𝜇̂ = 𝜇̂𝑒+𝜇̂𝑁                                                                                             (1.21) 

 ∴ < 𝜇 >  =  < 𝜓𝑒𝑠1
𝜓𝑁𝑠1

|𝜇̂𝑒+𝜇̂𝑁|𝜓𝑒𝑠0
𝜓𝑁𝑠0

>                                        (1.22) 

Here 𝜓𝑒𝑠1
 𝜓𝑁𝑠1

 and 𝜓𝑒𝑠0
𝜓𝑁𝑠0  are complex conjugates. Therefore, by separating the conjugates, 

< 𝜇 >  =  < 𝜓𝑒𝑠1
𝜓𝑁𝑠1

|𝜇̂𝑒|𝜓𝑒𝑠0
𝜓𝑁𝑠0

> + < 𝜓𝑒𝑠1
𝜓𝑁𝑠1

|𝜇̂𝑁|𝜓𝑒𝑠0
𝜓𝑁𝑠0

>                         (1.23)  

However, the nuclear dipole moment depends only on the nuclear wave function. Similarly, 

the electronic dipole moment depends only on the electronic wave function. Therefore, 

equation (1.23) becomes, 

 < 𝜇 >= < 𝜓𝑁𝑠1
|𝜓𝑁𝑠0

>< 𝜓𝑒𝑠1
|𝜇̂𝑒|𝜓𝑒𝑠0

> + 

  < 𝜓𝑒𝑠1
𝜓𝑒𝑠0

>< 𝜓𝑒𝑠1
|𝜇̂𝑁|𝜓𝑒𝑠0

>                         (1.24)  

Also, the solutions to the Schrödinger equation for the ground and excited states form 

orthonormal sets. 

 i.e., < 𝜓𝑒𝑠1
|𝜓𝑒𝑠0

>=0                                                                                 (1.25) 
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 ∴ < 𝜇 >  =  < 𝜓𝑁𝑠1
|𝜓𝑁𝑠0

> < 𝜓𝑒𝑠1
|𝜇̂𝑒|𝜓𝑒𝑠0

>                                    (1.26) 

 

Here, < 𝜓𝑁𝑠1
|𝜓𝑁𝑠0

> is the vibrational overlap between the states in S1 and S0. It is called the 

Franck-Condon factor. The second term < 𝜓𝑒𝑠1
|𝜇̂𝑒|𝜓𝑒𝑠0

> is the intensity factor. 

Nanoscale structures of the halide perovskites with many surface ligands show several 

vibrational transitions and inhomogeneities of vibrations. However, the rigid lattice structure, 

high state density, and halide perovskites' direct bandgap nature result in smooth absorption 

spectra with intense bands.  

The optical properties of the halide perovskites can also be realized using fluorescence or 

PL spectroscopy. Before exciton relaxation (radiative or non-radiative) in a photoexcited halide 

perovskite, thermal relaxation takes place to the lowest vibrational level of the excited state. 

Conversely, lattice vibrations cause internal conversion in PNCs. It is well known that a 

photoexcited PNC relaxes from the lowest unoccupied molecular orbital (LUMO) or the 

conduction band minimum to the highest occupied molecular orbital (HOMO) or the valence 

band maximum within 10-10~10-8 s, preserving the electron spin. Spin forbidden transitions in 

some materials or molecules follow intersystem crossing to release phosphorescence. The 

phosphorescence relaxation occurs in about 10-7~10-4 s. Various relaxation processes of a 

photoexcited molecule can be represented in the Jablonski diagram in Figure 1.13. 

 

 

Figure 1.13. A simplified Jablonski diagram showing photoexcitation and relaxation 

processes for molecular systems. 
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The fluorescence quantum efficiency (𝜙𝐹)  and lifetime (𝜏𝐹)  are the main characteristics 

of fluorescence. Also, the electronic properties of PNCs can be understood from the shapes of 

the fluorescence and absorption spectra and Stokes shifts. The steady-state and time-resolved 

fluorescence methods are the two well-known techniques for measuring PL spectra, estimating 

𝜙𝐹, and 𝜏𝐹 values. 𝜙𝐹 is the ratio of the number of emitted photons to the number of absorbed 

photons. Like a photoexcited chromophore, a PNC relaxes to the lowest vibrational level of the 

excited state, followed by radiative or nonradiative relaxations. The nonradiative paths lower 

the 𝜙𝐹 value. Overall, vibrationally-coupled electronic relaxations and defect- or charge-

assisted nonradiative relaxation lower the 𝜙𝐹 value. 

Relative fluorescence spectral measurements of a reference and a sample solution help 

calculate the 𝜙𝐹  value using the following equation 

 

 𝜙𝐹 =  𝜙𝑅 ×  
𝐴𝑅

𝐴𝑆
×  

IFS

IFR
 × (

µ𝑆
2

µ𝑅
2 )                                      (1.27) 

 

where, 𝜙𝑅 is the fluorescence quantum yield of the reference such as a laser dye, AR and AS 

are the absorbencies of the reference and the sample at the excitation wavelength selected for 

fluorescence spectral measurements, IFR and IFS are the integrated fluorescence intensities of 

the reference and the sample, and 𝜇𝑅 and 𝜇𝑆 are the refractive indices of the solvent in which 

the reference and the sample are dissolved. I estimated the 𝜙𝐹 values of PNC samples by this 

relative method using fluorescein as the reference. 

The fluorescence quantum yield of a PNC is also related to the 𝜏𝑓 value, which is the mean 

lifetime of the excited state. The general relationship between the fluorescence intensity and 

the lifetime is  

 

  𝐼 =  𝐼0 𝑒−𝑡/𝜏𝐹                        (1.28) 

 

Where I is the intensity at time ‘t’ and I0 is the absolute fluorescence intensity. The absolute 

lifetime (𝜏0), the value when there is no nonradiative process competing with radiative 

relaxation of a species is related to the measured lifetime (𝜏𝐹) and the 𝜙𝐹 values by  

 

  𝜙𝐹  =
𝜏𝐹

𝜏0
                                                                                                     (1.29) 
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Also, the lifetime is the inverse of the relaxation rate. Therefore, 

 

  𝜏0 =  
1

𝑘𝑟
                                                             (1.30) 

  𝜏𝐹 =  
1

𝑘𝑟 + 𝑘𝑛𝑟
                                                   (1.31)           

 ∴𝜙𝐹=
1

𝑘𝑟 + 𝑘𝑛𝑟
÷

1

𝑘𝑟
=

𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟
                                                                    (1.32)   

 

Where 𝑘𝑟  and 𝑘𝑛𝑟 are the rates of radiative and nonradiative relaxations of an excited PNC. 

The Stokes shift (equation 1.33) in the absorption-emission spectra shows the difference in the 

0-0 transitions. 

 

Stokes shift = 107 (
1

𝜆𝑒𝑥
−

1

𝜆𝑒𝑚
)                                                                                            (1.33)      

 

Stokes shift values are related to the energy dissipated by the excited state relaxation. A 

physical picture of Stokes shift is the difference in wavelengths between the absorption and 

fluorescence spectral maxima. The direct bandgap nature of halide perovskites results in small 

Stokes shift values. 

 

1.3.3 Charge carrier properties  

The precise knowledge of the charge carrier properties of halide perovskites is significantly 

important to advancing photovoltaic and optoelectronic applications. Halide perovskites are 

well known to exhibit long charge carrier lifetimes, high charge carrier mobility, and long-

range carrier diffusion. The photoexcited excitons get converted into hot charge transfer states 

that dissociate into free charge carriers in about 1 ps or less by charge transport.89,90 Numerous 

charge carrier lifetimes have been reported for halide perovskites. In particular, the electron 

quantum distribution, dielectric screening, exciton binding energy, exciton diffusion, etc., play 

a significant role in defining the lifetime (Figure 1.14A).  

Closely packed PNC films induce large dielectric constants and low exciton binding energies. 

The electron mean-free path in halide perovskites is generally 10 to 30 nm, and electron 

delocalization and hole localization can occur. According to the high-resolution STEM/TEM 

images, the inter PNC distance in a film is about 1.6 nm, which is in the order of the ligand 

length (oleic acid/oleyl amine). The early excitons split into free carriers, and their migration 

lowers the recombination rates (Figure 1.14B). Thus, understanding the diffusion of  
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Figure 1.14. Time-resolved PL decays of (A) a mixed halide perovskite and (B) a FAPbBr3 

PNCs film. (C) Various carrier diffusion lengths for CH3NH3PbI3. (D) Statistics of the depth-

dependent diffusion coefficients in MAPbBr3 single crystals. Reproduced from (A) Stranks et 

al.92 (B) Nair et al.76 (C) Manser et al.91 (D) Stavrakas et al.93 

 

charge carriers in close-packed PNC films is more important to lowering the recombination 

rates. Thermal energy (kBT)91 contributes considerably to the carrier diffusion in halide 

perovskites. By knowing the charge carrier lifetime (τ) and diffusion coefficient (D), we can 

calculate the diffusion length (LD) using,   

 

LD = τD                                                                                                                         (1.34)  

 

According to Einstein relation, the field-free diffusion can be directly related to the carrier 

mobility (μ) 

A B

C D

Time (s)
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μ = Dq/kBT                                                                                                             (1.35) 

 

where q is the electronic charge, kB is Boltzmann’s constant, and T is temperature. 

We can estimate LD using eq by determining the charge carrier lifetime and diffusion 

coefficient or mobility. 1.34. Halide perovskite's time distribution can be explained by the time-

dependent partial differential equation. 

 

∂n/∂t = D∇2n−k1n-k2n
2-k3n

3                                                                                                             (1.36) 

 

where, k1, k2, and k3 are the recombination processes, ∇ is Laplace operator, n is the carrier 

population, and D is the diffusion coefficient. Different charge carrier diffusion and 

recombination rates can be understood using the above equations. Figure 1.14C demonstrates 

the calculated carrier diffusion length in CH3NH3PbI3. 

The charge carrier recombination in halide perovskites can be explained by a differential 

equation 1.37, 

 

dn/dt = -k3n
3-k2n

2-k1n                                                                                           (1.37) 

 

where n is the concentration of total charge carriers. 

For understanding the carrier diffusion pathways, it is necessary to estimate the diffusion 

coefficients. Defects in the crystals and local properties can significantly alter the diffusion 

coefficients. As shown in Figure 1.14D, a large dispersion of local diffusion coefficients 

ranging from 0.3 and 2 cm2s−1 has been reported for single crystals, depending on the trap 

density and the crystal morphology. The monomolecular,92 bimolecular,93 and Auger 

recombination94 rates depend mainly on carrier lifetimes, mobility, and diffusion lengths. Trap 

states influence the monomolecular recombination rate. However, the small exciton binding 

energies in thin films make fewer contributions to the excitonic recombination. It is well 

established that the exciton recombines with a trap in the bandgap. Therefore, the number of 

trap states in a perovskite crystal is directly attributed to the monomolecular recombination 

rates. 

In the case of bimolecular recombination, the charge carriers are influenced by the halide 

and B-site cation compositions.95 This process is dominant at moderate charge carrier density. 

Radiative recombination is the dominant relaxation pathway when the trap state concentration 
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is low. Moreover, the Auger-assisted recombination in perovskite dominates at high-intensity 

excitations and high charge carrier concentrations. In general, the free carriers in low-mobility 

systems favor Langevin recombination, which occurs when excitons are inside their joint 

Coulombic radius. This recombination mechanism is completely different from the 

bimolecular recombination rate in halide perovskites. Therefore, the non-Langevin bimolecular 

recombination in halide perovskites indicates high carrier mobility, which lies between 1 to 10 

cm2 V-1 s-1.3,8,93 

 

1.3.4 Photoluminescence blinking  

The stochastic PL fluctuations in halide are commonly referred to as PL blinking.97 The 

photoexcited state properties of single PNCs have been widely investigated in terms of PL 

blinking. This PL blinking is one of the most critical issues for efficiently capturing generated 

carriers. The bright state in the PNC blinking is the ON state, and the dark state is the OFF state 

(Figure 1.15A). At first, two types of blinking mechanisms were reported by Galland et al.98 

for chalcogenide quantum dots. Later, similar mechanisms were assigned to perovskite 

nanocrystals. The two mechanisms, A- and B-type blinking, help understand the PL blinking 

response in PNCs: i) the charging-discharging model (type-A)99 and ii) activation-deactivation 

of nonradiative recombination centers (type-B)100 to explain the ON/OFF events. The charged 

state can initiate a nonradiative Auger recombination process in type-A blinking via the flow 

of exciton energy to a third carrier (either an electron or a hole). In type-B blinking, shallow 

surface traps in PNCs, also called multiple recombination centers, undergo random activation 

and deactivation, causing a constantly changing nonradiative recombination rate and the band-

edge carrier blinking. These PL blinking mechanisms are represented in Figure 1.15B, C.  

 

1.3.5 Photoluminescence enhancement  

It is well established that the optical and charge carrier properties of halide perovskites enhance 

by coupling with the surface plasmon. The surface plasmonic property is predominantly 

observed in noble metallic NPs such as Au, Ag, Pt, Al, and Cu. By coupling PNCs with 

plasmonic NPs and elucidating exciton-plasmon interactions, perovskite-based plasmonic and 

photonic applications can be developed. For example, Fangying et al.103 used Au 

nanooctahedrons with a broadband localized surface plasmon resonance (LSPR) peak in a 

perovskite solar cell device and reported an increased power conversion efficiency from 16.95 

to 19.05%. Shi et al.104 constructed coaxial core/shell PNCs embedded on an Au NP film as a 

LED with a 155% spontaneous emission rate. Hsieh et al.105 achieved an ultralow lasing  
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Figure 1.15. (A) A PL intensity trajectory of single CsPbBr3 PNC with different (B) 

recombination mechanisms. (C) A scheme describing the type-A and type-B blinking 

mechanisms. Reproduced from (A, B) Ahmed et al.96 and (C) Mulvaney et al.117 

 

threshold (1.9 W cm−2) at 120 K in the Ag nanocube/CsPbBr3 PNC/Al2O3/Au system by the 

plasmonic gap-induced localized Purcell enhancement. 

As shown in Figure 1.16A, finite-difference time-domain (FDTD) simulation is widely  

 

Figure 1.16. (A) Finite-difference time-domain (FDTD) simulation data of plasmon resonance 

enhancement of the local optical field. (B) A scheme of the plasmon-induced resonant energy 

transfer process. Reproduced from (A) Dong et al.101 (B) Huang et al.102 
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used to understand the electric field distribution in metal NPs and ‘hot spots’ for fluorescent 

NPs or chromophores coupled with plasmonic NPs. The resonant energy transfer process 

(Figure 1.16B) gives rise to strong PL enhancement for PNCs coupled with LSPR, which 

results in an increased radiative decay rate.106 This fast radiative decay shortens the excited 

state lifetime of fluorophores. Differences in PL lifetimes and PL intensities can vary from 

PNC to PNC, depending on the spatial geometry between PNCs and plasmonic cavities.  

 

1.4 Applications of halide perovskites 

1.4.1 Solar cells 

Due to the excellent photovoltaic properties, such as large absorption cross-sections, wide and 

tunable bandgap, long-range charge carrier diffusion, and high PL quantum yield, halide 

perovskites have become an intense research subject for solar cells.3,6,45 Today, halide 

perovskites are the most active semiconductor for solar cells. The rapid advances in the 

perovskite solar cell (PSC) technology are mainly due to their simple solution-processed 

preparation of high-quality thin films, the direct bandgap nature, high charge carrier mobility, 

and low Urbach energy. Halide perovskite-based solar cell was first reported by Miyasaka et 

al. in 2009.107 They constructed a dye-sensitized solar cell using a hybrid organic-inorganic 

perovskite layer as the light absorber and reported ca 3.8% power conversion efficiency. This 

opened up the halide perovskites solar cell field. Although Miyasaka et al. showed the 

importance of halide perovskite to solar cells, the initial stability and the power conversion 

efficiency were poor. In 2012 Snaith et al.108 introduced mesostructured perovskite solar cells 

made from TiO2 and spiro-OMeTAD as the n-type and p-type materials, respectively. The 

fabricated solar cell showed efficiencies as higher as 8% and more interestingly, by replacing 

the mesoporous TiO2 with Al2O3, they improved the power conversion efficiency to 10.9%. 

Thus, halide perovskites became the front runners among photovoltaic materials under 

investigation, lifting the power conversion efficiency to 25% or more.  

Generally, the PSC’s working principle is based on photoinduced charge generation via 

light absorption. The confinement and harvesting of such charge carriers are challenging. For 

this purpose, researchers have tested several electrons (ETL) and hole-transporting (HTL) layer 

materials by sandwiching the perovskite layer between them to extract the charge carriers to 

the external circuit. Such a PSC device architecture is shown in Figure 1.17A. The selection of 

an ETL material is based on the LUMO levels of the perovskite and the electron-accepting 

layer. Also, the HOMO levels of perovskite and the HTL material need careful consideration.  
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Figure 1.17. (A) A perovskite solar cell structure and (B) energy levels of various ETL, HTL, 

perovskites, and electrode materials. (C) Carrier diffusion dynamics in PSC. Reproduced from 

(A, B) Chouhan et al.3 and (C) Hedley et al.109
 

 

The most common ETL in PSCs is TCNB, TCNQ, TiO2, C60, [6,6]-phenyl C61 butyric acid 

methyl ester (PCBM-C61), or PCBM-C71.
23,44 

The HTL materials include poly (3-hexylthiophene) (P3HT) and poly (3,4-ethylene 

dioxythiophene) polystyrene sulfonate (PEDOT: PSS), and 2,2’,7,7’-tetrakis (N,N-di-p-

methoxyphenylamine) 9,9’-spirobifluorene (spiro-OMeTAD) are commonly used in solar cells. 

The energy levels of various HTL, ETL, perovskite, and electrode materials are represented in 

Figure 1.17B. The HTL and ETL layers facilitate the charge collection from the perovskite 

layer and improve the charge turnover cycle in the PSCs. However, the fabricated perovskite 

thin films can agglomerate upon annealing and become thermodynamically unstable, which 

lowers the interfacial charge separation efficiency. Thus, the solution-processed perovskite 

thin-film fabrication requires more attention to prepare uniform films and interfacial 

heterostructures. For example, Snaith et al.110 demonstrated the importance of film morphology 

in PSC devices by carefully controlling the solution processing techniques. They show the 

highest photocurrent attainability and high-power conversion efficiency with the highest 

perovskite film surface coverages.  

Besides the charge separation and morphological issues, precise knowledge of charge 

carrier diffusion within each layer is crucial for optimizing the PSC efficiency. It is well known 

A

B
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that carrier losses can occur at the interface (Figure 1.17C), such as radiative or non-radiative 

geminate recombination, non-geminate recombination, and the relaxation of excitons that fail 

to diffuse to and separate at the interface. Therefore, donor-acceptor heterojunctions and 

interfaces need further exploration to understand interfacial carrier diffusion and carrier 

capturing efficiencies. For example, Stranks et al.111 reported the electron-hole diffusion length 

exceeding 1 µm for a mixed halide perovskite. They performed transient absorption and PL 

quenching measurements to calculate the electron-hole diffusion lengths, carrier lifetimes, and 

the diffusion coefficients for CH3NH3PbI3-x Clx mixed halide and CH3NH3PbI3 perovskites in 

the PSC devices.  

 

1.4.2 Light-emitting diodes 

The LEDs require a narrow and tunable emission material and intrinsically high 

electroluminescence (EL) quantum yield. These properties commonly observed in halide 

perovskites make them ideal candidates for LEDs. Recently, perovskite-based LEDs (PeLEDs) 

are emerging as next-generation displays. PNCs have become superior light emitters in 

PeLEDs, and the certified efficiency exceeds 20%.112 However, controlling the size and 

composition of PNCs, internal and surface defect passivation, doping, and alloying of halide 

perovskites are necessary to improve the device efficiency. Also, device fabrication needs 

additional efforts, including external quantum efficiency (EQE) and optimization methods, 

interfacial engineering, and bandgap engineering. Historically, PeLEDs are fabricated using a 

perovskite as an active layer, sandwiched between an ETL and an HTL to confine and inject 

charge carriers. In a typical device, electrons and holes are injected from the anode and cathode 

through the ETL and HTL into the active layers resulting in inter-band radiative recombination 

EL emission.  

In 2014, Friend et al.114 fabricated PeLEDs for the first time. They used solution-processed 

CH3NH3PbI3–xClx perovskite and demonstrated the PeLED by tuning the halide composition to 

generate visible and NIR EL. In this typical device fabrication, a 15 nm layer of perovskite was 

sandwiched between a TiO2 and poly(9,9′-dioctylfluorene) layers; 0.76% EQE and 3.4% 

internal QE were reported. Figure 1.18A demonstrates a PeLED device architecture, and the 

corresponding EL spectra at different voltages are shown in Figure 1.18B.  
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Figure 1.18. (A) A perovskite LED structure and (B) EL spectra of the PeLED at different 

applied voltages. Reproduced from Ochsenbein et al.113 

 

1.4.3 Photodetectors 

Along with PSCs and PLEDs, halide perovskites are broadly extended as a light absorber in 

photodetectors (Figure 1.19).115,116 Over the years, three different perovskite photodetector 

(PPD) device architectures have been developed: planar heterojunction, phototransistor, and 

metal-semiconductor-metal. Generally, the planar heterojunction PPDs are constructed by 

sandwiching a perovskite layer between an ETL and HTL. For example, Dou et al.116 

constructed a solution-processed PPD using the CH3NH3PbI3-xClx hybrid perovskite as an 

active layer. They demonstrated a device using PEDOT:PSS and PCBM layers, which operate 

at room temperature. The device showed high efficiency for detecting weak signals as low as 

1014 Jones. Also, a linear dynamic range of over 100 decibels, a fast photo response with 3 

decibels, and a bandwidth up to 3 MHz were reported for this PPD. Thereafter, PPDs are widely  

 

 

Figure 1.19. (A) A perovskite photodetector structure, and (B) the energy levels 

of perovskite photodetector under a reverse bias. Reproduced from Dou et al.116 
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investigated because of their prominent outputs, which are better than conventional organic 

photodetectors. The PPD device interface design and perovskite defect passivation and doping 

are critical issues, similar to PSCs and PeLEDs. Such a device architecture is represented in 

Figure 1.19A, along with the energy levels of a PPD under a reverse bias (Figure 1.19B). Metal-

semiconductor-metal configuration is another simple PPD device, including a perovskite 

absorber layer and electrodes. In this case, the photogenerated electrons and holes separate and 

are transported through the perovskite layer. Such an architecture allows one to investigate the 

properties of active perovskite layers. 

 

1.5 Research motivation and objectives 

The most appealing properties of halide perovskites, including solution processability, tunable 

emission wavelengths, high photoluminescence quantum yields, and high photostability, made 

them the current most actively investigated semiconductor materials today. Their outstanding 

optical properties, low Urbach energy, minimal Stokes shift, high charge carrier mobility, and 

long carrier diffusion lengths have led to lightning advances in photovoltaic and optoelectronic 

technologies. While the generation of excitons and their splitting into free charge carriers are 

very crucial for solar cells, the confinement and harvesting of such charge carriers in perovskite 

nanocrystal assemblies and single PNC remain largely concealed. The charge carrier diffusion 

in halide perovskite single crystals and films motivated me to develop closely-packed self-

assembled PNC films with electron acceptor heterojunctions and understand the interfacial 

electron transfer and charge carrier diffusion dynamics. To compare the carrier/exciton lifetime 

and electron transfer rates of perovskite films with isolated PNCs, I investigated the exciton 

lifetime and electron transfer dynamics at single-particle levels. Also, to enhance the 

photoluminescence intensities and improve the excitation-emission cycle in single PNCs, I was 

motivated to interface PNCs with the surface plasmon resonance of Au nanoparticles. 
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Chapter 2 

Experimental 

 

This chapter details the materials, samples, distinct experimental procedures, and 

instrumentation techniques in this thesis. A brief overview of the chemicals and materials is 

followed by the perovskite nanocrystal synthesis and their characterization. I employed hot 

injection, ligand-assisted reprecipitation, and modified spray techniques to synthesize CsPbBr3, 

MAPbBr3, and FAPbBr3 nanocrystals. These methods provided narrow and uniform size 

distributed perovskite nanocrystals. The synthesized perovskite nanocrystals dispersed in 

toluene were processed into single-particle samples or thin films by drop-casting, spin-coating, 

or spray techniques. Au nanoparticle films were prepared by sputter-coating. The scanning 

transmission electron microscopy, scanning electron microscopy, and a focused ion beam 

system was used to characterize the perovskite and Au nanoparticle sizes and perovskite film 

thicknesses. The steady-state UV-vis absorption spectroscopy was utilized to characterize the 

excitonic bands of the synthesized perovskite nanocrystals. The emission features were studied 

using steady-state and time-resolved techniques. The structural properties were analyzed by 

scanning transition electron microscopy. I used a single particle fluorescence 

microspectroscopy system with an EMCCD to understand the single-particle level exciton 

plasmon coupling and electron transfer. The exciton relaxation, plasmon coupling, and electron 

transfer dynamics of perovskite films were further analyzed using transient absorption 

spectroscopy. 
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2.1. Materials  

The following chemicals and materials were used as received for the experiments; halide salts 

[CsBr (>98%), MABr (CH3NH3Br, >98%), FABr (>98%), and PbBr2 (≥98%)] and oleic acid (>85%), 

and γ-butyrolactone (GBL, >99%) were from the Tokyo Chemical Industry. Hexadecyl amine (HDA, 

>95%), 1-hexadecene (>95%), 1-octadecene, dehydrated toluene (spectroscopic grade), dehydrated 

hexane (>99%), acetone, n-butanol (99%), and dehydrated N,N-dimethyl formamide (DMF, 

spectroscopic grade) were from the FUJI-film Wako Pure Chemicals, Japan. Cover glasses (24 

mm x 50 mm or 18 mm x 18 mm, thickness 0.13-0.17 mm) were from Matsunami. Fullerene (C60), 

TiO2, and cesium acetate were from Sigma-Aldrich, Japan.  

 

2.2. Methods 

2.2.1. Synthesis of lead halide perovskite nanocrystals 

Ligand-assisted reprecipitation method (LARP) 

Synthesis of MAPbBr3 PNCs 

The MAPbBr3 PNCs were synthesized by the LARP method.1,2 The precursor mixture was 

prepared by dissolving MABr (0.25 mmol), PbBr2 (0.27 mmol), hexadecyl amine (HDA, 0.19 

mmol), and oleic acid (80 μl) in dry N,N-dimethyl formamide (DMF, 1 mL) by continuous 

stirring at 80 oC (Figure 2.1).  The clear reaction mixture was later injected into a vigorously 

stirring toluene (50 ml). The reaction mixture turned green, gradually precipitated, and turned 

into an orange-yellow turbid solution during vigorous stirring for 15 min. The precipitated 

PNCs were centrifuged at 12,000 rpm for 5 min, and the clear supernatant was discarded.  To 

remove excess ligands, the residue was re-dispersed in toluene and washed with n-butanol.  

 

 

Figure 2.1. A scheme of MAPbBr3 PNC synthesis by the LARP method. 

 

Toluene

80 0C

MABr, PbBr2, 

HDA and oleic 

acid
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Synthesis of FAPbBr3 PNCs 

A modified LARP technique was employed to synthesize the FAPbBr3 PNCs.3,4 At first, the 

ligand mixture, including oleic acid and octylammonium bromide, was dissolved in 1-

octadecene at 80 oC under constant stirring. Similarly, the precursor mixture (FABr and PbBr2) 

was dissolved in dry N,N-dimethyl formamide. Precursors, ligands, and solvents in the 

synthesis are summarized in Table 2.1. Later, the clear precursor solution was injected (Figure 

2.2) into the vigorously stirring ligand mixture at 80 oC, and immediately, the reaction mixture 

turned into a bright orange solution. Precipitation of PNCs was carried out by adding the 

acetone-hexane mixture of a 1:2 ratio. The excess precursors and ligands in the above reaction 

mixture were separated by centrifuging at 10000 rpm for 3 min. The purified PNCs were 

dispersed in toluene and centrifuged at 4000 rpm, and the supernatant was stored for further 

studies. 

 

 

Figure 2.2. A scheme of FAPbBr3 PNC synthesis by the LARP method. 

 

Table 2.1 The amounts of precursors in the LARP synthesis of MAPbBr3 and FAPbBr3 PNCs 

Samples Precursors mmol (mg) 

MAPbBr3 MABr 0.25 (28.2)  

PbBr
2
 0.27 (100) 

HDA 0.19 (46) 

FAPbBr3 FABr 1 (100)  

PbBr
2
 1 (367) 

Octylammonium 

bromide 

0.6 (126) 

 

FABr and PbBr2

in DMF

[CH₃(CH₂)₇]₄N Br, oleic acid,

octadecene
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Hot-injection techniques  

Synthesis of CsPbBr3 PNCs  

A traditional hot-injection method was used to synthesize CsPbBr3 PNCs.5-8 All the precursors 

were dried under vacuum at 120 oC in two separate round bottom flasks. The first flask 

contained lead bromide, oleic acid, and hexadecyl amine dissolved in 1-hexadecene. A cesium 

oleate solution was prepared in another flask by reacting cesium acetate with oleic acid at 120 

oC. The amounts of precursors in the synthesis are indicated in Table 2.2. While drying under 

vacuum, argon was flushed alternately every 15 min for 1 hr. The temperature of the first flask 

was raised to 170 oC under an argon atmosphere after the complete dissolution of the salts. 

Later, the prepared cesium oleate was injected into the above hot solution at 170 oC (Figure 

2.3). 

 

Figure 2.3. A scheme of CsPbBr3 PNC synthesis by the hot-injection technique. 

 

Immediately, the reaction mixture turned into a green-colored solution, and it was placed in an 

ice-water bath. The precipitated PNCs were washed using hexane and centrifuged at 12000 

rpm for 3 min. The obtained residue was re-dispersed in toluene and stored for further studies.  

 

Table 2.2 Amounts of precursors in the hot-injection synthesis of CsPbBr3 PNCs. 

Samples Precursors mmol (mg) 

CsPbBr3 CsAc 0.15 (28.8)  

PbBr
2
 0.56 (207) 

HDA 4.56 (1101) 

 

 

 

 

Vacuum/Argon Vacuum/Argon Argon

120 oC 120 oC 180-200 oC

PbBr2, oleic acid, 

HDA, 1-hexadecene

CsAc

oleic acid

Ligand mixture

PNCs
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Modified spray techniques 

Synthesis of MAPbBr3 PNCs without ligands  

To avoid the ligand-induced agglomeration of single PNCs, I prepared MAPbBr3 PNCs without 

ligands (W-PNCs) using a modified spray technique.9 MABr (0.5 M) and PbBr2 (0.5 M) were 

dissolved in DMF (1 mL) to form a precursor complex. This complex solution was later poured 

into a glass vial with a spray cap (5 mL) containing γ-butyrolactone (GBL, 1:1, v/v ratio). This 

suspension was sprayed onto a substrate or an Au-coated glass under the ambient atmosphere 

(Figure 2.4). To reduce the size of the droplets, the distance between the spray bottle and the 

substrate was maintained at ~ 10 to 15 cm. The crystallization took place in seconds with a 

uniform size distribution of PNCs.  

 

 

Figure 2.4. A scheme of MAPbBr3 PNC synthesis by the spray technique. 

 

2.2.2. Preparation of nanocrystal thin films  

I used a spin-coating technique to prepare the PNCs thin film.10,11 A scheme of PNCs film 

preparation by a spin-coating method is shown in Figure 2.5. The sequential deposition of a  

 

 

Figure 2.5. A scheme of PNC thin film preparation by the spin-coating technique. 

MABr and PbBr2

dissolved in DMF:GBL (1:1, v/v)

PNCs dispersed 
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PNCs dispersed 
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Closely packed self-assembled film

Glass slide
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PNC solution (dispersed in toluene, 1 mg mL-1) on a glass substrate under constant spinning 

speed gave a closely packed perovskite thin film with uniform surface morphology, which is 

attributed to ligand-assisted self-assembling. Thus, PNCs in the films prepared from 1 mg/mL 

PNC solutions for PL studies are expected to self-assemble with the interparticle distance 

determined by the inter-penetrating oleic acid ligands.  

 

2.2.3. Preparation of electron donor-acceptor heterojunction films  

The heterojunction films of PNCs-C60 or PNCs-TiO2 were prepared by the spin-coating or 

drop-casting technique. At first, the PNC thin-film with uniform morphology was obtained by 

the spin-coating method. One-half of a prepared PNC thin film was overlaid with high-density 

C60 by a drop-casting method. In the case of PNCs-TiO2, I spin-coated the TiO2 solution in 

ethanol on a glass substrate and annealed it to obtain a thin film with uniform thickness. Later 

one-half of the TiO2 film was overlaid with a PNC solution by a drop-casting method.  

 

2.2.4. Single-particle samples  

The PNC samples for single-particle studies were prepared by a drop and drag method.12,13 The 

PNC solution (10 µL, dispersed in toluene, 1 mg mL-1) was diluted 100 times and dropped onto 

a glass coverslip. Immediately, the drop casted solution was dragged using a Whatman lens-

cleaning paper. I controlled the density of the particles at 60-80 particles per 100 µm2 area 

using this drop and drag technique. To avoid the ligand-induced agglomerations, I sprayed the 

precursor mixture on glass or Au-coated glass substrates.  

 

2.2.5. Preparation of Au nanoparticle films  

Figure 2.6 shows the scheme of Au NP film sputter-coating. Here, the excitons generated in  

 

 

Figure 2.6. A scheme of Au NPs film preparation by magnetron sputtering. 
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perovskites were coupled with localized surface plasmon resonance (LSPR) of Au NPs. Au NP 

films were prepared by magnetron sputtering on the 25×50 glass coverslip for 7 s (100 V, 4 Pa, 

Figure 2.6). I obtained blue color Au plasmonic films with ca. 5 nm thick and ca. 8 nm long 

Au NPs.  

 

2.3. Instrumentation 

2.3.1 UV-vis spectrophotometry 

To understand the excitonic properties of the PNCs, I characterized them using a UV-vis 

absorption spectrophotometer (Evolution 220, Thermo Fischer Scientific). The schematic 

representation of the spectrophotometer used in this study is shown in Figure 2.7. In this thesis,  

 

 

Figure 2.7. A scheme of a single-beam UV-vis absorption spectrophotometer. 

 

I recorded the absorption of colloidal solutions of PNCs diluted in toluene from 350 to 700 nm. 

When the excitation light shines on the PNCs in toluene, the PNCs are electronically excited 

from the ground (VBM) to the excited state (CBM). The absorption spectrometer works based 

on the principle of Beer-Lambert's law: A= ɛcl, where ‘ɛ’ is the molar extinction coefficient 

(M-1 cm-1), ‘c’ is concentration and ‘l’ is the path length. Typically, the spectrophotometer has 

four components: a light source, a monochromator, a sample holder, and a detector associated 

with the readout system. The combination of hydrogen or a deuterium lamp and a tungsten 

lamp is used as the light sources, which cover the wavelength region from 190 to 900 nm. The 

light source passes the monochromator and reaches the solution. The PNCs in the solution 

absorb the light and get excited from the ground state to the excited state. The detector records 

the transmitted light from the solution. Absorption spectra of PNCs solutions are presented in 

chapters 3, 4, and 5. 
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2.3.2 Steady-state fluorescence spectroscopy 

The steady-state fluorescence spectroscopy was employed to examine the emission properties 

of PNC solutions using a fluorescence spectrometer (F-4500, Hitachi). The relaxation 

processes of the excitons from the excited to the ground states can be determined by this 

technique. A scheme of the optical setup of a fluorescence spectrometer in this study is shown 

in Figure 2.8. The excitation light source was a Xe-lamp, which provides a wavelength- 

 

 

Figure 2.8. A scheme of a steady-state fluorescence spectrometer. 

 

dependent bright light covering the UV to the infrared region. The spectrophotometer was 

constructed with several convenient optics surrounding the sample holder. To avoid the 

transmitted light in a fluorescence spectrum, the fluorescence was collected at 90o. In this study, 

the PNCs dispersed in toluene (1 mg mL-1) were diluted 10 times, and the excitation 

wavelength was set at 400 nm. The emission intensities from the samples were scanned as a 

function of the wavelength. The PL quenching studies of electron donor-acceptor (D-A) 

samples (PNC-C60, PNC-TCNB, and PNC-TCNQ) were also carried out using this 

fluorescence spectrometer. Fluorescence spectra of colloidal PNCs, and D-A’s are shown in 

chapters 3, 4, and 5. 

 

2.3.3 Time-resolved fluorescence spectroscopy 

The exciton/carrier lifetimes of PNC solutions and films were studied using the time-resolved 

fluorescence spectroscopy. Similarly, the distance-dependent charge carrier diffusion and 

electron transfer dynamics in electron D-A systems were also analyzed using this technique. 

The optical setup for the time-resolved fluorescence spectroscopy is shown in Figure 2.9. The  
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Figure 2.9. The optical setup of a time-resolved fluorescence 

spectrometer combined with an optical microscope. 
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second harmonic generation (SHG) signal (405 nm) from an optical parametric amplifier 

(Coherent OPA 9400) was used as an excitation light source. This OPA was pumped using a 

regenerative amplifier (Coherent RegA 9000) at 200 kHz. A mode-locked Ti-Sapphire 

oscillator (Coherent Mira 900) pumping at 76 MHz seeded the RegA. I used a polychromator 

(model 250IS, Chromex) and photon-counting Streak camera (model C4334, Hamamatsu) 

system to record the time-and spectrally resolved photons. The motorized stage with a 

micrometer was utilized in the distance-dependent PL measurements. PL decays of PNC 

solutions, films, and electron D-A systems (PNC-C60/TiO2/TCNB/TCNQ) are presented in 

chapters 3 and 4. 

The PL decay profiles were fitted using the third exponential equation (1): 

 

γ(t) = α0 + α1e
(-t/τ1) + α2e

(-t/τ2) + α3e
(-t/τ3)                                                                                     (1) 

 

where α0 is a constant, α1, α2, and α3 are the amplitudes, and τ1, τ2, and τ3 are the different 

lifetime components. Generally, the initial component arises from radiative recombination, and 

other two components are from non-radiative recombination. I calculated the intensity average 

PL lifetimes of the samples using equation (2): 

 

 Σ αnτn / Σ αn                                                                                  (2) 

 

Time-correlated single-photon counting (TCSPC) system  

The PL decay profiles of single PNCs were recorded using a TCSPC system. The schematic 

representation of the optical setup of the TCSPC system is shown in Figure 2.10. I used a 

picosecond (ps) laser (Advanced Laser Systems) pumping at 1 MHz with 465 nm ps pulses (45 

ps) as the excitation light source. A TCSPC system made of an avalanche photodiode (APD, 

Perkin Elmer, SPCM-AQRH-15) and a TCSPC module (Becker & Hickl GmbH, SPC-M830) 

was utilized to track the PL decays. Furthermore, I placed an iris in front of the photodetector, 

to collect PL from selected single PNCs by restricting the detection area. During the 

measurements, neutral density (ND) filters were used to control the laser intensity. PL decays 

of single PNCs are discussed in chapters 4 and 5. 
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Figure 2.10. The optical setup of the TCSPC system. 

 

2.3.4 Single-particle microspectroscopy 

The PL blinking trajectories of single PNCs were recorded using a single-particle fluorescence 

microspectroscopy system under wide-field illumination. The optical setup of the system is 

shown in Figure 2.11. I used an IX71 Olympus inverted microscope connected with the iXon3, 

Andor Technology EMCCD camera to record the PL intensity trajectories of single PNCs. The  

 

 

Figure 2.11. The optical setup for a single-particle fluorescence microspectroscopy 
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emitted PL was passed a 40x Olympus objective lens (NA = 0.60) followed by a 480 nm long-

pass (LP) filter and recorded at 30 or 15 ms binning. I excited the samples with a 404 nm diode 

laser (ThorLabs, 6.5 mW). This laser diode and its temperature were controlled by the 

LDC210C (~400 mA) and TED200C (~12-13 oC) controllers. The diffraction limit (hundreds 

of microns) is smaller than the focal spot in this optical setup. Hence, to minimize the 

background scattering, the fluorescence was collected using an objective lens at the back of the 

objective. I used EM gain at 100, where the signal-to-noise ratio is highest for this EMCCD. 

In this way, the PL blinking statistics of several isolated PNCs were collected within a single 

frame with high precision. 

 

2.3.5 Transient absorption spectroscopy 

Nanosecond transient absorption measurements 

The NanoSpeK TSP-2000 (Unisoku Co., Ltd., Japan) system was employed for measuring the 

nanosecond TA of PNC-C60 D-A system. A PNC-C60 sample solution degassed by Ar-bubbling 

was excited with a Panther OPO pumped by a Nd:YAG laser (Continuum SLII-10, 4-6 ns full 

width at half maximum, CONTINUUM, USA). I used a Xe lamp (150 W) as the probe light 

while recording the absorbencies. A photomultiplier tube (Hamamatsu 2949, Hamamatsu 

photonics, Japan) was equipped as the detector. The temporal resolution of the IRF is less than 

10 ns. The transient absorption data of the PNCs-C60 donor-acceptor sample are discussed in 

chapter 3. 

 

2.3.6 Scanning transmission electron microscopy (STEM) 

The sizes of the PNCs were estimated from STEM images. Samples for STEM measurements 

were prepared by dropping PNC solutions on the STEM Cu100P grids. In the case of W-PNCs, 

the nanocrystals were directly prepared on the STEM grids by spraying the precursor: GBL 

mixture (1:1) on the grids. The samples were dried overnight under a vacuum. The STEM and 

TEM images were recorded in a Hitachi HD-2000 microscope operated at 200 kV. The average 

edge length of PNCs was estimated using ‘ImageJ’ software. The STEM/TEM images are 

presented in chapters 3, 4, and 5.  

 

2.3.7 Scanning electron microscopy (SEM) 

Surface morphologies and the thicknesses of PNC films were recorded using a HITACHI 

SU8230 microscope. PNC thin films were prepared on glass slides by the spin-coating 

technique and dried under a vacuum for 12 hrs or longer. The films were cut at the center using 
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a diamond cutter to determine the thicknesses, and the cross-section images were recorded. The 

microscope consists of an electron source, and the emitted electrons move at high speeds under 

the applied thermal energy. These electrons interact with the sample surface and generate 

photons, which provide information regarding a sample's surface topography or composition. 

The SEM images of PNC films and electron D-A systems are shown in chapter 3. 

 

2.3.8 The focused ion beam (FIB) fabrication 

FIB is a micro-fabrication tool. FIB was used for preparing a cross-section TEM sample. The 

FIB grid is different from a TEM grid; there is no carbon film on the FIB grid. The sample 

cross-section was set at the edge of the FIB grid.  Three processes were followed during the 

FIB processing: imaging, sputtering, and deposition. When the Ga ion was irradiated to the 

sample, the secondary ions and electrons were emitted from the surface. The sample image was 

obtained by detecting these secondary particles. This image is called a scanned ion microscope 

(SIM) image. The Ga ion is used as an ion beam source due to its low atomic mass (69.723), 

low melting point (29.8 ℃), and good wettability. The acceleration voltage of the Ga ion beam 

was 40 kV (15 kV is used for finishing). The beam intensity was tuned by varying the aperture 

size. Strong Ga ion beam irradiation sputters the sample. The irradiated Ga ion is reflected or 

penetrates the sample surface. During FIB sputtering, the real-time SIM images of the samples 

were observed. The third function of FIB, tungsten deposition, protects the sample, stick 

samples, and probes on the FIB grid. Tungsten deposition was made by the reaction between 

secondary electrons and tungsten hexacarbonyl gas. Tungsten atoms were deposited on the 

sample surface, and CO formed as a byproduct was removed under a vacuum. A scheme of 

these three FIB processes is shown in Figure 2.12. The cross-section TEM image of Au NPs 

obtained by this FIB technique is presented in chapter 5. 

 

 

Figure 2.12. A scheme of the FIB principles: (a) SIM imaging, (b) ion beam sputtering, and 

(c) tungsten deposition.   
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Chapter 3 

Charge carrier and electron transfer dynamics in 

perovskite nanocrystal films 

 
Abstract 

Photoinduced electron transfer (PET) studies in perovskite nanocrystal-based electron donor-

acceptor (D-A) systems receive great momentum, owing to their potential application to solar 

cell technology. Nevertheless, radiative and nonradiative carrier losses adversely affect the 

energy conversion efficiency in thick perovskite films. To overcome these challenges, it is 

particularly important to investigate the photoinduced electron transfer dynamics, carrier 

trapping, and relaxation process at perovskite-based donor-acceptor interfaces. In this chapter, 

I demonstrate long-range charge carrier diffusion and distance-dependent electron transfer in 

heterojunction films of cesium or formamidinium lead bromide (Cs/FAPbBr3) PNCs and C60 

or TiO2. I synthesized CsPbBr3 and FAPbBr3 PNCs by the hot-injection and LARP methods, 

respectively, and their thin films with different thicknesses were prepared by ligand-assisted 

assembly formation. To understand the electron transfer, the PL quenching experiment was 

performed for Cs/FAPbBr3 PNC solution by treating them with a C60 solution (in toluene) in 

25 µM portions in a stepwise fashion. The PET and charge separation were confirmed from the 

PL lifetime, PL intensity, and TA spectra in the solution phase. Subsequently, I prepared the 

D-A heterojunction films with Cs/FAPbBr3 PNCs as the donor and C60 or TiO2 as the acceptor. 

To understand the carrier collection as a function of the distance and thicknesses in the films, 

I conducted distance-dependent PL experiments by systematically moving the excitation from 

the perovskite to D-A interface region. Interestingly, the carrier recombination rates at different 

distances reveal the complete electron transfer and emission quenching within 100 µm of the 

interface. Here, radiative recombination dominates the electron transfer process while moving 

the interface away from the excitation center. Also, the electron transfer becomes negligibly 

small at 800 µm or beyond the interface.  
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3.1 Introduction 

Halide perovskite nanocrystals (PNCs) become attractive due to their high photoluminescence 

quantum yields,1,2 tunable bandgaps,3 and straightforward syntheses.6-9 As a result, these 

materials have become superior light absorbers in solar cells,10-23 and the certified power 

conversion efficiency of a perovskite solar cell (PSC) exceeds 25%.24 The long-range migration 

of charge carriers and delayed emission from PNC films attract much attention in the PSC 

field.25 Generally, radiative relaxations are delayed in bulk films or microcrystals,26,27 but PNCs 

undergo ultrafast radiative recombination. By processing these PNCs into thin films, high-

efficiency PSCs have been developed.28,29 Several methods, including one-step spin-coating, 

two-step sequential deposition, and vapor deposition in a high-vacuum chamber, have been 

used to prepare PNC thin films for solar cell fabrication.30-35 Additionally, different types of 

device architectures are reported in the literature, particularly the mesostructured and planar 

type solar cells are well-established architectures. The typical device configuration of a 

heterojunction PSC comprises a perovskite layer sandwiched between the anode and cathode. 

In such an architecture, the device performance mainly depends on the electron donor-acceptor 

(D–A) systems. The electron D-A interfaces consist of perovskite as the electron donor and 

TiO2, SnO2, TCNB, TCNQ, or fullerene (C60) derivatives such as PCBM-C61, or PCBM-C71.
36-

42 However, individual PNC’s charge carrier dynamics and electron transfer efficiencies can be 

different from their films. Also, the distance- or thickness-dependent recombination dynamics 

of photogenerated excitons/charge carriers at the perovskite-electron acceptor interface are 

important subjects in the PSC field. 

Photoinduced electron transfer (PET) is the fundamental process in a solar cell.43-47 In 

principle, the photogenerated excitons in PNCs split into free carriers, and it's necessary to 

capture them more efficiently using hole and electron transport layers (ETLs). This was first 

achieved in 2015 by Snaith and co-workers48 developed efficient PSCs using solution spin-

coated C60 in regular n-i-p structures. They found the effectiveness of C60 as an ETL, which 

shows excellent electron extraction ability and increases the long-term performance of PSCs. 

This opened a door for developing regular n-i-p high-performance PSCs. Later many reports 

showed higher power conversion efficiencies in PSC by achieving charge separation using 

different ETLs. For example, Long and co-workers49 used TiO2 as an electron acceptor in a 

PSC and reported the high efficiency contributed by the ultrafast interfacial charge separation. 

The electron injection is fast at the perovskite-electron acceptor (e.g., TiO2) interface.  In a 

subsequent study, Chen and co-workers50 used a high-quality polycrystalline SnO2 film as the 

electron-transport layer (ETL) in an n-i-p-type PSC. They reported the best solar cells 
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fabricated using these layers and achieved 20.52% power conversion efficiency, which was 

among the best in the planar n–i–p-type PSCs class. Recently, Xu and co-workers51 used four 

types of ETLs, i.e., compact titanium dioxide (c-TiO2), mesoporous titanium dioxide (m-TiO2) 

composite layers, C60, and c-TiO2 and C60. The c-TiO2-based PSCs showed higher efficiency 

(20.15%) than other ETL materials. The champion device efficiency using the C60 ETL 

achieved before was 17.15%. These outcomes encouraged me to evaluate the interfacial region 

between the PNCs and electron acceptors and control the electron transfer from perovskite 

films by controlling the diffusion of photogenerated charge carriers. 

This chapter demonstrates the long-range charge carrier diffusion and distance-dependent 

electron transfer in heterojunction films of Cs/FAPbBr3 PNCs and C60 or TiO2. I synthesized 

CsPbBr3 and FAPbBr3 PNCs and their thin films by ligand-assisted assembly formation. The 

as-prepared PNCs show short PL lifetimes, whereas the films show longer lifetimes due to the 

diffusion of photogenerated excitons among PNCs and an increased rate of trapping-detrapping. 

First, the PL quenching experiment was performed for Cs/FAPbBr3 PNC solutions to 

understand the electron transfer by treating them with C60 solutions (in toluene) in 25 µM 

portions in a stepwise fashion. This C60 treatment resulted in a static PL quenching suggesting 

the adsorption of C60 onto the hydrophobic surface of the PNCs. Also, transient absorption 

studies reveal the formation of C60 radical anion at ca. 980 nm. I prepared the heterojunction 

films with Cs/FAPbBr3 PNCs as the electron donors and C60 or TiO2 as the electron acceptors. 

I conducted distance-dependent PL experiments to understand the carrier collection at different 

distances and thicknesses in the films by systematically moving the excitation from the 

perovskite region to the interface region. The carrier recombination rates at different distances 

helped me reveal quantitative electron transfer and emission quenching within 100 µm of the 

interface. Conversely, radiative recombination dominated the electron transfer process by 

moving the interface away from the excitation center. This electron transfer becomes negligible 

at 800 µm or beyond the interface.  

 

3.2 Results and discussion 

3.2.1 Characterization of PNCs and their films 

The synthesis of FAPbBr3 PNCs was carried out by a modified LARP method, whereas a 

modified hot-injection technique was employed to prepare CsPbBr3 PNCs. The detailed 

synthesis procedures are given in section 2.2.1. As-synthesized PNCs dispersed in toluene were 

processed into thin films by ligand-assisted self-assembly formation. The pristine PNCs and 

their films were characterized using STEM, SEM, UV-vis absorption, and PL spectroscopy. 
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The STEM images of both FAPbBr3 and CsPbBr3 PNCs are shown in Figures 3.1A and B, 

respectively. 

 

 

Figure 3.1. Structural characteristics of PNCs. STEM images of (A) FAPbBr3 and (B) 

CsPbBr3 PNCs. 

 

The STEM images reveal a uniform size distribution of the PNCs. I analyzed the STEM 

images using imageJ software and estimated the size distribution. The hot-injection synthesis 

of CsPbBr3 provides cubic PNCs with a size distribution of ca. 10 nm, and the LARP synthesis 

of FAPbBr3 provides ca. 12 nm PNCs. The STEM samples prepared from a very low 

concentration of PNC solution showed a close-packing or self-assembling character, supported 

by the surface ligands. According to the obtained STEM images, the interparticle distance is 

1.6 nm, the same as the ligand length. Thus, the thin films prepared for electron transfer studies 

are expected to be formed by self-assembling. 

The surface morphological features and thicknesses of the prepared films were studied by 

SEM imaging. The SEM images with uniform surface morphologies of FAPbBr3 and CsPbBr3 

PNC thin films are represented in Figures 3.2A and B, respectively. A cross-section analysis 

method52 was employed to understand the thicknesses of the films, as shown in Figures 3.2C 

(FAPbBr3) and D (CsPbBr3). The cross-section SEM images were analyzed using imageJ 

software and estimated the average thicknesses at 2.5 μm for FAPbBr3 and 1.4 μm for CsPbBr3, 

and 1.7 μm for C60 and 4.6 μm for TiO2. It is well established that PSCs exhibit high 

performance for the film thickness within 100’s of nm (experimentally 250-2000 nm).53-55 Thus, 

optimizing the electron transfer properties of PNC films is critical to enhancing the impact of 

PSCs. 

50 nm
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Figure 3.2. (A, B) Surface morphologies and (C, D) cross-sections of PNCs 

films. SEM images of (A, C) FAPbBr3 and (B, D) CsPbBr3 PNC films. 

 

Moreover, the film thicknesses used in this chapter are ideal for efficient charge carrier 

collection and for controlling the radiative recombination rates.  

First, I studied the optical properties of the PNCs by UV-vis absorption and steady-state 

fluorescence measurements. The absorption and PL spectra of FA/CsPbBr3 PNC solutions 

(dispersed in toluene) are presented in Figure 3.3A. Photograph of a FAPbBr3 PNC solution is  

 

 

Figure 3.3. Optical properties of PNCs and films. (A) Absorption and PL spectra of PNC 

solutions; [insets: the photographs of a FAPbBr3 solution under the room light (left) and UV 

light (right)] and (B) their films [(i, ii): CsPbBr3. (iii, iv): FAPbBr3, λex: 400 nm]. 
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shown in the inset (taken under room light or UV light). A CsPbBr3 solution exhibited the PL 

ca. 505 nm, whereas the FAPbBr3 solution showed it at ca. 533 nm. The PL is intense and 

shows a narrow fwhm (23 and 25 nm for CsPbBr3 and FAPbBr3, respectively). The small 

widths are consistent with their small sizes. Similarly, the PNC films were characterized, and 

their absorption and PL spectra are shown in Figure 3.3B. Interestingly, the films show red-

shifted PL compared to their solutions (513 nm for CsPbBr3 and 554 nm for FAPbBr3). These 

redshifted maxima of the films are due to photon recycling and migration of carriers in the 

films.  

 

3.2.2 Charge carrier dynamics in solutions and films 

Charge carrier dynamics in PNC solutions and films are studied using a TCSPC system. Figures 

3.4A show the PL decay profiles of a FAPbBr3 PNC solution and film, and the inset represents 

the photograph of FAPbBr3 PNCs dispersed in toluene and taken under UV light. The PL decay 

profiles were fitted using the third exponential equation (1): 

 

 γ(t) = α0 + α1e
(-t/τ1) + α2e

(-t/τ2) + α3e
(-t/τ3)                                                                                     (1) 

 

where α0 is a constant, α1, α2, and α3 are the amplitudes, and τ1, τ2, and τ3 are the lifetime 

components. Generally, the initial component arises from radiative recombination and the other 

two from non-radiative recombinations. I calculated the average PL lifetimes of the samples 

using equation (2): 

 

 Σ αnτn / Σ αn                                                                                  (2) 

 

 The obtained average PL lifetime of a FAPbBr3 solution is ca. 87 ns, but surprisingly, its 

corresponding film showed a much longer PL lifetime (645 ns). When the PNCs were dissolved 

in toluene, the hydrophobic ligands well-extend in the solvent, rendering PNCs isolated. In 

contrast, the PNCs in a thin film are expected to self-assemble with the interparticle distance 

determined by the interpenetrating ligands. 

The closely packed self-assembled PNC film induces a large dielectric constant, 

decreasing the degree of quantum confinement and the exciton binding energy. The electron’s 

mean-free paths in halide perovskites generally range within 10’s of nm, and electron 

delocalization and hole localization can occur. According to the obtained STEM images, the 

interparticle distance is 1.6 nm, the same as the ligand length. I assume the early excitons split 
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into free carriers and migrate in the films, lowering the recombination rates.56,57 I propose the 

diffusion or migration of charge carriers by hopping among FAPbBr3 PNCs in close-packed 

films, which increases the PL lifetime by lowering the recombination rates. A scheme of such 

a ligand-assisted self-assembled close-packed film is shown in Figure 3.4B. 

 

 

Figure 3.4. Charge carrier dynamics of FAPbBr3 PNCs. (A) PL decay profiles of a 

solution and a film. The samples were excited with a 405 nm laser. (B) A scheme 

of ligand-assisted self-assembly of PNCs.  

 

3.2.3 Electron transfer dynamics in solutions 

To study the electron transfer dynamics in a PNC solution, I choose C60 as the electron acceptor. 

The prepared electron D-A system was studied using a steady-state PL spectroscopy system. 

Figure 3.5 indicates the PL spectra of a FAPbBr3 PNC solution without or with C60 and their  

 

 

Figure 3.5. PL quenching in the solution phase. (A) PL spectra and (B) PL decay profiles of 

FAPbBr3 PNC solutions treated with C60 (λex: 405 nm). 
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PL decay profiles. At first, the PL quenching experiment was performed for a FAPbBr3 PNC 

solution by treating it with a C60 solution (in toluene). As the concentration of C60 was increased 

from 25 µM to 270 µM, the PL intensity of the PNC solution was quantitatively decreased, 

which suggests efficient electron transfer from photoactivated PNCs to C60. Similarly, the PL 

decay profiles of a FAPbBr3 PNC solution without or with different concentrations of C60 were 

recorded using a TCSPC system. Interestingly, the PL lifetime of the samples remained 

constant (82 ns) regardless of the concentration of C60.  

To confirm this electron transfer dynamics, I performed similar experiments in the 

CsPbBr3:C60 D-A system. As the concentration of C60 was increased, the PL intensity of a 

CsPbBr3 PNC solution was decreased (Figure 3.6A), and the corresponding PL lifetime 

remained constant (9 ns) regardless of the C60 concentration (Figure 3.6B).  

 

 

Figure 3.6. PL quenching in the solution phase. (A) PL spectra and (B) PL decay profiles of 

CsPbBr3 PNC solutions treated with C60 (λex: 405 nm). 

 

Both the donor-acceptor systems showed the static electron transfer behavior, which is evident 

with the constant PL lifetime with a decrease in the PL intensity by increasing the C60 

concentration. In other words, the PNCs, when dispersed in toluene, the long-chain ligands 

attached to the hydrophobic surface of the PNC make them isolated. Thus, the added C60 was 

adsorbed onto the hydrophobic surface, resulting in the PL quenching, and the PL signals we 

detected are from the PNCs free from C60 adsorption. To understand this PL quenching 

behavior, I mapped the photocounts or PL lifetimes against the acceptor (C60) concentration 

(Figure. 3.7A). The resulted graph suggests that the PL quenching is dominated by static 
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trapping excited electrons in the PNCs. Thus, the PL we detected from the C60-free PNCs show 

the lifetime equivalent to the pristine PNC.  

I used nanosecond transient absorption spectroscopy to obtain further insight into the 

electron transfer dynamics in the D-A systems. The transient absorption spectrum of a FAPbBr3 

PNC solution supplemented with C60 is represented in Figure 3.7B. After adding C60 to the 

PNC solution, the electron transfer process was evident from the formation of C60
•‑ ca 980 nm 

(Figure 3A). The kinetic decay profile of C60
•‑ at 980 nm has a half-life of 3.1 μs, as shown in 

Figure. 3.7C. As reported in the literature, the C60 triplet lifetime is 45 μs in toluene,58 which is 

 

 

Figure 3.7. Electron transfer dynamics. (A) The PL intensity or lifetime plotted against the 

concentration of C60. (B) The transient absorption spectrum of a FAPbBr3 PNC solution 

supplemented with C60 and (C) the kinetic decay profile of the C60 radical anion. (D) A scheme 

describing the energy levels of FA/CsPbBr3 and C60/TiO2, according to the vacuum level. 

 

completely different from the result that I obtained at 980 nm (3.1 μs). Therefore, the transient 

absorption band is attributed to C60
•‑. Also, the positive signals were not detected for PNC alone 
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in this region or the timescale without C60. Figure 3.7D represents the energy level diagram 

(relative to the vacuum level)41,43,47 for the donors and acceptors. The energy levels 

FA/CsPbBr3 and C60/TiO2 suggest the feasibility of electron transfer, where the LUMO of C60 

is lower than the FA/CsPbBr3 conduction band. 

 

3.2.4 Electron transfer dynamics in heterojunction films 

The thickness of a PNC film plays a significant role in controlling the carrier dynamics. It is 

well established that a thicker film over 100 µm undergoes radiative recombination within the 

film and photon recycling, lowering the carrier collection efficiency. To understand the long-

range carrier migration at heterojunctions, thin films were prepared using FAPbBr3 PNCs by 

drop-casting. Later, I used C60 (high density) to cover one-half of the film. The images of the 

prepared heterojunction film (FAPbBr3:C60) taken under room or UV light and its scheme are 

shown in Figure 3.8A. On the other hand, I chose TiO2 as another electron acceptor to- 

 

 

Figure 3.8. Electron donor-acceptor heterojunction films with FAPbBr3 as the donor. (A, B) 

Photographs and (C, D) SEM images of the heterojunction films with (A, C) C60 and (B, D) 

TiO2. (i, ii) The images taken under (i) room light and (ii) UV light. 

 

correlate the interfacial electron transfer dynamics. In this case, one-half of the TiO2 film was 

covered with FAPbBr3 PNCs (Figure 3.8B). I marked the interface region as 0 µm by observing 

through the optical microscope. Similarly, I marked the electron acceptor region as negative 
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(e.g., -100 µm) and positive for the PNC-only region (e.g., 100 µm), as shown in Figure 3.8 

(iii).  The prepared heterojunction films were confirmed by the SEM cross-section method. 

Figure 3.8C and D show the SEM cross-section images of FAPbBr3:C60 and FAPbBr3:TiO2, 

respectively. Furthermore, the heterojunction films’ surface morphologies are also studied by 

SEM imaging. Figures 3.9A and B show that both the heterojunction films show uniform 

surfaces and distinct interfaces. 

 

 

Figure 3.9. Heterojunction films. SEM images of the heterojunction films with (A) C60 and 

(B) TiO2, showing the donor (FAPbBr3) and the acceptor (C60 or TiO2) regions. 

 

To investigate the interfacial distance-dependent carrier dynamics, I used an assembly of 

a polychromator and a photon-counting Streak camera. Spectrally and temporally resolved 

photons (Figure 3.10A) were systematically collected from the heterojunction films at every 

100 µm distance. As the collection point was moved towards the interface region, the PL 

lifetime of the FAPbBr3/C60 heterojunction film was decreased from 675 ns to 36 ns, along with 

a decrease in photocounts. This observation is different from the PNC solution treated with C60. 

These results indicate the efficient electron transfer from PNCs to C60, dominated by dynamic 

interactions. The instrumental setup for this distance-dependent PL experiment is discussed in 

section 2.3.3. Figure 3.10A represents the distance-dependent PL decay profiles of a 

FAPbBr3:C60 heterojunction film, and the photons emitted at 1000 µm, and 0 µm distances are 

shown in Figures 3.10B.  

To correlate these obtained results, I performed similar distance-dependent experiments 

by recording the PL intensities and lifetimes for the heterojunction film of FAPbBr3:TiO2. I 

obtained similar results, i.e., by moving the excitation from the perovskite-only region to the 

interface region, the PL lifetime was decreased from 622 to 36 ns [Figure. 3.11A and B (i: 1000 

μm), (ii: 0 μm)], which is accompanied by a decrease in the number of emitted photons. Like  
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Figure 3.10. (A) Distance-dependent PL decay profiles of a FAPbBr3:C60 heterojunction film 

and the corresponding photocount maps at (i) 1000 μm and (ii) 0 μm from the interface. 

 

the discussions given in the previous section, I consider the early excitons split into free carriers, 

and their migration lowers the recombination rates. The efficient electron transfer at the 

interfaces causes a decrease in the PL lifetimes, where the acceptors (C60/TiO2) act as non-

radiative recombination centers.  

To obtain more insight into this distance-dependent diffusion and scavenging of 

photogenerated electrons above, below, and at the interface, I plotted photocounts or lifetimes 

against the distance from the FAPbBr3 PNC-only region to the interface [Figures 3.12A 

(FAPbBr3:C60) and B (FAPbBr3:TiO2)]. The major outcomes of this chapter can be described 

by combining the different charge carrier properties of PNCs in films and solutions. In the case 

of films, closely packed self-assembly induces a large dielectric constant and low exciton 

binding energy. The films are characterized by STEM imaging, which shows close-packed 

PNCs even at sub-nanometer thickness prepared on TEM grids. The electron’s mean-free path  
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Figure 3.11. (A) Distance-dependent PL decay profiles of a FAPbBr3:TiO2 heterojunction film 

and the corresponding photocount maps at (i) 1000 μm and (ii) 0 μm from the interface. 

 

in perovskite generally ranges within 10’s of nm, and electron delocalization and hole 

localization can occur. According to the obtained STEM images, the interparticle distance is 

1.6 nm, comparable to the ligand length. These properties support the early exciton splitting 

and resultant free carriers to migrate in the films by hopping among the PNCs, lowering the 

recombination rates. 

Figures 3.13A and B describe the long-range carrier diffusion in films and the adsorption 

of C60 molecules on isolated PNCs in a solution. This difference in carrier properties allowed 

us to evaluate films' distance-dependent electron transfer dynamics. In the heterojunction films 

of FAPbBr3:C60/ TiO2, the electron transfer is distance-dependent (0 – 800 μm). However, the 

PL lifetimes become constant or intact for distances over 800 μm due to the dominant radiative 

recombination. Also, in the interface region, i.e., below 0 μm, negligibly small photocounts  
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Figure 3.12. Distance-dependent carrier dynamics. The graphs of photocounts or PL lifetimes 

against the distance in heterojunction films of FAPbBr3 with (A) C60 and (B) TiO2. The lines 

represent sigmoidal fits. 

 

and short PL lifetimes were observed. This is mainly due to the efficient capturing of free 

carriers by the acceptors (C60/ TiO2).  A correlation between the charge carrier diffusion and 

interfacial electron transfer in the FAPbBr3:TiO2 and FAPbBr3:C60 heterojunction films are 

represented in Figures 3.13C and D, respectively. 

 

 

Figure 3.13. Schemes of charge carrier dynamics in (A) FAPbBr3 film and interface films 

covered with (B) TiO2 and (C) C60. 
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3.2.5 Carrier diffusion mechanism and electron transfer dynamics 

Generally, the halide perovskites are called defect tolerant materials, but the surface traps or 

halide vacancies cause major drawbacks. Specifically, these vacancies or shallow traps are the 

origins of non-radiative recombination, electron trapping (kt), and de-trapping (kdt) processes 

in PNCs.59,60 In this chapter, I found that carrier diffusion and electron transfer dynamics 

dominated over rates of trapping or de-trapping, which is obvious from the above results. The 

arrangement of energy states in a single donor (PNC) and D-A (PNC:C60) system in a solution 

is shown in Figure 3.14. On the one hand, in addition to the radiative processes (kr), non- 

radiative recombination (knr) should also be considered alongside [(due to the presence of trap  

  

 

Figure 3.14. Schemes of electron transfer dynamics in (A) D-A system in a solution and (B) 

an interface-film overlaid with TiO2/C60. 
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states, hot electrons, and deep hole generation (kt, kdt)]. On the other hand, the electron transfer 

rate (ket) is expected to be higher than this kr or knr in the D-A system (ket>>kt/kdt), where a C60 

adsorbed onto the hydrophobic PNC surface acts as a non-radiative recombination center. The 

closely-packed PNC film with C60/TiO2 interface is shown in Figure 3.14B, which illustrates 

the carrier diffusion (kd) and ket processes dominating the kr and kt/kdt. In this case, a PNCs 

film supports the diffusion of charge carriers among closely packed PNCs. Thus, the 

recombination rates become lower in the film than in a solution, resulting in long PL lifetimes 

(kd>kr).
61-63 Conversely, at and near the interface, ket dominates over the kd.  

 

3.3 Conclusions 

While lead halide perovskites are exciting materials for photovoltaic and optoelectronic devices, 

the potential applications of ligand-assisted self-assembly and close-packed PNCs to various 

devices are yet to be explored. In this chapter, I summarized the long-range carrier migration 

and interfacial electron transfer in D-A systems. I found longer PL lifetimes for PNCs in a film 

than in a solution, indicating the long-range diffusion of photogenerated carriers among PNCs. 

On the other hand, adsorption of C60 molecules onto the hydrophobic surface of PNCs in a 

solution resulted in the PL quenching with constant PL lifetime values at all acceptor 

concentrations, suggesting a static electron transfer. The interfacial electron transfer was 

obvious from forming the C60 anion radical. Interestingly, as I moved the pump-probe region 

towards the interface in a D-A film, at every 100 µm distance, the PL lifetime decreased 

gradually and became saturated near the interface. Therefore, the interfacial electron transfer 

is distance-dependent, evident from a decrease in the PL lifetime by moving the carrier 

generation center towards the interface. I believe this study about thin films and distance-

dependent carrier capturing enables one to improve the electronic and photovoltaic applications 

of PSCs. 
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Chapter 4 

Photoinduced electron transfer in single-particle 

donor-acceptor systems 

Abstract 

Halide perovskite nanocrystals are promising materials for energy harvesting and light-

emitting applications. While the perovskite-based electron donor-acceptor interfaces offer 

unique control of the optical bandgap throughout the visible region of the electromagnetic 

spectrum, nonradiative losses adversely affect the charge injection efficiency. Thus, electron 

D-A systems composed of perovskite nanocrystals receive considerable attention. In this 

chapter, to understand the electron transfer dynamics in perovskite D-A systems, I demonstrate 

the real-time electron transfer of single perovskite nanocrystals treated with acceptors such as 

tetracyanobenzene (TCNB) and tetracyanoquinodimethane (TCNQ) molecules. The calculated 

negative Gibbs free energy change values of electron transfer for these electron acceptors 

suggest the feasibility of the electron transfer. I synthesize CsPbBr3 by the hot-injection method 

and MAPbBr3 with or without ligands by the ligand-assisted reprecipitation and spray 

techniques. At first, the photoluminescence quenching experiments are performed using 

fluorescence spectroscopy. The acceptors quench the PL intensity of the perovskite 

nanocrystals, accompanied by decreases in the PL lifetimes in solutions. The photoinduced 

electron transfer and charge separation are confirmed from the formation of the long-living 

radical anion of TCNQ. Statistical analyses of 450 or more single perovskite nanocrystals 

reveal an increase in the OFF-time probability, which helps confirm the electron transfer.  
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4.1 Introduction 

Lead halide perovskite nanocrystals (PNCs) are greatly attracted to solar cell devices due to 

their large absorption coefficient, excellent defect tolerance, wide and tunable 

photoluminescence (PL) color, long-range charge carrier diffusion, and high PL quantum 

yields.1-15 The efficient extraction of photogenerated charge carriers from PNCs is essential for 

perovskite solar cells (PSCs). This can be achieved by preparing electron donor-acceptor (D-

A) systems by controlling the free energy change of electron transfer and the bandgap of 

perovskites.16 Photoinduced electron transfer (PET) and subsequent charge separation between 

electron donors and acceptors require much attention to enhance PSCs' power conversion 

efficiency (PCE). Historically, PET in solar cells has been realized with various electron 

acceptors, including TiO2, SnO2, TCNB, TCNQ, and fullerene (C60) derivatives such as [6,6]-

phenyl C61 butyric acid methyl ester (PCBM)-C61, and PCBM-C71.
17-25 Especially, TCNQ and 

TCNB are the prominent strong electron acceptor molecules,26,27 but less explored as the hole 

transport materials in PSCs. The perovskite-based electron D-A system from these strong 

electron acceptors could be promising for PSCs. However, the electron transfer rate and its 

dynamics need exploration. 

Recently, the electron D-A systems made of TCNQ/TCNB have received considerable 

attention because of their high electron affinities. For example, Hye et al.28 used TCNQ as an 

electron scavenger in photoelectrochemical studies and reported the rapid electron transfer 

from an electrode to TCNQ. Here the electron transfer was studied based on in-situ spectro-

electrochemical methods. Chang et al.29 prepared a layer-by-layer graphene/TCNQ anode for 

organic solar cells, where TCNQ molecules were tethered between two graphene layers. The 

strong electron affinity of TCNQ helped in achieving a high PCE and became attractive for 

next-generation solar cells. In a comparable study, Yoshiyuki et al.30 successfully measured the 

electron transfer for CdTe nanocrystal/TCNB D-A system using steady-state and time-resolved 

PL spectroscopy. They observed PL quenching of CdTe nanocrystals by TCNB through static 

electron transfer. The above works explain the importance of TCNQ/TCNB as an electron 

scavenger. However, PET can differ for every single PNC in films, depending on their 

heterogeneity.31 Therefore, understanding the electron transfer process at the single-particle 

level can provide further insights into the construction of efficient electron donor-acceptor (D-

A) interfaces composed of halide perovskites.  

The photoexcited state properties of single PNCs have been widely investigated 

concerning PL fluctuations (blinking). PL blinking is one of the most critical issues affecting 

the efficient capturing of electrons.32 Generally, the bright state in the PNC blinking is called 
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the ON state, and the dark state is OFF. Two approaches have been widely accepted to 

understanding the PL blinking of PNCs: i) the charging/discharging model (type-A)33 and ii) 

activation/deactivation of nonradiative recombination centers (type-B).34 The ionized/charged 

state can initiate nonradiative Auger recombination processes (type-A blinking) via the flow of 

the exciton energy to a third carrier (either an electron or a hole).35 In type-B blinking, the 

presence of multiple recombination centers causes PNC to undergo activation and deactivation 

mechanism. The shallow traps or short-lived traps in the bandgap, called multiple 

recombination centers, regulate the non-radiative recombination rates. The electrons trapped 

in the surface trap state can transfer to the electron acceptor at a heterojunction by channeling 

the neutralization of charged PNCs through the acceptor resulting in blinking suppression. 

Nevertheless, PL quenching occurred in most particles; for example, TiO2 was used as an 

electron acceptor to suppress the PL blinking of CdSe/ZnS QDs.36 The nonradiative carrier 

recombination in QDs was changed into electron transfer to TiO2 nanoparticles, evident from 

the decrease in the PL intensity. Despite such examples, a high electron transfer rate for a PNC-

based D-A interface can be valuable for developing next-generation PSC devices. 

In this chapter, I reveal the dynamics and rates of electron transfer through the real-time 

blinking suppression and enhancement of single PNCs treated with TCNQ or TCNB molecules. 

At first, I confirmed the electron transfer feasibility by measuring steady-state absorption 

spectra, which evidenced the formation of TCNQ radical anion at 730 nm. Also, I calculated 

the Gibbs free energy change electron transfer for PNC-acceptor systems by measuring the 

oxidation and reduction potentials of the donors and acceptors. Later, I recorded the PL lifetime, 

PL intensity, and PL blinking trajectories of single PNCs before or after the treatment with 

TCNB/TCNQ. TCNB/TCNQ molecules quenched the PL intensities of PNCs accompanied by 

decreases in the PL lifetimes in a solution, revealing a dynamic electron transfer. I investigate 

the blinking of single PNCs before or after the treatment with TCNB/TCNQ. The blinking was 

suppressed in real-time; the PL intensity trajectory of a single PNC with TCNB shows a stable 

off-state, accompanied by rare PL blinking events, whereas a PNC with TCNQ showed long-

living OFF and intermittent ON events. After analyzing several hundred single PNCs before 

or after treatment with TCNB/TCNQ, the ON/OFF-time probability distributions are 

summarized. 
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4.2 Results and discussion 

4.2.1 Characterization of perovskite nanocrystals 

The synthesis of colloidal CsPbBr3 PNCs (C- PNCs) was carried out by a hot-injection 

technique. The hot-injection method provided C- PNCs in the cubic phase with uniform size 

distributions. The structural properties of pristine PNCs are characterized using TEM. PNCs 

solutions were drop-casted on copper grids and dried under a vacuum overnight.  I analyzed 

the TEM images (Figure 4.1A) using imageJ software and estimated the size distribution of 

PNCs. The size of C- PNCs is estimated at 10.3 nm. The size distribution of >130 C- PNCs is 

shown in Figure 4.1B.  

 

 

Figure 4.1. Structural characteristics of PNCs. (A) a TEM image and (B) the size distribution 

of C- PNCs. 

 

The ligand-assisted reprecipitation (LARP) and modified spray techniques were employed 

to prepare MAPbBr3 PNCs with (L- PNCs) or without ligand (W- PNCs), respectively. The 

detailed synthesis procedures are given in section 2.2.1. The LARP synthesis provided L- PNCs 

in the cubic phase with an edge length ca. 10.5 nm, whereas the modified spray method gives 

smaller W- PNCs with an average size ca. 6.4 nm. The TEM images these samples are shown 

in Figures 4.2A and 4.3A. Similarly, the imageJ software was employed to analyze the TEM 

images and finding the size distributions of L/W-PNCs (Figures 4.2B and 4.3B). 
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Figure 4.2. Structural characteristics of PNCs. (A) a TEM image and (B) the size distribution 

of L-PNCs. 

 

 

Figure 4.3. Structural characteristics of PNCs. (A) a TEM image and (B) the size distribution 

of W-PNCs. 

 

The photophysical properties of PNCs are studied using UV-vis absorption and steady-

state PL spectroscopy. Here, the PNCs were dispersed in toluene and diluted further. Figure 

4.4 represents the UV-vis absorption and PL spectra of the PNCs samples in toluene (insets: 

images of the PNCs dispersed in toluene and taken under room or UV light). The absorption 

spectra are dominated by excitonic peaks ca. 510 nm for C-PNCs (Figure 4.4A) and 518 nm for 

L-PNCs (Figure 4.4B). The PL spectra show narrow full width at half maxima (fwhm 19 nm for 

C-PNCs, 23 nm for L-PNCs, and 16 nm for W-PNCs). The smaller fwhm’s are consistent with 

their smaller sizes, and the Stokes shifts are mainly caused by the excitonic recombination.37 
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Figure 4.4. Optical properties of PNCs. (A) Absorption and PL spectra of C-PNCs dispersed 

in toluene and (B) L/W-PNCs (L-PNCs: orange and black. W-PNC: brown, λex: 405 nm). 

Insets: the photographs of the PNCs solutions taken under the room light (left) or UV light 

(right).  

 

4.2.2 Free energy change of electron transfer 

The reaction-free energy (ΔGo, Gibbs) change is crucial in determining the electron transfer 

rate.38 To predict the feasibility of electron transfer from PNCs to TCNB/TCNQ, I estimated 

the free energy change using equation 1 

 

ΔG0
et

 = EOX − ERED−E00 +  𝐶                                                                                                                                       (1)        

                                                                                                         

where, E00 is the zero-zero transition energy, EOX is the oxidation potential of the donor (C-

PNCs or L-PNCs), ERED is the reduction potential of the acceptor, and C is the work function. 

Nevertheless, the free energy change can be precisely estimated using equation 2, including the 

reorganization energy.  
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rA is the effective radius of TCNB (0.348 nm) or TCNQ (0.398 nm), rD is the effective radius 

of the donor perovskite (L-PNC: 5.2 nm and C-PNC: 5 nm), Rcc, is the center-to-center distance 

between the ions, ɛT, and ɛREF are the dielectric constants of the solvents in which the electron 

transfer and redox properties are measured. I used the Rehm-Weller equation (equation 1), 

without the work function, to estimate the ΔG0
et

 values. The oxidation (EOX) and reduction 
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(ERED) potentials were estimated by DPV measurements. From the DPV curves (Figure 4.5), 

the obtained EOX values for C-PNCs and L-PNCs are 0.74 eV and 0.58 eV, the ERED values for 

TCNQ and TCNB are estimated at -0.204 and -1.13 eV, respectively. The chemical structures 

of TCNB and TCNQ are shown in Figures 4.5E, F. The DPV data were collected for samples 

suspended/dissolved in tetrahydrofuran. I calculated the ΔG0
et

 for L-PNCs/TCNQ and L-

PNCs/TCNB at -1.11 eV and -0.12 eV, respectively. For C-PNCs/TCNQ and C-PNCs/TCNB 

systems, the calculated ΔG0
et values are -1.16 eV and -0.17 eV, respectively. These results 

indicate the probability of PET from C-PNCs/ L-PNCs to TCNB/TCNQ. 

 

 
Figure 4.5. Redox potentials of donors and acceptors. DPV of (A) TCNQ (B) TCNB, (C) L-

PNCs, and (D) C-PNCs. (E, F) The structures of TCNB and TCNQ. 
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4.2.3 Electron transfer dynamics in solutions 

It is well-known that the TCNQ/TCNB can generate a radical anion when photoexcited (the 

donor or acceptor) in the presence of an electron donor and when the ΔG0
et is negative. To 

understand the formation of TCNQ•−, I recorded the steady-state absorption spectra of PNCs 

without or with TCNQ/TCNB in toluene. The absorption maximum of L-PNCs in toluene is 

518 nm. After adding TCNQ, I found three more absorption features at 393, 755, and 845 nm, 

as shown in Figure 4.6.  The absorption shoulder at 393 nm corresponds to the S0→ S1 transition 

of TCNQ. Due to the unpaired single electron in the TCNQ anion, its electronic structure 

contains doublet states. The anion has broad absorption bands in the 600–900 nm region with 

two bands ca. 755 and 848 nm, due to the D0→ D1 and D0→ D2 transitions.39,40 

 

 

Figure 4.6. Steady-state absorption spectrum of L-PNCs with TCNQ. Inset: zoomed-in image 

showing the TCNQ radical anion absorption at 730 nm. 

 

The electron transfer dynamics between PNCs and TCNB/TCNQ molecules were investigated 

by analyzing the PL spectra and decays of PNCs in the solution phase. The ensemble PL spectra 

were recorded for the colloidal C-PNCs in the presence or absence of TCNB/TCNQ (Figures 

4.7A and B). At first, the PL spectrum of an L- PNC solution was recorded using a fluorescence 

spectrometer. A PNC solution was prepared by dissolving PNCs in toluene (0.1 mg/mL).  I 

added 10 µL of 1.0 mM a TCNB or TCNQ solution in toluene to the L-PNC solution. As shown 

in Figures 4.7A and B, with the increase in the concentration of TCNB/TCNQ, the PL of the 

PNC solution was quenched gradually. This PL quenching in the solution phase suggests the 

electron transfer processes. In parallel, I studied the PL properties of PNCs by recording the 

PL decays using time-correlated single-photon counting (TCSPC) system. The PL decay  
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Figure 4.7. (A, B) PL spectra and (C) PL decay profiles of L-PNC solutions supplemented 

with (A) TCNQ or (B) TCNB (λex: 405 nm). 

 

profiles of L-PNCs without or with 25 µM of TCNB/TCNQ are shown in Figure 4.7C. The PL 

decay profiles were fitted using the third exponential equation (3): 

 

 γ(t) = α0 + α1e
(-t/τ1) + α2e

(-t/τ2) + α3e
(-t/τ3)                                                                                     (3) 

 

where α0 is a constant, α1, α2, and α3 are the amplitudes, and τ1, τ2, and τ3 are the lifetime 

components. Generally, the initial component arises from radiative recombination and the other 

two from non-radiative recombinations. I calculated the average PL lifetimes of the samples 

using the equation (4): 

 

 Σ αnτn / Σ αn                                                                                  (4) 

 

The average PL lifetimes of the PNC solutions were also decreased (Table 4.1) with increases 

in the concentration of TCNB/TCNQ. The PL decay profiles of L-PNCs without or with TCNB 

and TCNQ are shown in Figures 4.8A and 4.9A, respectively. Here, the PL lifetime decreased 

with increases in the quencher/acceptor (TCNB/TCNQ) concentration. These results 

completely differ from chapter 3, where static PL quenching was the dominant process. In static 

quenching, the PL intensity was decreased but without affecting the PL lifetime. Here, a 

decrease in the PL lifetime accompanied by a decrease in the PL photocounts suggests dynamic 

quenching of the excited states of colloidal PNCs by TCNB/TCNQ. To get more insight into 

this PL quenching mechanism, the concentration of TCNB/TCNQ was plotted against the 

photocounts or the PL lifetimes of L-PNCs (Figures 4.8B, and 4.9B). The plotted graphs show 

a quenching mechanism dominated by the dynamic interaction between PNCs and 

TCNB/TCNQ.   
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Figure 4.8. (A) PL decays of L-PNCs without or with different concentrations of TCNB. (B) 

The plots of the PL intensity or τ/τ0 [ratio between the L-PNCs lifetime without (τ0) or with 

(τ) TCNB] vs the TCNB concentration. 

 

To confirm this dynamic quenching by electron transfer in a PNC solution, I performed 

similar experiments using the C-PNC-TCNB/TCNQ D-A systems. As the concentration of 

TCNB/TCNQ was increased, the PL intensity of the C-PNC solution was decreased (Figures 

4.10A, B). Although, the corresponding PL lifetimes are also decreased (Figure 4.10C) with 

the increase in the TCNB/TCNQ concentration, the decrease was less prominent than L-PNCs. 

 

 

Figure 4.9. (A) PL decays of L-PNCs without or with different concentrations of TCNQ. (B) 

The plots of PL intensity or τ/τ0 [ratio between the L-PNCs lifetime without (τ0) or with (τ) 

TCNQ] vs the TCNQ concentration.  

 

A gradual decrease in the average PL lifetimes of C/L-PNCs after the addition of different 
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decreases show the quenchers in the solution phase dynamically interact with the PNC surface, 

and the interfacial electron transfer is dynamic in nature. 

 

Figure 4.10. (A, B) PL spectra and (C) PL decay profiles of C-PNC solutions before or after 

the addition of (A) TCNQ or (B) TCNB (λex: 405 nm). 

 

Table 4.1: Triexponentially fitted average PL lifetimes of L/W-PNCs without or with 

TCNB/TCNQ. 

 

 

 

 

 

 

 

 

 

 

4.2.4 Electron transfer dynamics in nanocrystals 

To obtain more insight into this electron transfer process, I investigated the effect of 

TCNB/TCNQ on PNCs at the single-particle level. At first, I evaluated the blinking behavior 
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of both L-PNCs and W-PNCs is characterized by stochastic intensity fluctuations with short 

ON and OFF durations (Figure 4.12).  

 

 

Figure 4.11. Single-particle PL images of (A) C-PNCs and (B) W-PNCs (λex: 404 nm). The 

image sizes are 50 x 50 µm2. 

 

 

Figure 4.12. (A, B) PL intensity trajectories of (A; i, ii) C-PNCs and (B; i, ii) W-PNCs. The 

samples were excited with a 404 nm laser. The temporal resolution of the trajectories is 33 ms.  

 

Real-time electron transfer experiments were performed for single W-PNCs using 

TCNB/TCNQ as an electron acceptor. At first, I collected the PL intensity trajectory of a 

pristine W-PNC for 60 s (Figure 4.13A), and a TCNB solution (1 mM in toluene) was  
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Figure 4.13. (A, B) Real-time PL intensity trajectories of single W-PNC before and after the 

addition of (A) TCNB (1 mM) or (B) TCNQ (1 mM) solutions. The samples were excited 

with a 404 nm laser. The temporal resolution of the trajectories is 33 ms. 

 

introduced to the NC at ca 70 s and continued to record the PL intensity trajectory. After the 

treatment with the TCNB solution, the PL intensity was decreased, and the PL trajectory 

showed a low-intensity level with intermitted, short-living ON events. Figure 4.13B represents 

the real-time electron transfer of a W-PNC treated with a TCNQ solution (1 mM in toluene). 

In this case, I observed an increase in the ON- and OFF-time. This blinking behavior is 

completely different before adding the TCNQ solution. The decreased average PL intensities 

and an increase in the OFF-time (4.13A, B) are attributed to single-particle interfacial electron 

transfer from PNCs to TCNB or TCNQ. However, such changes in the blinking vary from PNC 

to PNC. Therefore, to confirm the electron transfer-induced blinking change, I recorded the PL 

intensity trajectories of >450 single W-PNCs/C-PNCs before and after the treatment with a 

TCNB solution, and the ON/OFF-time probability distributions were analyzed to understand 

the blinking behavior when PET is operative. Figures 4.14 and 4.15 show the ON- and OFF-

time probability distributions for W-PNCs and C-PNCs without or with TCNB. 
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Figure 4.14. (A, C) ON-time and (B, D) OFF-time probability distribution of W-PNCs (A, B) before 

or (C, D) after the treatment with TCNB. 

 

I analyzed the probability distributions using a truncated power law (equation 5). 

 

P(τ)=A0 τ
-αe- τ/ τc                                                                                                                 (5)         

                                                                                                 

where τc is the truncation time, α is the power-law coefficient, and A0 is a constant. I calculated 

the probability distributions using equation 6. 

 

P(τ) = 2Ni/ (τi+1 + τi) - (τi+ τi-1)                                                                                         (6)                                                                                   

 

where, τ  is the time and Ni is the occurrence of the ith time.  

Pristine W-PNCs and C-PNCs exhibit photoionization (type A: charging/discharging) in the 

PL blinking mechanism, which is obvious from the exponential truncation cutoff of the 

probabilities at short time scales.  
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Figure 4.15. (A, C) ON-time and (B, D) OFF-time probability distribution of C-PNCs (A, B) before 

or (C, D) after the treatment with TCNB. 

 

The truncation times are shown in the inset of Figures 4.14A, B and 4.15A, B. The OFF-

events in single-particle PL blinking are mainly attributed to the non-radiative Auger 

recombination of charged carriers. PL recovers after neutralization of the ionized PNC. 

Therefore, the charging−discharging process is dominated by the blinking of pristine W/C-

PNCs. The decreased truncation times of PNCs treated with TCNB (Figures 4.14C, D and 

4.15C, D) suggest increases in the ionization probability, which is attributed to electron transfer 

to TCNB. 

 

4.3 Conclusions 

Lead halide PNCs are emerging into a class of cutting-edge materials for high-efficiency solar 

cells and light-emitting devices. In this chapter, I revealed the dynamics of photoinduced 

electron transfer through real-time blinking analysis of single PNCs. The negative value of 

Gibbs's free energy change helped predict the feasibility of electron transfer. The electron 

transfer was evident from decreased PL intensity and lifetime of PNCs treated with acceptors. 

The decreased truncation times of PNCs treated with TCNB suggest increases in the ionization 
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probability, which is attributed to electron transfer to TCNB. This study highlights the 

significance of an electron D-A interface at a single NC level. 
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Chapter 5 

Plasmon-coupled exciton dynamics in perovskite 

nanocrystals 

Abstract 

Localized surface plasmon resonance of metal nanoparticles significantly improves the optical 

properties of halide perovskite nanocrystals. However, plasmon-induced photoluminescence 

enhancement is still underutilized because of not fully understand the origin of plasmon-

induced photoluminescence enhancement. In this chapter, I report the dynamics of plasmon-

induced photoluminescence enhancement and quenching for perovskite nanocrystals with 

ligand discrimination between the active and inactive chemical coupling of Au-Br bonding. 

The interaction significantly changes the optical properties of methylammonium lead bromide 

perovskite nanocrystals with adjacent localized surface plasmon resonance of Au nanoparticles. 

The dynamics of photoluminescence enhancement and quenching are examined at the single-

particle level. A decrease in the photoluminescence lifetime accompanies a significant increase 

in OFF intervals. The direct synthesis of MAPbBr3 perovskite nanocrystals on Au-

nanoparticles increases the total radiative decay rate by the resonance caused by chemical 

coupling between Au-Br and the surface plasmon resonance. This change in the radiative rate 

increases single particles' photoluminescence intensity and OFF times. 
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5.1 Introduction 

Over the past decade, halide perovskites have been attracting tremendous attention because of 

their excellent photophysical and optoelectronic properties.1-10 High photoluminescence (PL) 

quantum yields,3 high photostabilities,4 large optical gain,5 versatile solution processability, 

and the halide ion-based bandgap tuning6 make these perovskites ideal for various 

optoelectronic devices, such as lasers,1,7 light-emitting diodes,3,8,9 solar cells,1,3,4,6,8 and 

photodetectors.1,8,10 Recently, heterostructures comprising halide perovskite nanocrystals 

(PNCs) and metal nanostructures are also explored for plasmonic-electronic devices.11-15 

Interactions between excitons and photons16 help enhance the fluorescence quantum 

efficiency17,18 and manipulate the photophysical dynamics19 of perovskites. The performance 

of perovskite devices is improved by combining metal nanoparticles (NPs) with perovskite 

nanocrystals.20  

The perovskites-metal composites can generate strong light-matter coupled states due to 

the coupling of the excitons of perovskites and the localized surface plasmon resonance (LSPR) 

of the metal NPs. Therefore, understanding the mechanism of PNCs coupled with the LSPR at 

the single-particle level can provide further insights into the fundamental process of the 

exciton-plasmon interactions. To date, this plasmon coupled PL fluctuations (blinking), and 

the origins of enhancement and quenching in PNC-Au nanostructures remain largely unknown. 

LSPR-induced optical properties improvement has been reported not only for perovskites 

but also for organic dye molecules and conventional chalcogenide semiconductor quantum dots 

(QDs). In the early investigations of dye molecules’ plasmon-induced PL enhancement, Knoll 

et al.21 reported PL enhancement of cadmium arachidate monolayer coated on a silver grating. 

Kinkhabwala et al.22 reported the enhancement of single-molecule fluorescence up to 1,340 

times by using an Au nanoantenna. For conventional semiconductor QDs, Ma et al.23 reported 

the PL intensity enhancement for single CdSe multi-shell nanocrystal on the Au NP film up to 

3 times. Fu et al.24 reported blinking suppression and PL intensity enhancement for streptavidin 

functionalized CdSe/ZnS QDs linked to biotin-coated Ag NPs. 

These plasmon-induced PL intensity enhancements are based on energy transfer from 

LSPR to fluorophores or Purcell effects, an increase of the spontaneous emission rate caused 

by the plasmon-induced strong near field (hot spots). The PL intensity enhancement by energy 

transfer and PL quenching by energy or charge transfer depend on the distance between a 

fluorophore and the plasmonic substrate. In this study, I prepared the heterostructures of PNCs 

on Au NPs, analyzed the exciton-plasmon interaction, and validated the photophysical 

properties of PNCs. The PNCs on an Au NP film show a strong PL intensity enhancement up 
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to 12-fold at the single-particle level. I also study the dynamics of PL intensity enhancement 

or quenching of single PNCs with ligand discrimination between the active and inactive 

chemical coupling of Au-Br. First, I synthesized two different MAPbBr3 PNCs and prepared 

the hetero-nanostructure films with Au NPs and PNCs. I confirm the LSPR coupling with 

excitons at a single particle level by PL blinking, PL intensity, and PL lifetime studies. By 

considering the dot-by-dot variations of the ON- and OFF-time distributions, I perform the 

statistical evaluation of the ON/OFF-time probability distributions for more than 450 PNCs on 

an Au or a glass substrate to understand the differences in the blinking behavior. 

 

5.2 Results and discussion 

5.2.1 Preparation of perovskite nanocrystals and Au nanoparticles 

The synthesis of colloidal MAPbBr3 PNCs (L-PNCs) was carried out by the LARP method, 

and a modified spray technique was employed to prepare the MAPbBr3 PNCs without ligand 

(W-PNCs). The detailed synthesis procedures are given in section 2.2.1. The pristine PNCs 

were characterized using STEM, UV-vis absorption spectroscopy, and fluorescence 

spectroscopy. The STEM images of both L-PNCs and W-PNCs are shown in Figures 5.1A and 

B, respectively. The STEM images reveal the uniform size distribution of PNCs. I analyzed 

the STEM images using imageJ software and estimated the size distribution at 10.2 nm for L-

PNCs and 6.3 nm for W-PNCs. I also estimated the average size of Au NPs sputtered (7 s) on 

a STEM grid at 8 ± 2.23 nm (Figure 5.1C). 

 

 
Figure 5.1. Structural characteristics of nanoparticles. STEM images of (A) L-PNCs, (B) W-

PNCs and (C) Au NPs. 

 

The photophysical properties of the PNCs are studied using UV-vis absorption 

spectroscopy and PL spectroscopy. Here, the L-PNCs were dispersed in toluene and diluted 

further to record the spectra. Figure 5.2A represents the UV-vis absorption and PL spectra of 
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L-PNCs recorded in toluene. The inset shows the PNCs dispersed in toluene and taken under 

UV light. Figure 5.2B shows the absorption and PL spectra of W-PNCs sprayed on glass/Au, 

and the insets represent the microscopic image of a single W-PNC sprayed on glass or an Au 

plasmon substrate. The L-PNCs in toluene exhibit the PL spectrum ca. 520 nm, whereas the 

W-PNCs show it at ca. 532 and ca. 535 nm when sprayed on glass and an Au plasmon substrate, 

respectively. Perhaps, a more interesting feature is the ~ 3 nm red shift for W-PNC on the Au 

substrate than on the glass substrate. As reported by Abhijit and co-workers,26 such a redshift 

PL spectrum is attributed to the charge transfer process between W-PNC and Au NPs. Figures 

5.2C and 5.2D represent the EMCCD and hand-held CCD camera images of W-PNCs. 

 

 
Figure 5.2. (A, B) Absorption and PL spectra of (A) L-PNCs and (B) W-PNCs. The broad 

absorption spectrum represents the Au NP film. The traces (i) and (ii) are for single W-PNCs 

on (i) a glass substrate and (ii) an Au NP film. The inset in A shows the photograph of an L-

PNC solution in toluene and under UV light. The insets in B show the PL images of W-PNCs 

on (iii) a glass and (iv) an Au NP substrate. (C, D) PL images of W-PNCs sprayed on a glass 

substrate and detected using (C) an EMCCD camera and (D) a hand-held CCD camera. The 

scales are (C) 50 x 50 µm2 and (D) 100 x 100 µm2. 
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5.2.2 Exciton dynamics in nanocrystals  

The PL blinking behavior of PNCs was investigated using a single-particle fluorescence 

microscope. At first, the L-PNCs samples were prepared on a glass substrate by a drop and 

drag method. In the case of W-PNCs, I spray cast the precursor mixture on a glass substrate. 

This method provided the density of single W-PNCs at 120-160 particles per 100-100 µm2 area 

(Figure 5.2C). I focus on the blinking of single PNCs, to understand the general blinking 

behavior of both pristine L-PNCs and W-PNCs. Representative PL blinking trajectories of the 

as-synthesized L-PNCs and W-PNCs on glass substrates are shown in Figures 5.3 A (i, ii, L-

PNCs), B (i, ii, W-PNCs). An interesting feature in the blinking of W-PNCs is an excellent 

signal-to-noise (S/N) ratio without any photobleaching. The PL blinking varies from particle 

to particle in the ON- and OFF-time distributions. It changes from rapid ON-and OFF-events 

to long-lived ON/OFF-events. As reported in the literature, the main origin of pristine 

MAPbBr3 PNC blinking is based on the charging−discharging processes. Here, the dielectric 

factor plays an important role in exciton confinement. Noticeably, the smaller size W-PNCs 

(6.3 nm), compared to the 10.2 nm edge size of L-PNCs, leads to prominent quantum 

confinement. This stronger confinement and enhanced Coulomb interactions in W-PNCs 

probably increase the probability of ionization and non-radiative Auger processes. 

 

 

Figure 5.3. The PL blinking behavior of PNCs on a glass substrate and excited at 404 nm. (A, 

B) PL intensity trajectories of MAPbBr3 PNCs: [A (i, ii)] L-PNCs and [B (i, ii)] W-PNCs. 
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On the other hand, every single W/L-PNC show different PL blinking behavior with 

changes in ON- and OFF-time distributions. Thus, to understand the general blinking behavior 

of both L-PNCs and W-PNCs, I performed statistical analyses for a large number of single 

W/LPNCs. I analyzed the ON-time and OFF-time probability distributions of >250 pristine L-

PNCs and W-PNCs with a truncated power law (eq 1, Figures 5.4A-D). 

 

 

Figure 5.4. The PL blinking characteristics of PNCs. Log-log distributions of (A, B) ON-time 

and (B, D) OFF-time probabilities of (A, C) L-PNCs and (B, D) W-PNCs. 

 

P(τ) = A0 τ-αe- τ/ τc                                                                                                                 (1) 

 

Here, A0 is constant, α is the power-law coefficient, τc is the truncation time, and the probability 

distribution is calculated using eq 2. 

 

P(τ) = 2Ni/ (τi+1 + τi) - (τi+ τi-1)                                                                                          (2) 

 

Here, Ni is the occurrence of ith time, and τ refers to the time.  
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The PL blinking of PNCs has been widely investigated. The charging-discharging model 

(type-A)27-30 and activation-deactivation of nonradiative recombination centers (type-B)31,32 are 

well-known mechanisms to explain the ON-OFF events. In my experimental data, pristine W-

PNCs and L-PNCs exhibit photoionization (type A: charging-discharging) in the PL blinking. 

This charging-discharging mechanism was obvious from the exponential ON-time truncation 

cutoff in the power-law relation (Figure 5.4A and B). The ON- and OFF truncation times of 

both the L-PNCs (ON = 1.22, and OFF = 0.81) and W-PNCs (ON = 0.47, and OFF = 0.44) are 

shown in the insets of Figures 5.4A-D.  

 

5.2.3 Plasmon-induced exciton dynamics  

To understand the dynamics of exciton-plasmon and metal-halogen interactions, I placed both 

L-PNCs and W-PNCs on separate Au NP films. I used a drop-drag and a spray method to 

control the density of single PNCs in the samples. I observed PL intensity quenching for most 

L-PNCs on an Au NP film.33 Also, there was no change in the PL blinking behavior for bright 

PNCs compared to pristine L-PNCs. Representative PL intensity trajectories of L-PNCs on Au 

films are shown in Figures 5.5A and B.  

 

 

Figure 5.5. (A, B) PL intensity trajectories of L-PNCs tethered on Au NP films. 

 

On the other hand, W-PNCs showed a huge PL intensity enhancement on an Au NP film. 

Surprisingly, most W-PNCs showed excellent signal-to-noise ratios and short ON and OFF 

durations (Figure 5.6), reflecting exciton-plasmon coupling and energy transfer from Au NPs 

to PNCs. To understand this PL blinking behavior and rule out dot-by-dot variations in the ON- 
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>110 W-PNCs on a glass or on an Au NP substrate with a truncated power law (Figures 5.7A, 

B). I found a short (τc-ON = 0.2 s) truncation time for the ON probability (Figure 5.7A) and a 

significant increase (τc-OFF = 2.5 s) in the truncation time of the OFF-time probability (Figure 

5.7B) compared to the W-PNCs on glass substrates (τc-ON = 0.47 s, and τc-OFF = 0.44 s). The  

 

 

Figure 5.6. Plasmon-induced, chemically-coupled PL blinking. (A, B, C) PL intensity 

trajectories of W-PNCs on an Au NPs film. Samples were excited at 404 nm. The marked 

position in A is enlarged and shown in Figure 5.8. 
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truncated power-law fitting of the ON- and OFF-time distributions of W-PNCs on Au films are 

the signature of the type-A blinking, but the changes in the τc are noticeable. The PL intensity 

enhancement, excellent signal-to-noise ratio, and decreased ON time truncation suggest an 

exciton-plasmon-coupling-induced energy transfer from Au NPs to PNCs. 

An efficient coupling of Au LSPR with PNCs resulted in fast radiative decay of W-PNCs, 

which probably decreased the ON time. One of the main differences in the exciton-plasmon 

coupling between MAPbBr3 L-PNCs and W-PNCs is that the direct attachment of W-PNCs on 

Au NPs increases the radiative recombination rate, probably due to the formation of an Au-Br 

resonance that enables a chemical enhancement of energy transfer from the LSPR to the PNCs. 

Conversely, the ligands on L-PNCs prevent such a chemical effect. This hypothesis of Au-Br-

based, chemically enhanced energy transfer is considered based on the formation of metal-

halogen bonds (MX: M = Au, Ag, Pt, Cu, and X= I, Br, Cl) by Au-complexes interacting with 

halogen-donors.34 The ligand-free surface of W-PNCs supports a direct interaction between the 

Au surface and Br in the PbBr6 octahedron. Also, it is known that the d2
z lone pair orbital of 

Au donates some charge density to the empty σ* orbital (Br-Br) of Br2.
35-38 

 

 

Figure 5.7. Log-log distributions of (A) ON-time and (B) OFF-time probabilities of W-PNC 

single particles on Au NP films. 

 

Figure 5.8A represents the zoomed-in part of Figure 5.6A, showing intermittent PL 

intensity enhancement due to exciton-plasmon coupling for a W-PNC. The blinking 

characteristics of this W-PNC enable me to propose four hypotheses about the coupling that 
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the LSPR to enhance the PL intensity, and the high-intensity state decouples from the 

enhancement and form the neutral state of the PNC [Figure 5.8B(i)]. (ii) The Auger ionized 

state couples with the LSPR, and the intensity enhancement takes place from the dark state, 

which is followed by decoupling of the exciton-plasmon state by ionization to form the dark 

state [Figure 5.8B(ii)]. (iii) The PL intensity enhanced state in (ii) is quenched by decoupling 

to form the neutral state (ON) [Figure 5.8B(iii)]. (iv) The PL intensity enhanced state in (i) is 

quenched by decoupling from the ionized state (OFF) [Figure 5.8B(iv)]. 

 

 

Figure 5.8. Plasmon-induced chemically-coupled PL blinking of PNCs. (A) A zoomed-in PL 

intensity trajectory portion from Figure 5.6A showing the coupling-decoupling events. (B) A 

schematic representation of plasmon-induced PL intensity enhancement from the neutral (ON) 

state or ionized (OFF) states followed by decoupling of the exciton-plasmon coupled energy 

transfer state to form the neutral (ON) or ionized (OFF) states.  

 

5.2.4 Exciton dynamics in perovskite nanocrystals on Au films  

To understand the above-proposed hypotheses, I evaluated the PL lifetimes (Table 5.1) and PL 

photocounts of single L/W-PNCs on glass or Au NP substrates. The PL decay profiles of a 

single W-PNC or L-PNC on glass or an Au NP substrate are shown in Figures 5.9A and B, 

respectively. The corresponding PL lifetime components are given in table 5.1, and streak 

camera images are shown in Figure 5.10.  

The PL decay profiles were fitted using the third exponential equation (3): 

 

 γ(t) = α0 + α1e
(-t/τ1) + α2e

(-t/τ2) + α3e
(-t/τ3)                                                                                     (3) 
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where α0 is a constant, α1, α2, and α3 are the amplitudes, and τ1, τ2, and τ3 are the lifetime 

components. Generally, the initial component arises from radiative recombination and the other 

two from non-radiative recombinations. I calculated the average PL lifetimes of the samples 

using equation (4): 

 

 Σ αnτn / Σ αn                                                                                  (4) 

 

 

Figure 5.9. Exciton dynamics of PNCs on Au NP films. (A, B) PL decay profiles of W/L-

PNCs on (green, purple) a glass substrate or (orange, black) on Au NP films. (C, D) The plots 

of (C) the PL photocounts or (D) the PL lifetimes against the number of particles (purple: L-

PNCs on a glass substrate, orange: W-PNCs on an Au NP film, green: W-PNCs on a glass 

substrate). 

 

I found the PL lifetime of a W-PNC on an Au NP film much smaller (0.92 ns) than on a 

glass substrate (5.3 ns). Interestingly, this short lifetime was accompanied by 12-fold increase 

in the PL photocounts. In contrast, single L-PNCs on an Au NP film showed only 50% decrease 

in the PL lifetime compared to an L-PNC on a glass substrate. The PL lifetimes and the number 
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Table 5.1: Triexponentially fitted PL decay components of L/W-PNCs. 

Sample τ1 (ns) τ2 (ns) τ3 (ns) % of τ1 % of τ2 % of τ3 

L-PNC/glass 5.39 16.5 30 74 24.2 1.8 

L-PNC/Au 3.9 11.1 42 80 18.1 1.1 

W-PNC/glass 2.57 12 42.74 73.8 25.1 1.1 

W-PNC/Au 0.89 1.1 1 98 2 0 

 

of emitted photons can vary from PNC-to-PNC, depending on the degree of exciton-plasmon 

coupling and the local environment. Hence, I record the PL lifetimes and photocounts for >100 

single PNCs on glass and Au substrates. The average PL lifetime values for W-PNCs on Au 

NPs and glass substrates are 1.2 ns and 5.8 ns, respectively (Figure 5.9C). Consistently, the PL 

photocounts were higher for W-PNCs on Au NPs than glass substrates. The PL lifetimes and 

photocounts suggest LSPR-assisted fast radiative decay for W-PNCs on Au NPs.  

 

 

Figure 5.10. Temporally- and spectrally-resolved photocount maps of MAPbBr3 PNCs: (A, B) 

L-PNC on (A) a glass substrate and (B) an Au NP film. (C, D) W-PNCs on (C) a glass substrate 

and (D) an Au NP film.  

 

Based on the above results, I provide a tentative picture of PL enhancement in the W-PNC-

Au system on the LSPR-coupled energy transfer framework (Figure 5.11). The PL quantum 

efficiency (ϕ1) of a PNC on a glass substrate is given by equation 5: 
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 ϕ1 = kr1 /(kr1 + knr1)                                                                                                              (5) 

 

where, kr1 and knr1 are the radiative and non-radiative decay rates. For W-PNC on an Au NP 

substrate, the enhanced PL intensity and short PL lifetime are attributed to Au-Br-coupled 

Forster energy transfer from Au NPs to a W-PNC. Accordingly, the PL quantum yield on an 

Au NP substrate (ϕ2) is given by equation 6:  

 

ϕ2 = kr2 /(kr2 + knr1)                                                                                                (6)    

                                                                                                                                       

where, kr2 is the radiative decay rate of the W-PNC-AU system. From the PL lifetime and 

photocount data kr2>> kr1, and kr2>> knr1. Here, I assume that the coupling (Au-Br and LSPR-

exciton) enables the energy transfer, which is observed at the single-particle level.  

 

 

Figure 5.11. A hypothetical scheme of PL enhancement and quenching for W-PNCs and L-

PNCs on Au NP substrates. 

 

5.3 Conclusions 

In summary, I developed plasmon-coupled PNC heterostructures and detected an increased 

radiative recombination rate and photoluminescence photocounts for PNCs without ligands on 
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an Au NP substrate. The PL intensity enhancement up to 12-fold at the single-particle was 

accompanied by a sudden decrease in PL lifetime. The PL enhancement is attributed to Au-Br-

assisted, LSPR-mediated energy transfer from Au to PNCs. Fluctuations in the PL intensity are 

attributed to transient decoupling of the Au-Br interactions. 
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General conclusions 

In this thesis, I studied the exciton, charge carrier, interfacial electron-transfer, and surface 

plasmon-coupled exciton recombination dynamics in perovskite nanocrystals in films or 

plasmonic Au NP substrates. The extent of carrier diffusion and the degree of radiative losses 

were realized in closely packed nanocrystal films, which weakens the quantum confinement 

due to increased dielectric screening and enables the dissociation of early excitons into free 

carriers and their migration. The weak confinement and long-range carrier migration increased 

the PL lifetime of films and enabled me to design donor-acceptor interfaces and capture 

photogenerated electrons at long distances. Also, the direct synthesis of ligand-free 

nanocrystals on Au NP films enabled me to realize exciton-plasmon coupled PL intensity 

enhancement through Au-Br interactions for MAPbBr3 nanocrystals. This research emphasizes 

the significance of interfacial electron transfer and plasmon-assisted emission intensity 

enhancement in perovskite nanocrystals-based heterostructures to next-generation photovoltaic 

and photonic devices.  

To study the carrier migration and interfacial electron transfer in films, I synthesized 

CsPbBr3 and FAPbBr3 perovskite nanocrystals by the hot-injection and LARP methods, 

respectively, and their thin films were prepared by ligand-assisted assembly formation. Long-

range carrier migration and photoinduced electron transfer were confirmed from PL lifetime 

and transient absorption studies. I prepared interfacial electron donor-acceptor samples using 

perovskite nanocrystals and C60 or TiO2. I understood the diffusion of photogenerated charge 

carriers from distance-dependent time-resolved PL experiments. In a donor-acceptor solution 

(FAPbBr3-C60 or CsPbBr3-C60), the PL intensity, but not the PL lifetime of the perovskite 

donors, was quenched, revealing static electron transfer. Conversely, the distance-dependent 

electron transfer in films changed from dynamic to static from the perovskite-rich region to the 

donor-acceptor interface.  

For understanding photoinduced electron transfer from perovskite nanocrystals at the 

single-particle level, I used CsPbBr3 or MAPbBr3 as the donor and TCNB or TCNQ as the 

acceptor. The feasibility of PET was predicted from the negative values of Gibbs's free energy 

change. The electron transfer rates were determined from time-resolved PL measurements. The 

acceptors quenched the PL intensity of the nanocrystals, accompanied by a decrease in the PL 

lifetimes in a solution, revealing a dynamic electron transfer. I demonstrated the heterogeneity 

of interfacial electron transfer from single-particle studies of the nanocrystals treated with 

TCNQ or TCNB, followed by analyzing the ON-time and OFF-time probability distributions. 
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Single-particle electron transfer was characterized by a decrease in the ON-time and an increase 

in the OFF-time. 

To improve the radiative recombination rate of perovskite nanocrystals, I synthesized 

MAPbBr3 nanocrystals with or without ligands on glass or an Au NP film. The perovskite 

nanocrystals without any ligand synthesized directly on Au NPs showed an enormous 

photoluminescence intensity enhancement. On the other hand, the PL intensities of 

nanocrystals with ligands were decreased. The difference, enhancement, or quenching of the 

intensity is discriminated based on LSPR-active chemical coupling of ligand-free MAPbBr3 

nanocrystals through the Au-Br interactions.  
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