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Thesis Layout 

The thesis consists of seven chapters. Chapter 1 starts with a brief discussion on semiconductor NCs and 

their size dependent optical properties and carrier recombination processes. Then the lead halide 

perovskites, one of the most celebrated semiconductor materials in recent time, are introduced. Their 

crystal structure and composition dependent optical properties are discussed. The synthesis method, 

nucleation and growth processes, surface chemistry and photophysical properties are briefly discussed. In 

Chapter 2, we have described the synthesis and purification methods of the LHP NCs used in this project 

work.  Basic principles of different spectroscopic techniques used for our studies, like steady state UV-

Vis absorption and emission, time correlated single-photon counting, PL blinking, fluorescence 

correlation spectroscopy, femtosecond pump-probe spectroscopy have been discussed. The working 

chapters begin from Chapter 3, in which a general methodology for obtaining all bromide-based LHP 

NCs with unparalleled PLQY and stability employing N-bromosuccinimide as a new bromide precursor is 

described. In Chapter 4, we have extended this method to develop violet- and blue-emitting LHP NCs 

using N-halophthalimides and N-halosuccinimide as halide precursors. The effect of lead:halide precursor 

ratio on the PL and carrier dynamics of these NCs is then discussed. In Chapter 5, we have described a 

strategy for achieving phase stable and highly luminescent CsPbI3 NCs with suppressed PL blinking. We 

have also thoroughly investigated the mechanism of PL fluctuation of these NCs. In Chapter 6, the effect 

of size on PL blinking of the quantum confined CsPbBr3 NCs has been discussed. By analyzing the PL 

blinking data, the rate of carrier trapping processes in these NCs is assessed. In Chapter 7, a summary of 

these findings is presented, and the future scope of investigation is highlighted.   
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Overview 

In this chapter, relevant concepts and theories necessary for understanding of the research work presented 

in this thesis are provided. The origin of band structures, charge carrier recombination processes, and 

quantum confinement effect in semiconductors are described. The discussion is then focused on newly 

emerged perovskite NCs, which are one of the most celebrated semiconductor NCs in recent time and 

around which this thesis work evolves. A brief discussion on the methods of synthesis, nucleation and 

growth mechanism, and strategies for shape and size control of this important class of materials is 

presented. Specific attention is given to the defects, surface termination and ligand binding mechanism of 

these systems. PL blinking of the perovskite single NCs and processes, which contribute to this 

phenomenon, are discussed.   
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1.1. Preface 

 In the last 20 years the world has witnessed tremendous advancement in technology, energy, and 

medicine. These advances are driven by materials, which are thousand times smaller than a single strand 

of hair known as nanocrystals (NCs). The size of a NC usually ranges from 1 to 100 nm. Significant 

efforts have been made in developing the NCs and associated technologies in recent years. 

Nanotechnology has already made a huge impact in bio-imaging and sensing capabilities in medicine, 

drug delivery and gene therapy. The applications of the NCs extended from the biological sphere to 

energy solution including photovoltaics devices, light emitting diodes and water splitting catalyst.
1
 

Recently, Samsung used semiconductor NCs for making of QLED television display. NCs offer both 

energy efficiency and color gamut advantages over other existing screen technologies, such as organic 

LEDs. NCs can also be used as potential single photon emitter in quantum technologies.
2
 Their 

application breadth and success is due to the tunability of the physical, chemical, and biological 

properties, coupled with ease of their processing. 

Semiconducting NCs, known as quantum dots, are of particular interest in photovoltaics and 

optoelectronics due to their interesting physical and electronic properties. Cadmium based metal 

chalcogenide quantum dots were first used in these applications. Due to the toxicity issue of the Cd based 

NCs, indium phosphide based NCs were introduced later as an alternative. Despite making it to the 

market, these are still limited in their performance due to the lack of color tunability, size restrictions and 

defect intolerance. From last decade, lead halide perovskites (LHPs) with chemical formula APbX3, 

where A is an inorganic or organic cation, and X is the halide anion, burst on to the photovoltaic research 

as a replacement of the dyes in typical dye-sensitized solar cell.
3
 Since then, LHPs have set up its own 

field of research for photovoltaics and other optoelectronic applications, such as LEDs, photo detectors, 

and single photon emitter, and photocatalysis. A tremendous rise in photovoltaic efficiency with records 

25.7% for single junction and 29.8% for perovskite silicon tandem solar cell have been observed.
4
 

Research on LHPs NCs has been built on the foundations of traditional quantum dots. The bridging of 

these two research fields, alongside the remarkable properties of perovskite NCs, has allowed the field to 

rapidly grow and develop in a short span of time. To give a glimpse, more than 2500 papers on metal 

halide perovskite have been published by only ACS journals and earned nearly 120,000 citations within 

10 years.
5
 The application of the LHP NCs in photovoltaics and LEDs is of particular interest. Their 

broad absorption spectra, high absorption coefficient, bright emission, narrow line widths, and bandgap 
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tunability made them suitable contender for these applications.
6
 Despite vast growth in application-

orientated research of the perovskites, the understanding of several fundamental aspects of the LHPs 

remains unclear till date. Specifically, in NCs’ research, there remains several questions regarding surface 

passivation, obtaining near-unity photoluminescence efficiency across different compositions, sizes, and 

understanding of the charge carrier dynamics at the single particle and ensemble level. Targeting these 

areas is quite challenging for these systems because of their compositional breadth and diversity in 

chemistry for different compositions. For the proper utilization of the perovskite NCs in photovoltaics, 

LEDs and other optoelectronic applications, their synthesis, surface passivation and charge carrier 

dynamics must be well understood. With this aim, this thesis contributes by introducing a new synthetic 

route for perovskite NCs using unique precursors and unveil some interesting photophysical behavior by 

probing them at the single particle and ensemble level. 

1.2. Background and Theory 

1.2.1. Semiconductors and Band Structure 

Solids are categorized into three classes based on their electrical conductivity: metal, semiconductor, and 

insulator. Semiconductors are a class of materials that sit between a metal and an insulator. There are two 

schools of thought for understanding the electronic structure of bulk solids in general and the principles 

are laid out in solid-state physics, and in the chemistry-based atomic and molecular orbital approach. In 

molecular orbital (MO) theory, electrons are considered to be spread in the entire molecule, and the MO 

where these electrons reside, made up by linear combination of atomic orbitals. Combination of N 

number atomic orbitals generates N number molecular orbitals in a molecule. A solid can be considered 

as a collection of infinite number of molecules and the combination of MO eventually gives rise to a 

continuum of states. The highest occupied MO (HOMO) evolves into the valence band (VB) whereas the 

lowest unoccupied MO (LUMO) into the conduction band (CB) (Figure 1.1.a). The energy separation 

between the edge of VB and CB is the bandgap energy of a material. In case of insulators VB occupied by 

electron and empty CB is separated by large bandgap (>4eV). However, for semiconductors, the band 

structure is more or less similar to the insulator but the bandgap is low. Due to the low bandgap (e.g. 0.67 

eV for germanium, 1.43 eV for gallium arsenide) of the semiconductors, the electrons can be easily 

excited to CB from VB by thermal or light energy. Further, the semiconductors can be classified into (i) 

direct bandgap semiconductor, (ii) indirect bandgap semiconductor based on their band structures (Figure 

1.1.b).  In direct bandgap semiconductors, maxima and minima of the CB and VB possess same wave 
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vector (k), while the indirect one has different k. The Indirect bandgap semiconductors exhibit most often 

very weak transition probability of radiative emission, while direct band gap materials exhibit strong 

transition probability of radiative emission. 

Density of state (DoS) is the possible number of states an electron (or hole), can occupy per unit 

volume when excited. It has been observed that DoS is not uniform over a band due to uneven spread of 

energy levels across the band. The DoS is zero at the bandgap whereas in the VB and CB a curved 

distribution is observed, shown in Figure 1.1.c.  It should be noted that the DoS in semiconductor NCs 

depends on the shape of the NCs (vide infra). 

 

 

 

 

 

Figure 1.1. (a) Schematic illustration of the formation of band from molecular orbital, (b) direct and 

indirect band gap semiconductor and (c) density of states of a semiconductor.  

1.2.2. Charge Carrier Recombination in Semiconductor 

In a semiconductor, bandgap can be overcome by a photon, which excites an electron to the CB and 

leaves a hole in VB. The electron and hole always feel some level of binding interaction and the strength 

of this interaction determines if the electrons and holes are viewed as an exciton (high binding energy) or 

free charge carriers (low binding energy). In the case of exciton forming, the columbic interaction 

between them lowers the total energy of the system. There are two types of excitons: Frenkel and 

Wannier-Mott.  In Frenkel exciton, electron and hole pair are bound to their parent atom and this kind of 

exciton (binding energy ~0.1 – 1 eV) is mainly observed in organic molecules. While, in case of Wannier-

Mott exciton (binding energy ~10 – 100 meV), the electron and hole pair are delocalized throughout the 

lattice, which is mainly observed in inorganic semiconductors. 

In a semiconductor, the exciton can recombine radiatively and/or non-radiatively. Photons are 

emitted in radiative recombination, whereas in non-radiative recombination, phonons are emitted.
7
 These 
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two processes are not mutually exclusive and they can occur at the same time as competing processes. 

The rate equation of these competing processes is summarized in equation 1.1.  

𝑑𝑛

𝑑𝑡
= −𝑘3𝑛3 − 𝑘2𝑛2 − 𝑘1𝑛            ------------------ 1.1 

Here n is the density of charge carriers in a semiconductor at time t. k1 represents the rate constant of 

unimolecular recombination, e.g. trap-assisted recombination. A trap-state is an electronic energy state, 

which arises due to the defects in semiconductor that traps the charge carriers before they recombine 

radiatively. k2 corresponds to the rate constant of bimolecular recombination of the electron and hole. This 

recombination usually occurs from the conduction band minima, and is called band edge excitonic 

recombination. k3 represents the rate constant of Auger recombination. Auger recombination is a many-

body process, involving at least three particles. In this process, the recombination energy of the electron 

and hole is transferred to another carrier (electron or hole). These processes are shown in Figure 1.2.a-c, 

respectively. 

 

 

 

 

 

 

Figure 1.2. Schematic diagram of different recombination mechanisms in semiconductors (a) Trap-

assisted recombination, (b) bimolecular recombination between electron and hole, (c) Auger 

recombination involving at least three particles (adapted from reference 7).  

Practically, photoluminescence quantum yield (PLQY) of a material gives an idea about the 

relative contribution of the radiative and non-radiative recombination processes. PLQY of system is the 

ratio of number of photons emitted against photons absorbed (equation 1.2). If in a material only radiative 

recombination occurs, a unity PLQY is observed. However, for the majority of semiconductors this is not 

the case; trapping of the charge carriers causes deviation from near-unity PLQY.  
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𝑃𝐿𝑄𝑌(𝜙) =
𝑛𝑜.  𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑛𝑜.  𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
    ----------------1.2 

Exciton recombination lifetime (τexc) is the average time taken to recombine and is typically 

measured by time-resolved photoluminescence spectroscopy (TRPL) (described in detail in chapter 2). To 

measure the lifetime for nonradiative processes (e.g. trapping process and Auger process) ultrafast 

transient absorption spectroscopy is generally used (details in chapter 2). 

1.2.3. Nanocrystals and Quantum Confinement 

A NC sits between a molecule with defined discrete energy levels and a bulk crystallite sample with 

continuous bands. Electronic energy states of a nanoparticle directly depend on the size of that particle, 

known as quantum confinement.
8
 Quantum confinement can be described by examining a particle in a 

sphere (PIS), which is nothing but an extension of the particle in a box. PIS model was first developed by 

Brus (Brus, 1984) to characterize the band edge absorption feature of small semiconductor crystallites.
9
 In 

this model, a sphere of radius a is considered which is homogenous medium of arbitrary dielectric 

constant with no point charges or potential, and outside the sphere, there is infinite potential. Inside the 

sphere, there is a non-zero solution to the wavefunction, whereas outside the sphere the wavefunction is 

zero. The exciton can be compared with the hydrogen atom. The H atom has a nucleus (single proton) and 

single electron. This is why, the wave function of exciton has similarity with the H atom wavefunction 

and can be described as 

𝜓(𝜃, 𝜙, 𝑟) = 𝑌𝑙
𝑚(𝜃, 𝜙)𝛽𝑛𝑙  -------------1.3 

Where 𝑌𝑙
𝑚(𝜃, 𝜙)) and 𝛽𝑛𝑙 are the spherical harmonics and radial Bessel function, respectively. Only a 

certain number of non-zero solutions exist for this system which gives rise to some allowed quantum 

energy states. After solving the Schrodinger equation using parabolic approximation, the discrete energy 

levels for an electron confined in a sphere are obtained. 

𝐸𝑛𝑙 =
ℏ2𝜒𝑛𝑙

2

2𝑚∗𝑎2  -----------------1.4 

Here χnl represents roots of the Bessel functions and their absolute values depend on the principal and 

azimuthal quantum numbers, n and l respectively, and m* is the effective mass of the electron/hole. The 

value of l depends on n (l≤n-1, and if l=0, 1, 2 the s, p, d) for H atom. However, unlike H atom l has no 
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restriction for particle in sphere as the potential energy different from the H atom which results exciton 

energy levels sequence of 1S, 1P, 1D and then 2S. 

From equation 1.4, it is evident that with decreasing size of the NCs, the energy of the 

electron/hole levels increases thus the energy corresponds the band edge transition is also increased 

(Figure 1.3.a). The Columbic interaction between the electron and hole also needs to be considered as 

they are confined in the same NC volume. Columbic force is inversely proportional to the radius and 

dielectric constant (ε). The Columbic interaction for this system can be represented by equation 1.5. 

𝐸𝐶𝑜𝑢𝑙𝑜𝑢𝑚𝑏 = −
1.786𝑒2

∊𝑎
 ----------------1.5 

The total energy of the nanoparticle is a combination of the bandgap of the bulk system (Eg), coulombic 

energy (Ecou), quantization energy (Enl).  

Etotal = Eg + Enl + Ecou ---------------------------1.6 

Coulombic attraction is proportional to 1/a, whereas the quantization energy is proportional to 1/a
2
. The 

extent of quantum confinement is depends on the size of the NCs and its relative size in comparison to the 

radius of the Bohr exciton. The Bohr exciton radius (aB) is the radius of the sphere in which the exciton 

resides, and is presented in Equation 1.7, where µ is the reduced mass of the exciton.  

𝑎𝐵 =
∊ℏ2

𝜇𝑒2 ------------------- 1.7 

The Bohr exciton radius is characteristic of a material and in general it ranges from 2 - 50 nm.
10

 

For example aB is 3.5 nm for CsPbBr3 NCs, while it is 7 nm for CsPbI3 NCs.
11

 In the weak confinement 

regime (larger NCs), where a>>aB, Coulombic interaction has a larger effect on the band gap as 

coulombic energy proportional to 1/a (equation 1.6), whereas for strong confinement regime (smaller 

NCs), where a>>aB, the total energy mainly depends on the quantum confinement energy. In CsPbBr3 

NCs, a good correlation between experimental and theoretical results for the change in band gap energy in 

weak, strong and intermediate quantum confinement regimes has been found by Butkus et al.
12

 (Figure 

1.3.b). While a sphere is considered here, the degree of quantum confinement can be different across three 

dimensions. As a particle in a sphere is three dimensional extension of a particle in a one-dimensional 

box, each dimension can undergo a quantum confinement and that can influence the density of states of 
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the NCs. When the exciton is confined in all three directions, a quantum dot is formed. Two-dimensional 

confinement leads to a quantum wire, and one-dimensional to a quantum well (Figure 1.3.c). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. (a) Schematic representation of the effect of quantum confinement on band structure of a 

semiconductor nanoparticle. Panel (b) shows dependence of the bandgap on the size of the CsPbBr3 NCs 

due to quantum confinement. (c) Density of states of a semiconductor NC of different shapes. Panels a 

and c are reproduced from reference 8 and panel b from reference 12. 

1.3. Lead Halide Perovskites 

1.3.1 Background 

A perovskite is a mineral compound, CaTiO3, and the name also can be used for other compounds of 

same structure and general formula of ABX3. LHPs are a subset of this class of materials. They follow a 

structure of perovskite lattice (Figure 1.4.a), where the cation A
+
 resides in the cavity formed by the eight 

corner-sharing [PbX6]
4-

 octahedra. The ‘A’ cation can be cesium (Cs
+
) for all inorganic perovskites, and 

methyl ammonium (CH3NH3
+
) (MA)  or formamidinium (CH(NH2)

2+
) (FA) for hybrid perovskites and 

the anion X
-
 is either a single or mixture of halides:  I

–
, Br

– 
or Cl

–
. While Pb based perovskites are 
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extensively studied, Sn based perovskites, which are less toxic compared to Pb, can also be used as an 

alternative.
13, 14

 However, the major problem for the Sn halide perovskites is their longevity as these 

exhibit very poor phase stability.
15

 However, several variants on perovskite structure also can be possible 

with different stoichiometry and octahedral tilting leading to formation of  "perovskite-related" 

structures.
6, 16-18

  

 

Figure 1.4. (a) Schematic representation of LHP crystal structure. Adapted from reference 18 (b) 

Formidability of the perovskite structure as a function of rA and rX .  The area between the red and blue 

lines corresponds to Pb and Sn, respectively. Reproduced from reference 22. 

One of the major advantages of the LHP family is compositional tuning.  Mixing of cations, 

metals and anions offers tuning of the optical properties for device application.
18

 While there are plenty of 

compositional possibilities, there are limitations too on whether the composition will be in the perovskite 

phase or not. This formidability of perovskite structure can be explained by Goldsmith tolerance factor 

(t).
19

 

𝑡 =
𝑟𝐴+𝑟𝑋

√2(𝑟𝐵+𝑟𝑋)
 -------------------- 1.8 

rA, rB, and rX correspond to the ionic radii of each lattice site constituent. Empirical knowledge 

shows that for stable cubic perovskite phase ‘t’ usually falls into the range of 0.8−1.0.
20-22

 The 

formidability of the BX6 octahedra also depends on another factor that is octahedral factor (μ) expressed 

as: 
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𝜇 =
𝑟𝐵

𝑟𝑥
………………………….1.9 

For stable perovskites, μ should be 0.442-0.895.
20

 Both t and µ are used to predict the stability of 

perovskite structure (Figure 1.4.b).  

What makes lead halide perovskites stand out, and has been the cause for the generation of a new 

research field, is their outstanding optoelectronic properties. To understand these features the physics and 

chemistry of these materials must be discussed. The rest of this chapter shall focus on the perovskite NCs; 

synthesis methods, surface properties, photophysical properties. As an enormous amount of research on 

the LHP NCs is currently underway, there are many excellent reviews for further reading.
6, 23-28

 

1.3.2. Influence of A Cation and X Anion on Optical Properties of LHPs 

The band structure of LHPs mainly depends on the [PbX6]
4-

 octahedral units. The VB maximum 

comprises Pb 6s and X 3/4/5p orbitals, while the CB minimum is constituted majorly by Pb 6p orbitals. 

As halides have direct influence on the bandgaps, the color of emission in LHPs is mainly determined by 

the halides. CsPbI3 NCs emit in the red, CsPbBr3 in the green, and CsPbCl3 in the blue region. Mixing of 

halides (BrxCl1–x; BrxI1–x) allows fine-tuning of the emission peaks across the entire visible region (Figure 

1.5.a-b).
11

 However, mixing of I
-
 and Cl

-
 is a difficult task due to large size difference and also it does not 

affect band gap much.
11

  

 

 

 

   

 

 

Figure 1.5. (a) Colloidal solution of CsPbX3 NCs showing halide dependent emission comprising entire 

visible region of the spectrum and (b) tunable absorption and emission spectra of CsPbX3 NCs with 

variation of X. Panel (a) and (b) reproduced from reference 11. (c) Effect of variation of A cation on the 

bandgap (reproduced from reference 29). 
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However, electronic structure calculation shows that A cation has no direct effect on the bandgap 

of the perovskites, can influence the bandgap to some extent. As mentioned earlier, A cation must be fit 

into the cuboctahedral cavity, a change in A cation can expand or contract the lattice which gives rise to 

disturbance in the [PbX6]
4-

 units. This result in variation of the Pb-X-Pb bond angles and Pb-X bond 

length and changes the bandgap. Hence, the indirect influence of A-cation size on the bandgap is the 

following. With increase in ionic radius of the A cation (FA>MA>Cs), the lattice expands, which causes 

decrease in bandgap energy thus a red-shift in the absorption onset (Figure 1.5.c.).
29

 

1.3.3. Synthesis Methods 

Semiconductor NCs are synthesized broadly by two different approaches: top-down and bottom up. In 

top-down method, a readymade material is fragmented into smaller pieces either chemically (e.g. 

chemical exfoliation
30

) or mechanically (e.g. ball milling
31

), whereas in bottom-up method, the 

nanoparticles are generated by stitching molecules or atoms together. These approaches are further 

divided depending on the synthesis phase: vapor, solid, liquid. Among these procedures, the liquid phase 

bottom up approach is found to be most effective for the synthesis of  LHPs NCs.
26, 32

 

Here we will discuss the two most studied liquid phase bottom-up synthesis method of the LHP 

NCs: hot injection (HI) and ligand assisted reprecipitation (LARP) methods. Schematic diagram of these 

methods is depicted in figure 1.6. The fundamental concept of the LARP method is known for 

centuries.
16, 33

 In this method, first, precursors are dissolved in a solvent and then the solution is moved to 

a supersaturated state. This can be achieved through several ways:  decreasing the temperature of the 

solution or evaporating the solvent or introducing another miscible solvent in which ions have poor 

solubility. The formation and growth of crystals can be controlled down to the nanoscale by adding 

ligands in this method, which is why this method is termed as LARP. 

To prepare LHPs following LARP method, first PbX2 and AX are to be dissolved in a suitable 

polar solvent, typically dimethylsulfoxide (DMSO) or dimethylformamide (DMF). This mixture is then 

thrown into a non-polar solvent (hexane or toluene) in the presence of ligands. This mixing induces 

supersaturation and initiates nucleation and growth of the NCs. Employing this method a wide variety of 

compositions of the LHP NCs comprising different halides (Cl, Br, and I) and cations (FA, MA, and Cs) 

can be synthesized.
34-38

 This method is also useful for obtaining NCs of different shapes and sizes. This 

synthesis is often carried out in open atmosphere and readily scalable.
39
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Figure 1.6. Schematics of the (a) LARP and (b) HI synthesis methods of the LHP NCs. Panel (a) and (b) 

reproduced from reference 16. 

HI synthesis is another popular method of synthesis of the semiconductor NCs since its first 

success in the preparation of cadmium chalcogenides.
40

 In this method, a precursor is injected into the 

remaining precursors and ligands dissolved in a high boiling solvent (1.6.b). The HI method is very 

effective in producing uniform sized NCs because it consists separate nucleation and growth steps.
41, 42

 

After achieving the required growth, the reaction is quenched usually through a rapid change of 

temperature by plunging the reaction flask into an ice bath. These reactions are most often carried out 

under inert atmosphere and require long degassing steps to remove all air and moisture from the reaction 

flask. The key parameters that control shape and size-distribution of colloidal NCs in this method are (i) 

the ratio of the surfactants to the precursors; (ii) the injection temperature (iii) the reaction time and (iv) 

the concentration of the precursors.  

CsPbX3 NCs were first prepared via HI method by Protesescu et al.
11

There are several other HI 

methods for preparation of the LHPs that are developed recently.
20, 43, 44

 We have also developed a generic 

synthesis method for obtaining LHP NCs,
45

 which is discussed in detail in chapter 3 and 4. It is important 

to note that in both LARP and HI methods, the nucleation and growth of the NCs are vital for achieving 

control in the synthesis. Each synthesis method offers size and shape control, as well as engineering of the 

surface of the resulting NCs. Indeed, these have been achieved successfully for LHP NCs. 

1.3.4. Nucleation and Growth of the NCs 

Nucleation and growth are the two most important steps in the formation of the NCs. Synthesis of any NC 

begins with the precursors and once the concentration of the precursors in solvent is above the nucleation 
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threshold, they start aggregation and form small nuclei, or seeds, which act as a basis for crystal growth. 

The interaction with the remaining precursors in solution and each other helps small nuclei to grow to 

particle. Growth of the nanoparticle mainly depends on the particle surface and diffusion of the monomer 

to the surface. When particles overcome a critical radius, they grow further and form NCs, and below 

which they dissolve again. The size distribution of the NCs dispersion depends on the time in which the 

nuclei form and by size focusing effects or ripening. These two processes can be explained classically 

using theories of thermodynamics and kinetics, and a detailed overview of the mathematics behind these 

processes is reported by Thanh et al.
46

 It should be noted that new nuclei can be formed during the growth 

of NCs that often broadens size distribution of the NCs. In order to obtain monodisperse NCs, these two 

processes must be well separated. This was conceptually introduced by LaMer in the 1950,
47

 showing that 

a discrete nucleation must be followed by a slow and controlled growth, Figure 1.7. This is achieved in HI 

method where rapid addition of precursor increases the concentration above the nucleation threshold, and 

a burst nucleation occurs to mitigate the super-saturation. These nuclei grow continuously with rapid 

depletion of the monomers and ideally no nuclei. This growth usually follows Ostwald ripening process, 

where the dissolution of smaller particles helps the larger particles to grow further, leading to size 

defocusing. 
47, 48

 

 

 

 

 

 

 

 

 

Figure 1.7. Schematic depiction of the nucleation and growth stages for the synthesis of monodisperse 

NCs in the framework of LaMer model (adapted from reference 48).  
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Since the first report of HI synthesis of the CsPbX3 NCs there have been several attempts to find 

the nucleation and growth mechanism of the LHP NCs. Liganos et al. employed microfluidic reactors 

coupled with in-situ optical spectroscopy to form droplets of the NCs and determine their nucleation and 

growth dynamics.
49

 Monitoring the in situ absorption and PL they showed that both processes happened 

in the initial 1−5 s of the reaction, indicating that these NCs have extremely fast reaction kinetics. 

Alternatively, transmission electron microscopy (TEM) studies have been used by Koolyk et al. to 

understand these processes. They reported a size focusing regime lasting for 20 seconds in CsPbI3 NCs, 

whereas CsPbBr3 NCs undergoes a defocusing from the beginning of the reaction with continuous 

broadening of the size distribution which lasted for 40 seconds.
50

 These reports indicate that lack of 

unified picture for these key processes in LHP NCs. The major challenge for investigation of the 

nucleation and growth kinetics for this system is the incredibly fast reaction kinetics.  

1.3.5. Surfaces and Ligands 

The most important factor in growth, optical properties, and stability of the NCs is the ligand shell. The 

ligands for a NC consist of tethering head group that interacts with the NCs surface, and a long 

hydrocarbon tail. In principle, longer chain ligands are better for colloidal stability and interaction 

between the surface and anchoring head group. Ligand-NC interaction is classified using the framework 

of covalent bond classification in organometallic chemistry in which every bond is treated as a covalent 2-

centre-2-electron interaction.
51

 Ligands are classified into three types based on the number of electrons 

that the ligand contributes in the metal-ligand bond. These are L-, X-, and Z-type and they contribute 2, 1, 

and 0 electrons to the metal to form a bond, respectively. L-type ligands are usually Lewis base that 

typically coordinates to the surface metal ions. Z-type ligands are generally Lewis acids, which coordinate 

to the non-metal atoms, whereas the X-type ligands bind with either metal or nonmetal atom depending 

on their affinity of each. A schematic representation of the binding motif of L-, X- and Z-type ligands 

with a NC is presented in figure 1.8.a.
52

 Uncoordinated surface atoms with dangling bonds lead to 

appearance of electronic levels in the bandgap which act like a defect site. Bonding between NC and 

ligands creates new MO with bonding and antibonding character and a good covalent interaction removes 

these mid-gap states by drifting the energies of bonding and antibonding orbitals outside of the bandgap, 

effectively cleaning up the trap states.  

For perovskite NCs, the most used ligand head groups are primary ammonium (OLA
+
) and 

carboxylate (OA
-
) ions. These ligands have been known for long time since the synthesis of traditional 
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quantum dots. The surface of a LHP NC can be viewed as series of vacancy defects and it can be either 

PbX2 terminated, or AX terminated. De Roo et al. showed that OA and OLA form dynamically bound 

ligand shell on the surface of CsPbX3 NCs.
53

 From NMR study they showed that OLA
+
 ion mainly binds 

to the surface of the NCs as OLA
+
Br

-
 and then interacts with other species such as OA

-
 or OLA in 

equilibrium (1.8.b). This complex equilibrium can be detrimental to the stability and optical properties of 

the NC if not balanced properly. If the equilibrium is moved away from the surface of the NC, colloidal 

stability is lost along with luminescence quenching. Indeed, CsPbX3 NCs most often degrades during 

washing with polar solvents due to the striping of OLA
+
 from the sutface.

52
 However, it is difficult for the 

OLA
+
 to detach as a discrete solvated ion in a non-polar solvent like hexane/toluene therefore,  they most 

often pull out the surface halides and oleates to maintain charge-neutrality.
54

 The binding motif between 

ligand and NC not only depends on the ligand tethering head, but also the surface of the NCs itself. The 

surface termination of a NC is very important as it regulates how ligands will interact with the surface 

atoms, and what is best for PLQY and stability. This was investigated for CsPbBr3 NCs in detail by 

Bodnarchuk et al.
52

 These NCs can be represented as [CsPbX3](PbX2){AX′}, 
55

 in which  core CsPbX3 

terminated with a PbX2 inner shell and then a capping layer of AX′ in the outer shell (1.8.c). Here, A is 

the monovalent cation (Cs
+
 and/or alkylammonium) and X′ is the monovalent anion (halide and/or 

oleate). The steric hindrance and equilibria existing between the NCs surface and solution determine the 

proportion of long chain ions in AX′ shell. Alternatively, outer layer PbX′2 termination i.e. 

[CsPbX3](CsX){PbX′2},  also can be possible and to achieve colloidal stabilization X′ must be OA
-.
 

However, formation of {PbX′2} outer layer is highly unfavorable because 2.5 times denser ligand packing 

is required in this case that leads to steric hindrance and it also breaks the octahedral coordination of the 

Pb
2+

. Therefore, [CsPbX3](PbX2){AX′} is the most stable surface termination for the CsPbX3 NCs. They 

also pointed out that halide rich surface with complete PbBr6 octahedra are key to achieving minimal 

surface traps and high PLQY, and long chain ligands are required in the outer surface for colloidal 

stabilization (1.8.d). Indeed, they showed that post-synthetic treatment of the CsPbBr3 NCs with lead 

bromide and didodecyldimethyl-ammonium bromide leads to enhancement of PLQY from 30-40% to 90-

100% and colloidal stability against washing with polar solvents. It is noteworthy that, most of the studies 

on defect formation and surface chemistry of perovskite NCs have been focused on CsPbBr3 due to its 

ease of synthesis and phase stability. However, there is very little research on perovskite with other A 

cations and other halides.
54, 56

 Compositional variation will undoubtedly influence the surface of the NCs 

and binding nature to different ligands, call for an extensive study on surface chemistry of these NCs.  
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Figure 1.8. (a) Ligand binding motifs in NCs according to covalent bond classification. (b) 

Schematicdepiction of dynamic surface passivation by oleylammonium bromide oleylammonium oleate, 

oleylamine. Panel a and b reproduced from reference  53  (c) Schematic representation of possible 

surface termination of CsPbX3 NCs. (d) Realistic surface termination for obtaining colloidal stability of 

CsPbX3 NCs with the common cationic and anionic surface ligands. Panel c and d adapted from 

reference 52. 

1.3.6. Defects in Perovskite NCs 

Defects have always been an indigenous part of the semiconductor NCs, influencing their electronic and 

optical properties. However popularity of the LHP NCs in several optoelectronic applications stems from 

their defect-tolerant nature, photophysical properties and stability of these materials are still controlled by 

the defects.
24

.
23

These materials exhibit a high density of point defects, like vacancy defects (e.g. halide 

vacancies), which have low formation energy. The interstitial and antisite defects, which have much 

higher formation energy, are almost absent in these systems as the ions in the perovskite crystal are 

difficult to misplace.
57, 58

 Vacancy defects are shallow in energy due to the unique bonding characteristics 

in LHPs; antibonding character of valance bond maxima and spin-orbit effects in the conduction band 
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(Figure 1.9.a). However, that the LHP NCs are not entirely free of deep traps is evident from sub-unity 

PLQY of these NCs.
59, 60 Nenon et al. have shown that the impact of halide vacancies on the electronic 

properties of LHP NCs depends on the halide constituent.
54

 The deleterious effect of halide-vacancies on 

PLQY is much more pronounced in case of CsPbCl3 NCs compared to CsPbBr3 and CsPbI3 NCs (Figure 

1.9.b). In CsPbCl3 NCs, chloride-vacancies (VCl) lead to the formation of highly localized deep trap-

states,
54, 61

 while the VBr and VI in CsPbBr3 and CsPbI3 NCs lead to formation of shallow trap-states. This 

explains why the CsPbCl3 NCs exhibit a PLQY of 1-10%, whereas it is above 60% for both CsPbBr3 and 

CsPbI3 NCs.
62

  

 

 

 

 

 

 

 

Figure 1.9. (a) Schematic representation of electronic band structure of traditional semiconductors and 

LHPs. In traditional semiconductors (eg CdSe) the bandgap is formed between bonding (σ) and 

antibonding (σ*) orbitals, whereas for LHPs between two antibonding orbitals. (b) Electronic structure 

and charge density of LHP NCs in presence of halide vacancies. Panel (a) and (b) are reproduced from 

reference 23 and 54, respectively. 

Structural disorder in LHP NCs also generates defect states.
62, 63

 In CsPbI3 NCs, due to the large 

ionic radius of I
-
, [PbI6]

4-
 octahedral units create large void for Cs

+
. This size mismatch imparts slight 

tilting of the [PbI6]
4-

 octahedral units to hold the 3D structure.
21

 This octahedral tilting is one of the key 

reasons for poor stability and low PLQY of this system. Again, in CsPbCl3 NCs, halide vacancies and 

uncoordinated Pb atoms create short range disorder in crystal structure, which is another reason for poor  

optical properties of this system.
64
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1.3.7. Defect Passivation Strategy 

It is evident from the above discussion that defects originate in this system due to dynamic nature of 

binding of OLA and OA in the surface and halide vacancies. In this regard several other ligands with a 

wide variety of functionalities are explored by several groups to provide better surface protection.
54, 60, 65

 

Krieg et al. showed that zwitterionic capping ligands such as sulfobetaines, phosphocolines, and γ-

aminoacids are favorable ligands for preparation of stable and highly luminescent CsPbBr3 NCs (1.10.a-

b).
66

 Recently, Kovalenko and coworkers showed that natural lecithin, a phospholipid, can be used as an 

effective surface capping agent for obtaining ultra-stable CsPbX3 NCs. These ligands are free from 

mutual or external neutralization through acid-base equilibria, and their chelation ability is highly 

beneficial for stability. Alvisatos and coworkers showed that the X-type soft ligands can also effectively 

passivate surface defects. The soft Lewis bases (e.g.,hexylphosphonate, benzoate, etc.) strongly bind with 

under-coordinated lead atoms (soft Lewis acid) and yield defect-free NCs of CsPbBr3 with nearly single-

exponential PL decay. 
54

  

To tackle defects arising from halide vacancies, the three-precursor hot injection methods are found to be 

very effective, where separate Pb and X precursors are used instead of a common precursor, PbX2. 
45, 67, 68

 

In traditional synthesis, where PbX2 is used as a source of both Pb and X, the Pb:X molar ratio of 1:2 in 

the reaction 1:2 is much less than the stoichiometric ratio of 1:3. In three precursor HI method, separate 

Pb and X precursors offers tunability of the Pb:X ratio. We have developed a three-precursor HI method 

using N-haloimides as an halide precursor for the preparation of high quality LHP NCs. Several groups 

have been used other halide precursor to obtain stable and highly luminescent NCs of these materials.
45, 55

 

Plenty of reports showed that post-synthetic or in situ treatment of metal halide salts (e.g.) can efficiently 

remove halide vacancies in these NCs (1.10.c).
69, 70

  Structural disorder in these NCs can be removed by 

partial substitution (doping) of smaller sized metal cations in place of lead.
63, 64

  As defect passivation is 

one of the main theme of this thesis work, this is discussed further as the thesis progresses.  
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Figure 1.10. (a) The net effect of two possible sets of equilibria is facile ligand (oleic acid and 

oleylamine) desorption during purification. (b) Examples of capping with long-chain sulfobetaines, 

phosphocholines, and γ-amino acids are depicted left to right (n = 1): 3-(N,N-

dimethyloctadecylammonio)-propanesulfonate, N-hexadecylphosphocholine, and N,N-

dimethyldodecylammoniumbutyrate. (c) Schematic representation of elimination of halide vacancies by 

post-synthetic treatment of MX2 salt. Panel (a) and (b) are adapted from reference 66 and panel c 

reproduced from reference 62. 

1.3.8. Single Particle Photoluminescence Blinking 

Under constant illumination, almost all colloidal semiconductor NCs synthesized till now exhibit 

intermittency in their PL, which is called PL blinking. However, at ensemble level such fluctuation of PL 

is smoothed out, thus undetectable. PL blinking was first reported for single NCs of CdSe with or without 

ZnS shell by Nirmal et al. in 1996.
71
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PL blinking is observable for a large variety of single fluorophore comprising dyes and 

fluorescent proteins prior to discovery in semiconductor NCs.
72

 In simple fluorophores, PL blinking arises 

due to intersystem crossing (ISC) to long-lived triplet states leading to a single blinking rate. While for 

more complex single emitters, including semiconductor NCs, a wide distribution of blinking rates is 

generally observed, resulting occurrence of high fluorescence (ON) and low fluorescence (OFF) states 

lasting from hundreds of microseconds to hundreds of seconds (Figure 1.11). Apart from the OFF-state, a 

low-intensity gray state can be observed during the blinking process.
73

 The widely distributed blinking 

kinetics indicates a static or dynamic distribution of the trapping and detrapping rates. Although PL 

blinking was initially described for very small quantum dots, afterwards it has been studied for many 

morphologies including nanocubes, nanowires, nanoplates and nanorods.
74, 75

  

 

 

 

 

 

 

 

Figure 1.11. Schematic illustration of blinking of a semiconductor NC due to competing radiative and 

nonradiative recombination through trapping of a charge carrier. 

While it is mostly accepted that PL blinking occurs due to trapping of the charge carries, details 

of the underlying mechanism are still highly debated. Several models have been set forth to explain PL 

blinking mechanism, and among them, a charging model
76, 77

 and multiple recombination center (MRC) 

model
78

 are the most featured ones. When one of the charge carriers is trapped for a longer duration, the 

NCs become charged. The absorption of another photon by a charged NC when produces an exciton, the 

system becomes a trion. The trion can recombine nonradiative way by Auger recombination or/and 

radiative way at a much faster rate (twice the neutral exciton recombination rate). PL blinking arising 
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from trion-mediated recombination is known as Auger or A-type blinking (1.12.a). Duration of the off-

states in this case is usually depends on time spent by the carriers in the trap states.  

 

 

 

 

 

 

 

Figure 1.12. Schematic depiction of different types of blinking mechanism. Left side of each panel 

represents fluorescence lifetime intensity distribution which is represented by false color coding and the 

corresponding recombination processes of the photoexcited charge carriers in the right side. Green 

arrows indicate the radiative processes, whereas the red arrows indicate nonradiative processes (adapted 

from reference 86). 

Trapping of charge carrier in a short-lived trap states can facilitate its instant relaxation by a nonradiative 

pathway. Random activation and deactivation of these trap states results in a constantly changing 

nonradiative rate constant. This time dependent fluctuation of the nonradiative rate constant leads to PL 

blinking, which is termed as band-edge carrier (BC)-blinking when trapping of the charge carriers takes 

place from the band-edge states (1.12.b).
79

 Blinking can also be caused by trapping of the hot carriers 

(HC-blinking).
80

 Trapping of the hot carriers allows their rapid relaxation through a nonradiative 

recombination route, and one observes a large drop of PL intensity without any noticeable change in 

lifetime (1.12.c). As both BC- and HC-blinking arise from the activation and deactivation of the trap 

states, these two types of blinking are often referred to as B-type blinking.  

Estimation of ratio of radiative rates (kr) of the different PL intensity states helps to find out 

underlying blinking mechanism. The following relationship is used to estimate the radiative contribution, 

τr, to the fluorescence lifetime (τ).  
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𝐼 ∝ 𝑃𝐿𝑄𝑌 =
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
= 𝜏𝑘𝑟 =

𝜏

𝜏𝑟
………………………..1.10 

Here I and knr represent the PL intensity and nonradiative recombination rate, respectively. For trion 

blinking ratio of kr between two different intensity state is ~2.0 whereas it is 1.0 for BC blinking. 

Fluorescence lifetime intensity distribution (FLID) measurement is also found to be an effective method 

for the investigation of blinking mechanism. The FLID trajectory of the Auger blinking is typically a 

curved line (Figure1.12) whereas a linear FLID pattern is observable for BC-blinking. In HC-blinking, 

fluorescence lifetime is almost constant irrespective of the large change in PL intensity. The LHP NCs 

most often show multistate blinking events without clear separation of the ON and OFF states
2, 81-83

 due to 

coexistence of multiple PL blinking mechanism.
82, 84-86

  

The above discussion shows that blinking is linked to the nonradiative recombination of the charge 

carriers through short-lived trap states (BC blinking and HC blinking) and charging of the NCs due to the 

trapping of charge carrier in long lived trap states (Auger blinking). Hence, by eliminating these traps 

states one can achieve non-blinking NCs. In the case of traditional QDs, blinking can be eliminated by 

growing very thick shell outside the NCs forming a trap free core-shell structure. 
87, 88

As far as the LHP 

NCs are concerned, till now this is not an effective approach for elimination of blinking. Recently, 

blinking in CsPbBr3 NCs is suppressed by modifying the surface using tetrafluoroborate salts.
84

 We have 

also shown an effective approach for suppression of blinking in CsPbI3 NCs and that will be discussed in 

chapter 5.  

1.4 Outline of the thesis 

This thesis contributes to the design high quality perovskite NCs and understanding their charge carrier 

recombination dynamics. Among the emerging semiconductors, lead halide perovskites have found 

ubiquitous use in photovoltaics and optoelectronics because of their high photoluminescence quantum 

yield (PLQY), narrow and tunable PL covering a broad visible spectral range (400–800 nm).
6, 11

 Even 

though high resistivity of these substances toward defect formation endows compelling optical properties 

and their manifestation in device applications, these are not free from defects, and these NCs often exhibit 

subunity PLQY and low stability in ambient atmosphere.
54, 62

  In this study, we have ventured to 

enumerate the factors responsible for these detrimental properties of the NCs and designed new methods 

to obtain NCs with high PL and stability. Efficiency of an optoelectronic device made of these materials 

depends on the fate of the charge carriers. Hence, understanding of the nature of trap states and dynamics 
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of different competitive radiative and nonradiative charge carrier recombination processes is essential for 

proper utilization of these materials.  

This thesis consists of seven chapters and among them Chapter 3-6 are actual working chapters. 

In Chapter 1, 2 and 7 introduction, experimental methods and conclusion of this study are outlined, 

respectively.  

Chapter 3: N-Bromosuccinimide as Bromide Precursor for Direct Synthesis of Stable and Highly 

Luminescent Green-Emitting Perovskite Nanocrystals
45

 

Stable green-emitting perovskite NCs, exhibiting high PLQY, narrow bandwidth and adjustable PL in the 

510-535 nm region are coveted materials for optoelectronic applications. A generic method of obtaining 

both hybrid and all-inorganic bromide based perovskite NCs with the desired characteristics is, however, 

lacking. In conventional two-precursor hot-injection method, APbBr3 NCs were synthesized by using 

PbBr2 as the precursor for both lead and bromine, which gave a Br:Pb molar precursor ratio of only 2 in 

the reaction system (less than the required value of 3). It has been also found that PbBr2 is not a quite 

effective precursor for obtaining the organometal LHPs (FAPbBr3 and MAPbBr3). For example, FAPbBr3 

NCs obtained by this method exhibit a broader size distribution and poor optical properties. Even for 

CsPbBr3 NCs, the PLQY obtained by this method is typically 60−80% or even lower due to nonradiative 

deactivation induced by the bromide vacancies. In order to overcome these issues we have introduced a 

three-precursor hot-injection method employing N-bromosuccinimide (NBS), a widely used source of 

bromine in organic synthesis, as the bromide precursor. Reaction of NBS with organic acids generates 

HBr, which reacts with oleylamine to form oleylammonium bromide; the latter serves as the active 

bromide source in the synthesis. The method, which is found to be highly reproducible, yields brightly 

luminescent (PLQY ~90-99%) extremely uniform sized cubes of nanodimension for all three systems. 

These NCs exhibit exceptional phase stability and photostability in ambient atmosphere. These NCs also 

show resistant against degradation by polar solvents. The exceptional characteristics of these NCs, which 

are attributed to the formation of oleylammonium lead bromide-terminated surfaces, in which A
+
 are 

partially replaced by oleylammonium ions. 

Chapter 4: Effect of Lead:Halide Precursor Ratio on the Photoluminescence and Carrier Dynamics of 

Violet- and Blue-Emitting Lead Halide Perovskite Nanocrystals
89
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 Highly luminescent violet- and blue-emitting CsPbCl3 and CsPb(Cl/Br)3 NCs are promising materials for 

a number of optoelectronic applications like LEDs, and other display technologies. However, low PLQY 

of these large bangap NCs is an obstacle to the development of blue-and white-emitting LEDs. In this 

work, we show that these NCs with high PLQY can be obtained directly employing an appropriate halide 

precursor and by optimizing the Pb:X precursor ratio. Specifically, employing N-halophthalimides and N-

halosuccinimides as halide precursorss and by varying the Pb:X precursor ratio, we have obtained stable 

and highly luminescent (PLQY 80 - 99%) perovskite NCs emitting in the blue-violet region extending to 

green by direct synthesis. Time-resolved PL and ultrafast pump-probe studies of these systems reveal the 

effect of Pb:X precursor ratio on the carrier recombination processes. Rapid carrier trapping is found to be 

the dominant process that impairs the PLQY of the NCs obtained using a stoichiometric (1:3) Pb:X 

precursor ratio. This trapping of carriers is effectively alleviated by using a higher Pb:X precursor ratio 

during the preparation of the NCs. The results brighten potential utility of these high-quality perovskite 

NCs emitting in the blue-violet region in optical applications. 

Chapter 5: Phase-Stable and Highly Luminescent CsPbI3 Perovskite Nanocrystals with Suppressed 

Photoluminescence Blinking
82

 

Despite their low bandgap, the usage of the CsPbI3 NCs in solar photovoltaic and optoelectronic 

applications is very limited due to their phase instability and single-particle PL intermittency. Herein we 

show that phase-pure, mono-dispersed, stable, highly luminescent CsPbI3 NCs can be obtained by 

tweaking conventional hot-injection method using NH4I as an additional precursor. Single-particle studies 

on these NCs show significant suppression of PL blinking and 60% of all NCs investigated are found to 

exhibit only high intensity ON-states (bright) with narrow distribution of intensity levels. A much wider 

distribution of intensity levels with significant contribution of low intensity OFF-states (dim) are 

observed for the remaining 40% NCs due to band-edge recombination through trap states and Auger 

recombination. Excellent characteristics of these CsPbI3 NCs are shown to be the outcome of NH4
+ 

replacing some surface Cs
+
 of an iodide-rich surface of the NCs. These phase-stable, highly luminescent 

CsPbI3 NCs with significantly suppressed PL blinking can be useful single photon emitter and promising 

materials for optoelectronic and solar photovoltaic applications. 

Chapter 6: Photoluminescence Blinking of Quantum Confined CsPbBr3 Perovskite Nanocrystals: 

Influence of Size
90
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Quantum confined CsPbBr3 NCs with adjustable PL in the range of 470 - 500 nm are particularly 

desirable for applications in LEDs and many quantum technologies. Exploration of full potential of these 

perovskite NCs requires an understanding of the random fluctuation of their PL at the single particle 

level, commonly termed as blinking. In this work, we study the PL blinking of quantum confined single 

NCs of CsPbBr3 of three different sizes between 3.80 and 5.90 nm in immobilized and fluid conditions to 

understand the recombination pathways and dynamics of the photogenerated charge carriers. In the 

immobilized state, the PL intensity trajectories and PL lifetime-intensity distributions of these single NCs 

reveal the contributions of both Auger recombination and trapping of hot carriers to the PL fluctuation. 

The results suggest a higher carrier trapping rate constant for smaller NCs. The fluorescence correlation 

spectroscopy measurements on freely diffusing NCs show a higher off-state fraction and lower per-

particle brightness of the smaller NCs. It is concluded that a larger trap depth and higher probability 

density of the carriers at the surface in smaller NCs make the trapping process more feasible and 

detrapping more difficult. The results provide first information on the effect of size on PL blinking of the 

quantum confined CsPbBr3 NCs, and this knowledge is expected to be useful in better designing 

photoluminescent samples of this class for optoelectronic applications. 
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Overview 

In this chapter, details of synthesis of perovskite NCs used for this study and their optical and structural 

characterization methods have been discussed. Starting materials used for our studies are enlisted here. 

Basic principles of the instrument setups used for these studies have been discussed briefly. We have 

elaborated fundamental concepts of single molecule PL measurements including sample preparations. The 

experimental details of time-resolved confocal fluorescence microscope are described, especially for the 

intensity time-trace and fluorescence correlation spectroscopy measurements. Basic principle of time-

correlated single photon counting and femtosecond transient absorption setup is outlined. The 

experimental details of UV-Vis absorption, photoluminescence and quantum yield measurements are 

described. Furthermore, instrument details for different structural characterization methods such as TEM, 

PXRD, EDX, NMR, FTIR, XPS etc. have been outlined. 
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2.1. Synthesis Methods 

2.1.1. Materials 

Cesium carbonate (99.9%), formamidinium acetate (99%), methylamine, lead oxide (99%), lead chloride 

(99.999%), lead iodide (99%), lead bromide (99.999%),zinc bromide (99%), ammonium iodide (99%), N-

bromosuccinimide (NBS, 99%), N-chlorophthalimide (NCP, 96%), 1-octadecene (ODE, 90%), oleic acid 

(OA, 90%), oleylamine (OLA, 70%), toluene (anhydrous), hexane (anhydrous), were procured from 

Sigma-Aldrich. We have used these materials in the synthesis without any purification. 

2.1.2. Preparation of cesium-oleate (Cs-oleate) 

Cs-oleate was prepared by following a reported method with slight modification.
1
 In this method, 0.195 g 

of Cs2CO3, 9 mL of ODE and 1 mL of OA were taken in a 50 mL two-necked round-bottom (RB) flask. 

Then this mixture was degassed for 10 min at room-temperature and heated under vacuum at 120°C for 1 

h. Then the reaction mixture is kept under N2 atmosphere with constant heating until all Cs2CO3 reacted 

with OA to form a transparent solution of Cs-oleate complex. To avoid precipitation at room-temperature, 

it is preheated at 120°C before using. 

2.1.3. Preparation of formamidinium-oleate (FA-oleate) 

Formamidinium acetate (0.26 g) was taken into a 50 mL double-necked RB flask along with 10 mL of 

OA and then heated under N2 atmosphere at 100ºC until the entire solution becomes clear indicating the 

formation of FA-oleate.
2
 The resultant solution was then dried at 50ºC under vacuum for 30 min to 

remove moistures. 

2.1.4. Preparation of methylammonium-oleate (MA-oleate) 

Preparation of MA-oleate is quite simple as in this case high temperature is not required. It is prepared by 

thoroughly mixing 250 µL of methylamine (2M in tetrahydrofuran) with 2.5 mL of OA at room 

temperature. 

2.1.5. Synthesis of CsPbBr3 NCs using NBS as bromide precursor 

PbO (44 mg) and NBS (108 mg) were loaded into a two-neck 50 mL round-bottom flask along with 5 ml 

ODE. The reaction mixture was kept under vacuum at 120°C for 15 min and then transferred in N2 

atmosphere at the same temperature. Subsequently, 1 mL OA and 1 mL OLA were injected into the 
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reaction mixture and keep it same temperature up to 30 min to dissolve everything in the reaction mixture. 

The temperature of the reaction mixture was increased to 200°C and 0.5 ml of preheated Cs-oleate 

solution was swiftly injected into it. After 15 s the reaction was quenched by using an ice-water bath. 

Then 8 mL of Me-OAc was added to the crude product and it was centrifuged at 7000 rpm for 6 min. 

After centrifugation, the supernatant solution was discarded and the bright green precipitate (CsPbBr3 

NCs) was dispersed in hexane. The hexane dispersion of the NCs was again centrifuged at 12000 rpm for 

10 min. The precipitate was discarded and the supernatant solution containing the NCs was stored. Lastly, 

25 µL of OLA and 25 µl OA mixture was added into the NCs solution and it was stored for future studies.  

2.1.6. Synthesis of FAPbBr3 NCs 

To obtain FAPbBr3 NCs, PbO (44 mg) and NBS (108 mg) were loaded into a 50 ml two-neck round-

bottom flask along with 5 mL ODE. The reaction mixture was kept under vacuum at 140°C for 15 min 

and then transferred under N2 atmosphere at same temperature. Then, 0.3 mL of OLAM and 0.5 ml of OA 

was injected. After confirming everything dissolved in ODE, the temperature of the reaction system was 

raised to 165°C and 2.5 mL of FA-oleate solution was injected smoothly. Subsequently, the reaction 

system was immediately cooled by using an ice-water bath. Then 3 mL of MeOAc was added to the crude 

product and it was centrifuged for 7000 rpm for 6 min. Then the supernatant liquid was discarded and 

bright green precipitate (FAPbBr3 NCs) was dispersed in hexane. After 30 min, it was again centrifuged 

at 12000 rpm for 10 min, the precipitate was discarded and the supernatant liquid containing the NCs was 

stored for future studies. 

2.1.7. Synthesis of MAPbBr3 NCs 

MAPbBr3 NCs were prepared following a protocol similar to that used for FAPbBr3 except for the 

preparation of the MA-oleate solution.  

2.1.8. Synthesis of CsPbI3 NCs using NH4I as an additional precursor 

0.2 mmol (92 mg) PbI2, 0.25 mmol (36 mg) NH4I, 5 mL ODE, 0.8 mL OA and 0.8 mL OLA were loaded 

into a 50 mL double-neck round-bottom flask. The mixture was kept under vacuum for 15 min at room 

temperature and then heated at 120°C in N2 atmosphere until the formation of clear orange colour 

solution. The reaction temperature was then increased to 160- 165°C and 0.5 mL of Cs-oleate solution 

(pre-heated at 100°C) was swiftly injected (under nitrogen atmosphere). Immediately after injection, the 

reaction mixture was cooled in an ice-water bath to obtain the crude product. The crude product was 
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centrifuged for 3 min at 2500 rpm following which the precipitate was discarded and the supernatant 

liquid was again centrifuged at 7800 rpm for 12 min. Then, the supernatant liquid was discarded and the 

precipitate was dispersed in hexane. The dispersed solution was again centrifuged for 12 min at 7500 rpm. 

The supernatant bright red dispersion of the NCs was stored for measurements and the precipitate, if any, 

was discarded. 

2.1.9. Synthesis of Quantum Confined CsPbBr3 NCs 

These NCs of different sizes were synthesized by hot injection method following a reported procedure 

with minor changes in the reaction conditions.
39

 In the first step, Cs-oleate was prepared from its 

precursors. For this purpose, 0.25 g Cs2CO3, 0.9 mL oleic acid (OA), and 9 mL 1-octadecene (ODE) were 

loaded into a 50 mL 2-neck round-bottom flask and dried under vacuum for 1 h at 120 °C. The mixture 

was then heated under N2 atmosphere to 150 ºC until Cs2CO3 dissolved completely. The Cs-oleate 

solution was then kept at 100 ºC to prevent precipitation of Cs-oleate. For preparation of the CsPbBr3 

NCs, in another 50 mL 2-neck round-bottom flask, 75 mg PbBr2 and ZnBr2 (250 mg) were dissolved in a 

mixture of ODE (5 mL), oleic acid (3 mL), and oleylamine (3 mL) at 120°C in vacuum. Then 0.4 mL Cs-

oleate was injected swiftly into the reaction mixture at preset reaction temperature (in N2 atmosphere). 

The reaction temperature used for synthesis of the NCs of three different sizes were 80°C, 140°C and 

180°C, respectively. The reaction was quenched after 120 s by cooling the system in an ice bath. Once 

cooled to room temperature, the crude product was centrifuged at 3500 rpm for 20 min to remove the 

unreacted salt. Two different cleaning methods were used depending on whether the reaction was 

conducted at high (140-180 °C) or low temperatures (80°C). For reactions conducted at higher 

temperatures (140-180 °C), less unreacted salt remained in solution from a greater reaction yield. In this 

case, ~8 mL of methyl acetate was directly added into the supernatant to precipitate the NCs followed by 

centrifuging at 7000 rpm for 8 min. The precipitants were collected and dissolved in ~1 mL of hexane. 

For reactions conducted at lower temperature (80°C), a larger amount of unreacted salt remained in the 

supernatant after centrifuging. In this case, the supernatant was left on the bench top under ambient 

conditions for ~ 2 hours until the salt precipitated. Then the mixture was centrifuged again. This 

procedure was repeated until the supernatant became clear. Then ~ 8 mL of methyl acetate was slowly 

added to the supernatant solution until the mixture became turbid. Then this turbid solution was 

centrifuged at 7000 rpm for 8 min and the precipitate was collected and dissolved in ~1 mL of hexane and 

stored for the measurements. 
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2.2. Optical Characterization 

2.2.1. Steady State Measurements 

UV-Vis absorption and photoluminescence spectra were recorded using Varian CARY100 

spectrophotometer and Horiba Jobin Yvon FluoroLog-3 spectrofluorimeter, respectively. These 

measurements were carried out by taking very dilute (optical density of <0.10 at excitation wavelength in 

1 cm path length cuvette) colloidal solution of NCs.  

2.2.2 Measurement of Photoluminescence Quantum Yield (PLQY) 

The PLQY of the NCs were estimated using the following equation,  

QYS= QYR× (IS/IR) × (ODR/ODS) × (nS
2
/nR

2
)………………………….2.1 

Where, I corresponds to the area under the emission spectrum, OD is the optical density at the excitation 

wavelength and n is the refractive index of the medium. The subscripts S and R designated for sample and 

reference, respectively. 9,10-diphenylanthracene (ϕf = 0.93 in hexane
4
), coumarin 153 (ϕf = 0.54 in 

ethanol
5
), Rhodamine 6G (PLQY of 0.95 in water

6
)

 
were used as the standard for blue, green, red emitting 

NCs, respectively. 
 

2.2.3. Time Correlated Single Photon Counting (TCSPC) 

Fluorescence lifetime (100s of ps to ~10s of ns) is measured by TCSPC technique. 
7
 In this measurement, 

the excitation laser starts a timer, which is terminated upon detection of a light emitted by the fluorophore 

or vice versa. The important components of a TCSPC unit are shown in figure 2.1. A mode-locked laser 

(pulse width, picosecond or femtosecond) with high repetition rate is commonly used as an excitation 

source and a microchannel plate (MCP) photomultiplier tube (PMT) as detector in this technique. 

Ultrashort laser pulse excites the sample and forwards a signal to the constant fraction discriminator 

(CFD1) to measure arrival time of the pulse. Then the signal is directed to a time-to-amplitude converter 

(TAC), which triggers a voltage ramp that is a voltage which increases linearly with time. The photons 

emitted by the sample after sending through a polarizer (optional) and monochromator are detected by a 

PMT and then passed to another CFD2. Then CFD2 sends a signal to end the voltage ramp in TAC. The 

final voltage in the TAC is proportional to time duration between start and stop pulses (Δt). The output 

voltage from the TAC is amplified by a programmable gain amplifier (PGA) and then an analog-to-digital 

converter (ADC) is used to convert the analog signal to a digital signal. These numerical values are 
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processed as a single photon event in the multi-channel analyzer (MCA). To obtain a histogram of 

fluorescence intensity versus time many such photon events are measured. 

 

 

 

 

 

 

 

 

 

Figure 2.1. Schematic diagram of the working principle and main components of a TCSPC.  

The above described operating mode of a TCSPC is called forward mode. Because of high 

repetition rate of excitation source, forward mode of TCSPC measurement show a major problem. The 

TAC needs to be reset and set to zero before receiving each start signal, which requires finite time 

duration. Hence, the TAC can stay in reset mode always if the start signals reach too rapidly. The 

emission signals appear much rarely than the excitation pulses (1 emission signal per 100 excitation 

pulses).To avoid this problem TCSPC measurements are generally carried out in the reverse mode where 

the fluorescence act as the START pulse and the excitation pulse as the STOP pulse.  

2.2.4. Fluorescence Lifetime Measurements 

Photoluminescence lifetime was measured by a time-correlated single photon counting instrument 

(Horiba Jobin Yvon IBH). A diode laser (λexc = 376 nm, 405 nm, 485 nm) and an MCP photomultiplier 

(Hamamatsu R3809U-50) were used as the excitation source and detector, respectively. Instrument 

response was measured by recording the excitation profile by placing a scatterer solution (ludox in water) 

in place of the sample. Decay profiles were analysed by nonlinear least-squares iteration procedure using 
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IBH DAS6 (version 2.2) decay analysis software. The photoluminescence decay curves were fitted to the 

following equation,  

𝐼(𝑡) = ∑ 𝛼𝑖exp⁡(−
𝑡
𝜏𝑖⁄ )𝑛

𝑖=1 ………………2.2 

 

here τi and αi represent amplitude and lifetime of the i
th
 component respectively.  Fractional contribution of 

i
th
 lifetime (ai) to the steady-state PL intensity is given as  

                                                  





n

1i
i
τ

i
α

i
τ

i
α

i
a ………………………2.3 

and the average fluorescence lifetimes were enumerated using following equation. 

𝝉𝒂𝒗 = ∑ 𝒂𝒊
𝒏
𝒊=𝟏 𝝉𝒊……………….2.4 

2.2.5. Single molecule Spectroscopy 

Single molecule spectroscopy emerged as one of the most advanced techniques due to its sensitivity up to 

a single molecule and helped to find several longstanding questions in physics, chemistry and biology.
8-10

 

Single molecule spectroscopy gives access to statistical distributions and correlations of microscopic 

parameters of molecules, and also their temporal fluctuations, which are not visible in ensemble 

measurements. Single molecule spectroscopy earned great attention since 1990s with the pioneering 

works of Michel Orrit and W. E. Moerner and currently stand out as one of the most powerful techniques 

for the study of physical and chemical properties of single molecule.
10

 At the beginning time, the main 

challenges for this technique were isolation of a single molecule and recording of signal with high signal 

to noise (S/N) ratio. However, these problems are solved with upgradation of lasers, optics and detectors, 

and now signals with good S/N ratios can be recorded from highly dilute sample (pM – nM) with 

infinitesimal excitation volume (fL). The spatial resolution  of a microscope is ‘diffraction-limited’ and 

given by Abbe’s formula.
11

 

d = λ / 2NA ………………….2.5 

NA = n sinθ……………………2.6 
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Where d is the minimum separable distance, λ and NA correspond to wavelength of light and numerical 

aperture of the lens, respectively. n and θ represent refractive index  of the lens and half angle of the cone 

of light entering or leaving the lens.  

2.2.6. Confocal Fluorescence Microscope 

We have used time resolved confocal microscope for the study of single particle fluorescence signal. 

Confocal fluorescence microscopy offers several advantages compared to conventional wide-field 

microscopy, including the ability to control depth of field, elimination of background information, and the 

capability of collection of serial optical sections from thick specimens. The basic principle of the confocal 

microscopy is the use of spatial filtering technique to eliminate out of focus light and which is done by 

using very small pinhole at the confocal plane in the optical path. For this study a time resolved confocal 

fluorescence microscope setup (MicroTime 200, PicoQuant
12

) comprising of an inverted microscope 

(Olympus IX71) equipped with a piezo scanning stage is used (Figure 2.2). Photons are collected by a 

water immersion objective (UplanSApo 60× NA 1.2). We have used three picosecond diode lasers 

sources: 405, 485 and 640 nm as excitation sources. The repetition rate of the lasers can be tuned from 1 – 

80 MHz. The output of the diode laser is passed to the main optical unit (MOU) through single mode 

optical fiber and guided by a dichroic mirror. The excitation light was then focused on the sample placed 

on a coverslip and mounted on a movable piezo scanning stage using the water immersion objective. A 

photodiode has been used to measure excitation power. The same objective is also used to collect the 

emission from the sample. A long-pass or band pass filter is used to spectral filtration of photons. To 

eliminate out of focus light a 50µm diameter pinhole was used in the confocal plane. Single photon 

avalanche photo diodes (SPAD) used as detectors in this instrument because they have high detection 

efficiencies in the visible range and very small active area (50-100 µm) to reduce the dark counts. SPAD 

signal is subjected to TCSPC electronics (PicoHarp 300) to get the timing information of the photons. 
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Figure 2.2. (a) Schematic depiction of the time resolved confocal microscope setup. Mi = Mirror, BS = 

Beam splitter, DM = Dichroic mirror, PH = Pinhole and PD = Photodiode. (b) Ellipsoidal observation 

volume in a confocal microscope setup. 

2.2.6. Intensity Time-Trace and Photon Antibunching Measurement: 

We have used time tagged time resolved (TTTR, T3) method to measure the PL intensity time 

traces. Fluorescence lifetime is generally measured by TCSPC instrument and which is discussed in the 

subsection 2.2.2. To get insight on PL dynamics of single NCs, TTTR method is used for measuring PL 

intensity-time traces. In this technique each emitted photon is tagged with both its absolute arrival time 

(relative to the start of the experiment) and the delay time relative to excitation pulse so that PL intensity 

traces and PL decays can be measured at the same time for a given NC. The major advantage of this 

method is that one can study excited state dynamics as a function of PL intensity for a given interval. 

The photon-antibunching or single photo purity is characterized by the second-order 

intensity correlation function, 

𝑔(2)(𝑡) =
〈𝐼1(𝑡)𝐼2(𝑡+𝜏)〉

〈𝐼1(𝑡)〉〈𝐼2(𝑡+𝜏)〉
  ……………………. 2.7                                

(a) 

(b) 
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as a function of the delay time τ between the two photon detection events. Here, I1(t) is 

the emission intensity at time t in detector 1, and I2 (t+ τ) is the intensity after a time delay of τ at 

detector 2. For a single particle, g
(2)

(0) is expected to be 0 as it cannot emit more than one photon 

at any given time. For this measurement, spectrally and spatially filtered photons were passed through a 

50:50 beam splitter and focused onto two identical SPADs arranged in the Hanbury Brown−Twiss 

configuration. The detector signal was processed using PicoHarp300 TCSPC unit. The TCSPC unit was 

operated in time-tagged (T2) mode. The recording and analysis of the data were done by using the 

SymPhoTime software. 

2.2.7. Calculation of number of excitons (N) generated per pulse 

The number of excitons (N) generated per pulse was calculated using the formula: N= Jp×σ where Jp is 

per-pulse photon fluence and σ is the absorption cross section. Jp is calculated by using the formula:  

𝐽𝑃⁡ =⁡
𝑃

𝑓×𝐸(𝜆)
……………………..2.8 

Where P, f and E(λ) are power density of centre of the focused excitation spot, repetition rate of laser and 

energy of a photon, respectively.
13, 14

 

2.2.8. Calculation of the intensity-lifetime scaling parameter 

PL intensity (or quantum yield (QY)) of a system is linearly proportional to the PL lifetime (τ) and 

radiative rate (kr) as follows. 

𝐼 ∝ 𝑄𝑌= kr / (kr+knr) = τkr……………………2.9. 

kr and knr represent the rate constant of the nonradiative decay process. Intensity-lifetime scaling (η) is the 

ratio of the radiative rates of two different intensity levels (1 and 2) and can be shown as, 

η = kr(1): kr(2) = I1/τ1 : I2/τ2……………………….2.10 

2.2.9. Calculation of probability density distribution of ON (PON) and OFF (POFF) events 

The on- and off- events were distinguished in the PL intensity time-trace by applying a threshold, 

which was typically 10 times the maximum intensity of the background noise.  Probability 

densities of the on- and off-events, Pon(t) and Poff(t), were then calculated using the following 

equation,14, 15
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𝑃𝑖(𝑡) =
𝑁𝑖

𝑁𝑖,𝑡𝑜𝑡𝑎𝑙
1/𝛥𝑡𝑎𝑣𝑔 

where i is the on- or off-events, Ni representing the number of on- or off-events with duration time of t, 

Ntotal is the total number of on- or off-events, and Δtavg is the average of the time intervals between the 

nearest neighboring events. Data are analyzed by using PYTHON Jupyter Notebook script developed by 

our research group. 

2.2.10. Fluorescence Correlation and Fluorescence Lifetime Correlation 

Spectroscopy 

FCS used as powerful technique for the quantification of molecular dynamics through correlation study of 

the intensity fluctuation of fluorophore in and out of observation volume.
7, 16, 17

 One can measure 

accurately local concentration, hydrodynamic radius, diffusion coefficient, and the interaction of other 

molecules, etc. of a sample in this technique. FCS can show higher sensitivity up to a single-molecule 

level and it can identify the process occurring at ns to ms timescale. Because of these advantages PL 

blinking behavior of a single molecule can be studied in this technique.
17

 For this measurement we have 

used same time resolved confocal fluorescence microscopy setup which was used for PL intensity time 

trace measurements (Figure 2.4). The occupancy of fluorophores in the detection volume is best described 

by Poisson distribution as fluorophores diffuse in and out of the detection volume randomly.  

The fluctuation of fluorescence intensity is quantified by the temporal autocorrelation analysis 

(Figure 2.3). The autocorrelation function for the fluorescence fluctuations δF(t) of the signal F (t) is 

expressed as 

𝐺(𝜏) =
〈𝛿𝐹(𝑡)𝛿𝐹(𝑡+𝜏)〉

〈𝐹(𝑡)〉2
…………………2.11 

                                     Where    𝛿𝐹(𝑡) = 𝐹(𝑡) − 〈𝐹(𝑡)〉 

                                                   𝛿𝐹(𝑡 + 𝜏) = 𝐹(𝑡 + 𝜏) − 〈𝐹(𝑡)〉 

If the fluctuation of fluorescence intensity arises only due to the diffusion of molecule in three-

dimensions in and out of the observation volume, G(τ) is given by  

𝐺(𝜏) =
1

𝑁
(1 +

𝜏

𝜏𝐷
)
−1

[1 + (
𝜔𝑥𝑦

𝜔𝑧
)
2
(
𝜏

𝜏𝐷
)]

−1 2⁄

⁡⁡…………………….2.12 
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N is number of fluorescent molecules in the detection volume, τD is the diffusion time. 

 

 

 

 

 

Figure 2.3. Representative scheme of basic working principle of FCS. 

However, the fluorophore also can show PL intensity fluctuation due to the transition between bright and 

dark which is much faster than diffusion. In such case G(τ) can be represented as  

𝐺(𝜏) = 𝐺(𝜏)𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 × 𝐺(𝜏)𝑓𝑎𝑠𝑡⁡𝑝𝑟𝑜𝑐𝑒𝑠𝑠 

Molecules can show several fast processes for example intersystem crossing, conformational dynamics, 

complexation, charge carrier trapping etc. Expression of the G(τ)fast process depend on the process 

responsible for the fluctuation of PL intensity.  

While the FCS measures only macroscopic arrival time of each detected photon (τ, with 

resolution μs) with respect to the beginning of the experiment, the fluorescence Lifetime Correlation 

Spectroscopy (FLCS) additionally measures the microscopic delay time (t, with ps resolution) of the 

detected photons relative to the excitation pulse. Hence, FLCS is a variant of FCS, which uses differences 

in PL decay to distinct contributions of different emitter properties in a FCS signal. 
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Figure 2.4. Schematic representation of instrument setup used for FCS measurement. Here two detectors 

are used at a time to cross-correlation of the data. 

2.2.11. Femtosecond Optical Spectroscopy 

Femtosecond transient absorption spectroscopy (TA) allows measurement of charge carrier dynamics 

occurring in the ultrafast timescale (10
-12

 s-10
-15

 s) which cannot be measured in the TSCPC technique 

that has ps to ns time resolution.
18

 In TA spectroscopy, the sample is excited by intense laser (optical 

pump) and the processes occurring in the excited (transient) species is identified by using a broad band 

probe pulse. Timing information of the molecular processes obtained by using variable delay time 

between pump and probe pulse. Thanks to speed of light which offers fs-ps time resolution in this 

technique. This technique is also known as pump-probe measurement.
19
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Figure 2.5. Schematic demonstration of the femtosecond pump-probe setup. Mi = Mirror, Li = Lens, PC 

= Polychromator, BS = Beam splitter. 

Femtosecond pulses are generally generated by a process called ‘mode-locking’ in which 

longitudinal modes present inside the laser cavity subjected to constructive interference by maintaining 

fixed phase to produce short pulse. The pulse width of short pulse can be expressed as τ = 1/N∆ν, where 

∆ν is the frequency difference between two modes and N corresponds to total number of modes. Hence 

one can generate short pulses by increasing the frequency spacing between modes and decreasing the 

cavity length of laser or employing a gain medium with large band-width that increases the number of 

longitudinal modes. Ti:sapphire laser due to its large gain band-width of its active medium and broad 

absorption (peak maximum ~500 nm) and a broad emission (690 – 1040 nm with maxima at ̴ 800 nm) has 

become ideal for tunable femtosecond laser. 
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In this study, TA measurements were performed in a setup (Figure 2.5) consisting of femtosecond 

laser sources from a Spectra-Physics, USA, and a spectrometer from CDP Systems, Russia. The seed 

laser output from MaiTai (800 nm, <100 fs, 80 MHz) was directed into a Ti:sapphire regenerative 

amplifier, which was pumped by the second harmonic (532 nm) of an Nd:YLF laser. A portion of the 

amplified output (800 nm, <120 fs, 1 kHz) was passed through an optical parametric amplifier to generate 

the pump wavelength (350 nm) for the excitation of the NCs. The remaining portion of the output was 

passed through a variable optical delay line of 4 ns and then directed to a rotating CaF2 crystal to generate 

the probe white light. The probe beam was divided into two parts to use as signal and reference beams. 

The pump and signal beams were focused onto a rotating sample cell. The transmitted signal and 

reference beams were received by a multichannel photodiode array through a polychromator and further 

processed to record difference in absorbance (ΔA) as a function of wavelength and pump–probe delay. 

All TA spectra were chirp-corrected, and the instrumental resolution was ∼100 fs. Data were analyzed 

using ExciPro (CDP system) and Igor Pro software. The differential absorption is given as: 

∆𝐴(𝜆, 𝑡) = 𝐴𝑝𝑢𝑚𝑝⁡𝑜𝑛(𝜆, 𝑡) − 𝐴𝑝𝑢𝑚𝑝⁡𝑜𝑓𝑓(𝜆) = 𝐴𝑒𝑥𝑐𝑖𝑡𝑒𝑑(𝜆, 𝑡) − 𝐴𝑔𝑟𝑜𝑢𝑛𝑑(𝜆) 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡∆𝐴(𝜆, 𝑡) = 𝑙𝑜𝑔 (
𝐼0,𝑒𝑥𝑐𝑖𝑡𝑒𝑑(𝜆)

𝐼𝑒𝑥𝑐𝑖𝑡𝑒𝑑(𝜆,𝑡)
) − 𝑙𝑜𝑔 (

𝐼0,𝑔𝑟𝑜𝑢𝑛𝑑(𝜆)

𝐼𝑔𝑟𝑜𝑢𝑛𝑑(𝜆)
) = 𝑙𝑜𝑔 (

𝐼𝑔𝑟𝑜𝑢𝑛𝑑(𝜆)

𝐼𝑒𝑥𝑐𝑖𝑡𝑒𝑑(𝜆,𝑡)
)⁡⁡⁡⁡⁡…………….2.13 

where Aground and Aexcited are the absorbance of the ground and excited state species and I0 and It represent 

the incident and transmitted intensities of the probe. The intensity of the probe pulse is kept low in 

comparison to the pump pulse to eliminate multiphoton processes. 

A TA spectrum mainly exhibits contributions from three processes: ground state bleach (GSB), 

excited state absorption (ESA), and stimulated emission (SE) (Figure 2.6).
20

 The Pump pulse excites a 

fraction of molecules in the sample, therefore, the probe pulse experience lesser number of molecule in 

the ground state in the pump on condition compared to pump-off (unexcited) condition. This results a 

negative ∆A signal (GSB) in the spectral region of the ground-state absorption of the sample. The excited 

molecule (pump-on) can be further excited to higher energy states by probe light that leads to absorption 

of the probe light at specific wavelength regions (ESA) which results lower probe transmitted intensity in 

pump-on condition than in pump-off and positive ∆A values observed in these spectral regions. Lastly, 

the probe pulse also can bring back photo excited sample (pump on) to ground state through stimulated 

emission that increase number of photon in the direction of the probe. This lead to a negative ∆A signal 

(SE) in the spectral region corresponding to the emission of the sample. 
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(a) 

(b) 

 

 

 

 

 

 

 

 

Figure 2.6. (a) Diagram representing excitation of molecule by a femtosecond pump pulse and probing of 

the excited state by a broadband femtosecond probe pulse. (B) Observed spectral features in a typical 

pump-probe measurement. 

2.3 Structural Characterization 

2.3.1. Powder X-ray diffraction (PXRD) measurement 

PXRD patterns of the samples were recorded using Cu-Kα X-ray radiation (λ=1.5406 A
0
) generated by 

Bruker AXS D8 X-ray diffractometer. A concentrated film of the NCs was used for this measurement 

which was prepared by drop casting a concentrated solution of the NCs. 

2.3.2. Transmission electron microscopy (TEM) measurement 

TEM images were captured using JEOL JEM-F200 and Tecnai G2 FE1 F12 transmission electron 

microscope. These instruments were operated at an accelerating voltage of 200 kV. The samples were 

prepared by drop casting a dilute solution of the NCs on a carbon-coated copper grid. Grids were kept in a 

vacuum before use. 

2.3.2. X-ray photoelectron spectroscopy (XPS) measurement 

XPS spectra of our samples were measured using Thermo-Scientific K-Alpha spectrometer consisting 

with a micro-focused monochromatic X-ray source (Al Kα, spot size ~400 μm) which was operated at 70 

W. The energy resolution of the spectrometer was set at 0.5 eV at pass energy of 50 eV.  Throughout 
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measurement a 5×10
-5

 torr base pressure was maintained inside the analysis chamber. Samples were 

prepared by drop casting a concentrated solution of the NCs and kept under vacuum for overnight for 

drying. 

2.3.3. Energy dispersive X-ray spectroscopy  

Energy dispersive X-ray spectra were measured by Oxford instruments X-MaxN SDD (50 mm
2
) system 

and INCA analysis software. Samples were prepared by drop casting the NCs solution on cover slips. 

Bibliography 

1. Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.; Caputo, R.; Hendon, C. H.; Yang, R. X.; 
Walsh, A.; Kovalenko, M. V., Nanocrystals of Cesium Lead Halide Perovskites (CsPbX3, X = Cl, Br, and I): 
Novel Optoelectronic Materials Showing Bright Emission with Wide Color Gamut. Nano Lett. 2015, 15, 
3692–3696. 
2. Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Bertolotti, F.; Masciocchi, N.; Guagliardi, A.; 
Kovalenko, M. V., Monodisperse Formamidinium Lead Bromide Nanocrystals with Bright and Stable 
Green Photoluminescence. J. Am. Chem. Soc. 2016, 138, 14202–14205. 
3. Dong, Y.; Qiao, T.; Kim, D.; Parobek, D.; Rossi, D.; Son, D. H., Precise Control of Quantum 
Confinement in Cesium Lead Halide Perovskite Quantum Dots via Thermodynamic Equilibrium. Nano 
Lett. 2018, 18, 3716-3722. 
4. A.Maciejewski; R.P.Steer, Spectral and photophysical properties of 9,10-diphenylanthracene in 
perfluoro-n-hexane: the influence of solute—solvent interactions. Journal of Photochemistry 1986, 35, 
59-69. 
5. Rurack, K.; Spieles, M., Fluorescence Quantum Yields of a Series of Red and Near-Infrared Dyes 
Emitting at 600−1000 nm. Anal. Chem. 2011, 83, 1232–1242. 
6. R.F.Kubin; A.N.Fletcher, Fluorescence quantum yields of some rhodamine dyes. Journal of 
Luminescence 1982, 27, 455-462. 
7. Lakowicz, J. R., Principles of Fluorescence Spectroscopy, Springer, New York, USA, 2006. 
8. Moerner, W. E.; Fromm, D. P., Methods of single-molecule fluorescence spectroscopy and 
microscopy. Rev.Sci. Instrum. 2003, 74, 3597-3619. 
9. Moerner, W. E.; Kador, L., Optical detection and spectroscopy of single molecules in a solid. 
Phys. Rev. Lett. 1989, 62, 2535-2538. 
10. Orrit, M.; Bernard, J., Single pentacene molecules detected by fluorescence excitation in a p-
terphenyl crystal. Phys. Rev. Lett. 1990, 65, 2716-2719. 
11. Born, M.; Wolf, E., Principles of Optics, 4th edn., Pergamon Press, Oxford, U.K., 1970. 
12. https://www.picoquant.com/images/uploads/downloads/microtime200brochure.pdf. 
13. Qin, H.; Niu, Y.; Meng, R.; Lin, X.; Lai, R.; Fang, W.; Peng, X., Single-Dot Spectroscopy of Zinc-
Blende CdSe/CdS Core/Shell Nanocrystals: Nonblinking and Correlation with Ensemble Measurements. J. 
Am. Chem. Soc. 2014, 136, 179-187. 
14. Vishnu, E. K.; Nair, A. A. K.; Thomas, K. G., Core-Size-Dependent Trapping and Detrapping 
Dynamics in CdSe/CdS/ZnS Quantum Dots. J. Phys. Chem. C 2021, 125, 25706–25716. 

http://www.picoquant.com/images/uploads/downloads/microtime200brochure.pdf


Materials and Methods Chapter 2 

 

 51 
 

15. Seth, S.; Ahmed, T.; Samanta, A., Photoluminescence Flickering and Blinking of Single CsPbBr3 
Perovskite Nanocrystals: Revealing Explicit Carrier Recombination Dynamics. J. Phys. Chem. Lett. 2018, 9, 
7007-7014. 
16. Magde, D.; Elson, E.; Webb, W. W., Thermodynamic Fluctuations in a Reacting System—
Measurement by Fluorescence Correlation Spectroscopy. Phys. Rev. Lett. 1972, 29, 705--708. 
17. Haustein, E.; Schwille, P., Fluorescence Correlation Spectroscopy: Novel Variations of an 
Established Technique. Annu. Rev. Biophys. Biomol. Struct. 2007, 36, 151-169. 
18. Abramczyk, H., Introduction to Laser Spectroscopy, ELSEVIER B.V.,  AE Amsterdam, 2005. 
19. Mondal, N.; Samanta, A., Complete ultrafast charge carrier dynamics in photo-excited all-
inorganic perovskite nanocrystals (CsPbX3). Nanoscale 2017, 9, 1878-1885. 
20. Berera, R.; Grondelle, R. v.; Kennis, J. T. M., Ultrafast transient absorption spectroscopy: 
principles and application to photosynthetic systems. Photosynth Res 2009, 101, 105–118. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Materials and Methods Chapter 2 

 

 52 
 

 
 



 
 

  53 
 

 

 

CHAPTER 3 

 

 

N-Bromosuccinimide as Bromine Precursor for Direct 

Synthesis of Stable and Highly Luminescent Green-

Emitting Perovskite Nanocrystals  
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Overview 

Stable green-emitting perovskite nanocrystals (NCs) with general formula, APbBr3, exhibiting 

high photoluminescence quantum yield (PLQY), narrow bandwidth and adjustable PL in the 

510-535 nm region are coveted materials for optoelectronic applications. A generic method of 

obtaining both hybrid and all-inorganic perovskite NCs with the desired characteristics is, 

however, lacking. Herein, we report a methodology for the synthesis of CsPbBr3, FAPbBr3 and 

MAPbBr3 NCs employing N-bromosuccinimide as bromide precursor. The NCs show uniform 

size distribution, PL maxima between 512 and 531 nm, near-unity PLQY with FWHM of 18-22 

nm and remarkable stability in ambient condition, in presence of water and under UV irradiation. 

These exceptional characteristics of the NCs not only indicate their high potential in real 

applications, but, this new methodology may also open new vistas for direct synthesis of other 

perovskites with high PLQY and stability without resorting to any additional post-synthesis 

treatment. 
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3.1. Introduction 

The lead halide-based perovskite NCs with general formula APbX3, where A = Cs
+
, CH3NH3

+ 

(MA), CH(NH2)2
+ 

(FA) and X = Cl, Br, I, are in the forefront of research in optoelectronics and 

photovoltaics for nearly a decade for their impressive optical properties, such as high PLQY, 

narrow PL bandwidth, composition-tunable band gap and high absorption coefficient.
1-9

 Among 

the perovskites, the bromide-based ones (APbBr3) with bright green PL and narrow full-width at 

half-maximum (FWHM) of <25 nm are most desirable for television displays and green-emitting 

LEDS.
10-13

 These NCs are obtained by hot-injection or ligand-asisted reprecipitation (LARP) 

methods.
11, 14-16

 The two-precursor hot-injection method, in which PbBr2 is used as precursor for 

both lead and bromine, and which is commonly used for the synthesis of CsPbBr3 NCs, is not 

quite effective for the organometallic (FAPbBr3 and MAPbBr3) perovskites.
13, 16, 17

 For example, 

FAPbBr3 NCs obtained by this method exhibit a broader size distribution and poor optical 

properties.
13

 Even for CsPbBr3 NCs, the PLQY obtained by this method is typically 60-80%,
11

 or 

even lower due to nonradiative deactivation induced by the bromide vacancies.
18-21 

This is why 

most often an in situ or a post-synthetic treatment with bromide salt, 
22-25

 or other reagents
 
 is 

necessary to improve the PLQY of these NCs.
26-28 

 

Kovalenko and coworkers synthesized FAPbBr3 NCs by a three-precursor hot-injection 

method, wherein oleylammonium bromide was employed  as the bromide source.
13

  Pradhan and 

coworkers recently synthesized CsPbX3 (X = Cl, Br, I) with 97%  PLQY following this approach 

(i.e. using oleylammonium halides as halide precursor).
29

  Although the three-precursor hot-

injection method gives reasonably good quality CsPbBr3 NCs and FAPbBr3 NCs, the MAPbBr3 

NCs are still obtained by LARP mehod and they exhibit poor optical properties.
16 

Except for the 

work of Manna and coworkers, who could succeed in obtaining all three green-emitting 

perovskites with 92% PLQY using benzoyl bromide as bromide precursor, we are not aware of 

any other work reporting synthesis of CsPbBr3, FAPbBr3 and MAPbBr3 following a given 

protocol.
30

 A point to note here is that, while the APbBr3 NCs obtained by this only method are 

highly luminescent, no stability data of these NCs is available. As bright green-emitting APbBr3 

NCs with adjustable PL maxima in the 510-535 nm range and FWHM of <25 nm are very much 
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essential for most optoelectronic applications (considering NTSC and most recent rec.2020 

colour standard), but no direct method of obtaining stable all-three NCs with these characteristics 

is yet to be available, we have been working towards developing a general protocol for the 

synthesis of all three green-emitting NCs with high stability, monodispersity, narrow PL 

bandwith and near-unity PLQY. We propose here a new three precursor hot-injection hot-

injection method employs N-bromo succinimide (NBS), a widely used source of bromine in 

organic synthesis, as bromide precursor.
31

 The APbBr3 NCs that were prepared using this 

protocol are characterized by their near-unity PLQYs, and exceptional air and photo stability. 

3.2. Results 

3.2.1 Reaction Conditions 

Reaction of NBS with organic acids generates HBr,
32

 which reacts with oleylamine to form 

oleylammonium bromide, the latter serves as active bromide source in the synthesis (Scheme 3.1 

and AI.1). In our method, (PbO) and NBS were dissolved in octadecene in presence of oleic acid 

and oleyl amine at 120°C-140°C in vacuum. The reaction  temperature was then set to 200°C for 

CsPbBr3 and 165°C for both MAPbBr3 and FAPbBr3 in N2 atmosphere, and desired amount of 

the oleate salt of the respective A cation (which was prepared separately) was injected swiftly 

(details are in the chapter 2). The method, which is found to be highly reproducible (Figure 

AI.1), yields brightly luminescent extremely uniform sized cubes of nano-dimension (Figure 

3.1.a-c and AI.2). 

Scheme 3.1. Reaction scheme of the NBS mediated synthesis of APbBr3 NCs 
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Figure 3.1. Bright field TEM images of (a) CsPbBr3 (b) MAPbBr3 (c) FAPbBr3 NCs. Scale bar is 100 nm 

in all the cases. PXRD pattern of (d) CsPbBr3 (e) MAPbBr3 and (f) FAPbBr3 NCs along with 

corresponding references for bulk cubic phases. In case of FAPbBr3 NCs, the PXRD patterns are 

compared with the reported crystal structure.
33

 UV-Vis absorption and emission spectra of  (g) CsPbBr3 

NCs (h) MAPbBr3 and (i) FAPbBr3 NCs. The excitation wavelength is 405 nm in all cases. The insets 

show respective NCs under UV light excitation. 

The quality of the NCs, as determined by their PLQY and size distribution, was found to 

be quite sensitive to the reaction conditions; particularly, the reaction temperature and Pb:Br 

precursor ratio. For CsPbBr3 NCs, it was found that at temperatures below 200°C, a mixture of 
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2D nanoplates and cubes was formed (Figure AI.4) with consequent increase in PL bandwidth, 

appearance of multiple peaks (Figure AI.5) and low PLQY (e.g. PLQY 40% at 130°C) (Table 

AI.2). A low PLQY of the NCs was also observed for lower Pb:Br precursor ratio (69% for a 

Pb:Br ratio of 1:2.5) (Figure AI.6, Table AI.2). The MAPbBr3 NCs, when synthesized below 

165°C, exhibited broad PL spectra and at temperatures <150°C, multiple emission peaks 

indicating a heterogeneous distribution of the size and morphology of the NCs (Figure AI.7.a) 

and significant drop in PLQY were observed (Table AI.3). The FAPbBr3 NCs obtained at 

temperature below 165°C, showed lower PLQY, larger FWHM and blue shift of the PL peak 

(Figure AI.7.b, Table AI.3). A Pb:Br precursor molar ratio of 1:3 and a temperature of 200°C for 

CsPbBr3 NCs, 165°C for both  MAPbBr3 and FAPbBr3 NCs were found to be the optimum 

reaction conditions for obtaining NCs with near-unity PLQY,  uniform size distribution, and high 

stability.  

3.2.2. Structural Characterization 

Bright field TEM images indicate the cubic shape and narrow size distribution of the NCs 

(Figure 3.1.a-c,AI.2). The measured edge lengths for the CsPbBr3, MAPbBr3, and FAPbBr3 NCs 

are 8.4±0.62, 14.2±1.2 and 11.9±1 nm, respectively. The PXRD patterns nicely match with the 

cubic perovskite structures of CsPbBr3 ICSD code 29073 and MAPbBr3 ICSD code 252415 

(Figure 3.1.d-f). For FAPbBr3 NCs, the PXRD pattern matches with that reported by 

Zhumekenov et al.
33 

No secondary phases are observed in the PXRD pattern.  

3.2.3. Photoluminescence Properties 

Excellent PL properties of the NCs are exemplified by narrow FWHM of 18 nm for CsPbBr3, 21 

nm for MAPbBr3 and 20 nm for FAPbBr3 NCs and PLQY between 95 and 99% (Figure 3.1.g-i). 

The PL decay profiles of the NCs are recorded to understand the photo-physical processes 

involved. CsPbBr3 NCs exhibits bi-exponential decay (Figure 3.2.a, Table 3.1) with 5.49 ns 

(80%) and 15.68 (20%) ns lifetime components. The major 5.49  ns component is clearly due to 

excitonic recombination.
34

 The absence of any sub-ns lifetime component indicates that the 
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CsPbBr3 NCs are largely free from surface traps. This is corroborated by the fact that an 

additional short lifetime component (1.65 ns) is indeed observed for the CsPbBr3 NCs, which are 

obtained using a lower Pb:Br ratio of 1:2.5 (Figure AI.8 and Table 3.1). MAPbBr3 and FAPbBr3 

NCs also exhibit biexponential PL decay behaviour with lifetimes of 11.78 ns (71%) and 30.17 

ns (29%) for the former and 10.00 ns (80%) and 31.18 ns (20%) for the latter (Figure 3.2.b,c and 

Table 3.1). In both cases, the shorter lifetime component, which has major contribution, is 

assigned to excitonic recombination based on literature. 
34, 35

 

 

Figure 3.2. Time-resolved PL decay of (a) CsPbBr3 (b) MAPbBr3 NCs. Excitation wavelength monitored 

at 405 nm in both the cases. PL is monitored at 512 nm and 523 nm in (a) and (b) respectively. 

 

Table 3.1. Photoluminiscence decay parameters of different APbBr3 NCs. 

System  )( 11 A  ns )( 22 A  ns )( 33 A  ns av  ns 

CsPbBr3(1:2.5) 6.53(0.46) 17.44(0.14) 1.65(0.40) 10.36 

CsPbBr3(1:3) 5.49(0.80) 15.68(0.20)  9.73 

MAPbBr3 11.78(0.71) 30.17(0.29)  21.18 

FAPbBr3 11.58(0.80) 31.18(0.20)  19.46 

 

3.2.4. Stability of the NCs 

Perhaps the biggest problem with the perovskite NCs is their poor stability towards polar 

solvents (including water) and light.
1, 2 

The structural integrity of the CsPbBr3 NCs is lost during 
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purification with polar solvent and on ageing.
18, 19

 The stability of the organometallic halide 

perovskites, particularly for MAPbBr3 NCs, is a major issue.
2, 36

 Methods such as providing an 

inert protection layer,
37, 38

 doping or alloying with heteroatoms,
20, 39

 changing ligands
40-42

 and 

post-synthetic treatments etc.
21, 26, 27, 43

 have been attempted to impart stability to the NCs. 

However, none of these methods yields APbBr3 NCs with the desired stability. Interestingly, all 

the NCs obtained by our method show exceptional stability. For example, CsPbBr3 NCs retain 

90% PLQY even after three months of storage in ambient condition (Figure 3.3.a and Figure 

AI.10). PXRD pattern of these NCs recorded after 3 month of storage and TEM images obtained 

after 60 days of storage show that the cubic shape with uniform size distribution of these NCs is 

retained for a long duration in ambient atmospheric condition (Figure 3.3.b-c).  

 

 

 

 

 

 

 

 

 

Figure 3.3. (a) Air stability of CsPbBr3 NCs under storage in ambient atmosphere (b) PXRD patterns 

after 90 days. (c) TEM image after 60 days. (d) Photo-stability of CsPbBr3 NCs under continuous 

illumination of 365 nm, 8 W UV lamp in presence of water. Photographs at different time intervals under 

UV illumination are shown in the inset.   

Excellent photo-stability of these NCs is evident from the fact that 81% of initial PL of 

our CsPbBr3 NCs is retained even after 24 h of continuous illumination with an 8 W, 365 nm UV 

(a) (b) 

(c) 
(d) 
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light (Figure AI.11). Water treatment of the CsPbBr3 NCs generally results in rapid degradation 

of the NCs with loss of PLQY. However, remarkable stability of our CsPbBr3 NCs is evident 

from the fact that nearly 70% of the initial PL is retained even 36 h after mixing 2.5 mL 

dispersed NCs in hexane with 1.5 mL water (Figure AI.12). The stability of the NCs towards UV 

irradiation in presence of water is evident from the fact that 65% of initial PL can be observed 

even after 24 h of continuous illumination (Figure 3.3.d and AI.13). Table 3.1, which presents a 

comparison of PLQY and stability of our CsPbBr3 NCs with those obtained by other methods so 

far, highlights superior characteristics of our CsPbBr3 NCs.  

Table 3.1. Comparison of stability and PLQY of CsPbBr3 NCs obtained by different methods 

 

 

 

 

 

 

 

 

 

 

 

The stability of FAPbBr3 and MAPbBr3 NCs is also quite impressive. Nearly 85% of the 

initial PL of both FAPbBr3 and MAPbBr3 is retained after 60 days of storage in ambient 

atmosphere (Figure AI.14-AI.15). Photo-stability of MAPbBr3 NCs has been a major issue as 

these NCs undergo rapid photo-degradation with continuous PL peak shift.
36

 However, retention 

Synthesis method PLQY Air stability Photo-stability  

Zwitterionic  ligands as 

capping agent
18

 

90% 50 days (90%) NA 

Oleylammonium 

bromide as bromide 

precursor
29

 

97% NA NA 

Benzoyl bromide as 

bromide precursor
30

 

92% NA NA 

L type ligand assisted 

synthesis
40

 

100% NA 1 h (80%) 

NBS as bromide 

precursor(this work) 

99% 90 days (90%) 24 h(81% in 

hexane, 65% in 

hexane water 

mixture) 
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of 75% of the initial PL without any change of PL peak position and FWHM (Figure 3.4.a-b) 

demonstrates much better photo-stability of our MAPbBr3 NCs. FAPbBr3 NCs also exhibit 

distinctive photo-stability. 80% of the initial PL is retained even after 24 h of continuous 

illumination (Figure AI.16). The PXRD pattern of FAPbBr3 and MAPbBr3 recorded after 60 

days of storage reveal that the cubic crystal structure is retained without formation of secondary 

phase (Figure AI.17). Table AI.5, which summarizes the PL properties and stability data of a 

variety of green-emitting perovskite NCs obtained by different approaches, clearly highlights 

better optical properties and stability of the NCs obtained by our method of synthesis. 

 

 

 

 

 

 

Figure 3.4. (a) Photostability of MAPbBr3 NCs on continuous illumination of 365 nm, 8 W UV lamp. 

Photographs at different time intervals under UV illumination are shown in the inset.  b) PL emission 

spectra of MAPbBr3 NCs at different time interval on continuous UV light illumination. 

 

3.3. Discussion 

The factor(s) contributing to the exceptional stability and optical properties of these APbBr3 NCs 

can be understood considering that the CsPbBr3 NCs obtained using a Pb:Br precursor ratio of 

1:3 exhibit much improved stability and optical properties compared to those prepared using a 

lower Pb:Br ratio (Figure AI.18). As the EDX measurements confirm that the former samples are 

indeed bromide-rich (Cs:Pb:Br = 0.9:1:3.66) (Figure 3.5 and AI.19), it is evident that a bromide-

rich environment helps providing better stability and PL of the NCs. This observation is 

consistent with current literature.
20

 A second factor also needs to be considered in this context. It 

(a) 
(b) 



                                

N-Bromosuccinimide as Bromine Precursor………. Chapter 3 

                         

 63 
 

is well known that alkylammonium ions enhance the stability of the CsPbBr3 NCs by replacing 

the surface Cs
+
.  It is therefore very likely that oleylammonium bromide formed during our 

reaction replaces some surface Cs
+
 forming an oleylammonium lead-bromide terminated surface, 

which provides necessary stability to the NCs.
44

 To confirm the binding of oleylammonium 

cation on the surface of the NCs, we have measured the NMR and FTIR spectra of the NCs 

(Figure AI.21-AI.22). The NMR spectra of MeOAc-washed CsPbBr3 NCs exhibit broad peak at 

6.7 ppm and 3.6 ppm characteristics of the oleylammonium cation corresponding to an α-proton 

(NH3
+
) and β-proton (CH2-N) respectively,

45
 confirming the presence of oleylammonium cation 

on the surface of the NCs. The FTIR spectrum of the CsPbBr3 NCs shows peaks at 1641 and 

1540 cm
-1

 due to the asymmetric and symmetric bending of N
+
-H bond of the oleylammonium 

cation
46

 and reconfirms the binding of oleylammonium cation on the surface of the NCs. Hence, 

the superb stability and optical properties of our APbBr3 NCs are the outcome of formation of an 

oleylammonium lead-bromide terminated surface.  

 

 

 

 

 

 

 

 

 

 

Figure 3.5. EDX spectrum of the CsPbBr3 NCs obtained using a Pb:Br precursor ratio of 1:3 in the 

synthesis. 

3.4. Conclusion 

In conclusion, a generic method for synthesis of three commonly used green-emitting APbBr3 

NCs, with narrow size distribution, low PL bandwidth, near-unity PLQY and remarkable 
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stability under different conditions is reported for the first time employing NBS as the bromide 

precursor. The exceptional characteristics of these NCs, which are attributed to the formation of 

oleylammonium lead-bromide terminated surfaces, indicate high potential of these materials in 

real applications. As preliminary studies indicate applicability of this method to other halide-

based perovskites using corresponding N-haloimide, the present protocol opens up new avenues 

for synthesis of a wide variety of perovskite NCs with high PL and stability. 
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Effect of Lead:Halide Precursor Ratio on the 

Photoluminescence and Carrier Dynamics of 

Violet- and Blue-Emitting Lead Halide 

Perovskite Nanocrystals 

  

  

  



Effect of Lead:Halide Precursor Ratio………. Chapter 4 

 

 71 
 

Overview 

Highly luminescent caesium lead halide (CsPbX3, X = Cl, Br, I) perovskite nanocrystals (NCs) 

are promising materials for a number of optoelectronic applications like LEDs, and other display 

technologies. However, low photoluminescence (PL) quantum yield (QY) of the large-bandgap 

violet- and blue-emitting CsPbCl3 and CsPb(Cl/Br)3 NCs is an obstacle to the development of 

blue- and white-emitting LEDs. In this work, we show that these NCs with high PLQY can be 

obtained directly employing an appropriate halide precursor and by optimizing the Pb:X 

precursor ratio. Specifically, employing N-chloro- and N-bromo-phthalimides as halide 

precursors and by varying the Pb:X precursor ratio, we have obtained stable and highly 

luminescent (PLQY 80 - 99%) perovskite NCs emitting in the blue-violet region extending to 

green by direct synthesis. Time-resolved PL and ultrafast pump-probe studies of these systems 

reveal the effect of Pb:X precursor ratio on the carrier recombination processes. Rapid carrier 

trapping is found to be the dominant process that impairs the PLQY of the NCs obtained using a 

stoichiometric (1:3) Pb:X precursor ratio. This trapping of carriers is effectively alleviated by 

using a higher Pb:X precursor ratio during the preparation of the NCs. The results brighten 

potential utility of these high-quality perovskite NCs emitting in the blue-violet region in optical 

applications. 
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4.1. Introduction 

Because of their great potential in diverse applications like in photovoltaics, LEDs, display 

technologies, lasing, etc., the caesium lead halide (CsPbX3, X = Cl, Br, I) perovskite NCs 

continue to receive great attention of the researchers.
1-13

 High PLQY and ease of tunability of the 

PL band position across the entire visible region make these substances quite attractive for 

optoelectronic applications.
8-11, 14, 15

 In this family of perovskites, CsPbCl3 and CsPb(Cl/Br)3 NCs 

are considered indispensable due to their violet and blue emission, which are essential color 

components for fabrication of white LEDs.
16-20

 Unlike the conventional metal chalcogenide 

semiconductor NCs, the halide perovskites generally exhibit high PLQY due to their defect-

tolerant nature.
5, 21-23

 However, compared to their green- and red-emitting counterparts, CsPbBr3 

and CsPbI3, the large-bandgap perovskites such as violet- and blue-emitting CsPbCl3 and 

CsPb(Cl/Br)3 NCs most often exhibit much lower PLQY due to competing nonradiative 

recombination of the photo-generated charge carriers through the deep trap states generated by 

halide vacancies and distorted [PbX6]
4−

 octahedral units.
9, 22, 24-26

 Since the first synthesis of these 

NCs by hot-injection (HI) method,
9
 several methodologies have been developed for the 

preparation of violet- and blue-emitting CsPCl3 and CsPb(Cl/Br)3 NCs with higher PLQY.
17, 22, 27, 

28-36
 Doping with different bivalent metal ions

16, 18, 19, 28, 29, 31, 33, 37, 38
 and a variety of post-

synthetic treatments of the as-synthesized NCs
17, 24, 32, 35, 36, 39, 40

 are the most common practices 

for improving the PLQY of these NCs. Considering that in the first synthesis of the CsPbX3 

NCs,
9
 PbX2 was used as precursor for both lead and halogen, which gave X:Pb molar precursor 

ratio of only 2 in the reaction system (less than the required value of 3), Manna and coworkers 

used separate precursor for each constituent and succeeded in obtaining highly luminescent 

perovskite NCs in direct synthesis.
30

 They could obtain CsPbCl3 NCs with PLQY of 65% using 

benzoyl chloride as chloride precursor.
30

 Pradhan and coworkers recently prepared CsPbCl3 NCs 

with very high PLQY (~97%) using oleylammonium chloride as the chloride source.
34

 However, 

the blue-emitting CsPb(Cl/Br)3 NCs were not reported.
34

  

As halide precursor is an important element in direct synthesis of the NCs, many recent 

studies are directed towards finding the right candidate for this purpose. Recently, we found N-
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bromosuccinimide (NBS) as an excellent bromide precursor using which highly luminescent 

green-emitting CsPbBr3 NCs could be obtained in direct synthesis.
41

 This success prompted us to 

explore the efficacy of structurally related other haloimides for the preparation of quality violet- 

and blue-emitting NCs, which can perhaps be used in optoelectronic applications. These studies 

led to the identification of two phthalimide derivatives, N-chlorophthalimide (NCP) and N-

bromophthalimide (NBP), as halide precursors, for obtaining high quality NCs emitting in blue-

violet, extending even to the green region. As halide vacancies lead to the formation of the mid-

bandgap states, which facilitate nonradiative recombination of the photo-generated carriers and 

decrease the PLQY of the NCs, the PL properties of these systems are also expected to depend 

on Pb:X precursor ratio during the reaction. For this reason, we have prepared different samples 

of each system by varying the Pb:X precursor ratios, determined the optimized conditions for 

obtaining these systems with high PL efficiency and examined the influence of the Pb:X ratio on 

carrier recombination processes by time-resolved PL and pump-probe studies.  

4.2. Results 

4.2.1 Structural Characterization 

We prepared three different samples of violet-emitting CsPbCl3 NCs using molar Pb:Cl 

precursor ratios of 1:3, 1:6 and 1:9. For the blue (420-480 nm) region, we prepared mixed halide 

NCs, CsPbCl2Br, CsPbCl1.5Br1.5 and CsPbClBr2, and for each system, two different samples were 

prepared using Pb:X (Cl and Br) molar precursor ratios of 1:3 and 1:6. For each sample, the 

molar Pb:X  precursor ratio is indicated in the bracket after the formula of the system. We also 

prepared green-emitting CsPbBr3 NCs using stoichiometric Pb:Br ratio of 1:3 for comparative 

purpose. Bright field TEM images (Figure 4.1 and AII.1) indicate cubic shape of the NCs 

obtained under optimized conditions. The average edge lengths of the CsPbCl3(1:3), 

CsPbCl3(1:6) and CsPbCl3(1:9) NCs are found to be 10±2.0, 9.0±2.0 and 8.0±1.0 nm, 

respectively (Figure 4.1.A-C and AII.2). A decrease in size and improved mono-dispersity of the 

NCs with increase in the amount of the chloride  precursor (NCP) is similar to the trend observed 

for CsPbBr3 NCs.
43

 The CsPbCl2Br(1:6), CsPbCl1.5Br1.5(1:6) and CsPbClBr2(1:6) NCs obtained 
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under the optimized condition show average size of 9.0±1.5, 8.5±1.0 and 8.0±1.5 nm, 

respectively (Figure 4.1. D-F and AII.2.). For these systems also a decrease in average size (by 

1.5-2.5 nm) and a narrower size distribution is observed for 1:6 Pb:X precursor ratio. Powder X-

ray diffraction (PXRD) patterns suggest orthorhombic crystal structure of the NCs (Figure 

AII.3.) with no evidence of any secondary phases. For higher bromide content, the PXRD peaks 

shift towards lower angle indicating lattice expansion due to larger ionic radii of Br
-
 compared to 

Cl
-
 

 

 

 

 

 

 

 

Figure 4.1. TEM images of the (A) CsPbCl3(1:3), (B) CsPbCl3(1:6), (C) CsPbCl3(1:9), (D) 

CsPbCl2Br(1:6)  (E) CsPbCl1.5Br1.5(1:6) and (F) CsPbClBr2(1:6) NCs. The scale bar is 20 nm in all 

cases.  

4.2.2. Photoluminescence and Carrier Relaxation Dynamics 

The UV-vis absorption and fluorescence spectra of some representative samples are shown in 

Figure 4.2.A and 4.2.B, respectively. A summary of the spectral data and PLQY values of all 

samples (including CsPbBr3 NCs) are collected in Table 4.1. The PL of the CsPbCl3 NCs is 

characterized by a peak between 404-407 nm and a narrow full width at half maximum (FWHM) 

of 9-12 nm. With increasing Pb:Cl molar precursor ratio a small (2-3 nm) blue shift of the PL 

maximum and slight (by 2-3 nm) decrease in FWHM is observed (Figure 4.2.C). For the mixed 
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halide perovskite NCs, CsPbCl2Br, CsPbCl1.5Br1.5 and CsPbClBr2, the PL maxima appear at 

430±5, 451±6 and 473±5 nm with FWHM of 14-15, 15-17 and 17-18 nm, respectively (Figure 

4.2.B). For these systems, no noticeable change in PL peak position and spectral bandwidth is 

observed with change in Pb:X precursor ratio. Though the spectral features of the systems show 

small/negligible dependence on the Pb:X precursor ratio, the PLQY values change drastically 

depending on this ratio. As can be seen from Table 4.1, the PLQY changes from 5 to 80% for 

CsPbCl3, 25 to 85% for CsPbCl2Br, 27 to 92% for CsPbCl1.5Br1.5 and 30 to 97% for CsPbClBr2 

NCs (Figure 4.2.C, 4.2.D and AII.4). 

An important point to note here is that CsPbBr3 NCs with near-unity (~99%) PLQY is 

obtained using a stoichiometric (1:3) Pb:Br precursor ratio, however, for all other systems, an 

excess amount of halide precursor is necessary for obtaining the most luminescent sample. For 

the mixed halide systems, CsPbCl2Br, CsPbCl1.5Br1.5 and CsPbClBr2 NCs, most luminescent 

system is obtained for a Pb:X precursor ratio of 1:6; however, for CsPbCl3 NCs, 1:9 Pb:Cl ratio 

yielded the most luminous sample (PLQY of 80%). To find out the cause of significant 

dependence of PLQY on the Pb:X precursor ratio we have determined the Pb:X ratio in the 

prepared samples by energy dispersive X-ray (EDX) measurements. These measurements reveal 

that actual Pb:Cl ratios in CsPbCl3(1:3), CsPbCl3(1:6) and CsPbCl3(1:9) NCs are 1:2.90, 1:3.24 

and 1:3.45 respectively (Figure AII.5 and Table AII.2). The actual ratios in the prepared mixed 

halide perovskite NCs were also determined (Figure II.5 and Table AII.2). The Pb:X ratios in 

CsPbCl1.5Br1.5 NCs synthesized using 1:3 and 1:6 Pb:X precursor ratio are found to be 1:2.98 and 

1:3.53, respectively. Interestingly, the EDX data of CsPbBr3 NCs prepared by stoichiometric 

Pb:Br precursor ratio indicated a halide rich surface with actual Pb:Br ratio of 1:3.36 (Table 

AII.2). A much higher Pb:X precursor ratio required for obtaining most photo-luminescent 

sample of CsPbCl3 is a reflection of greater halide vacancy in these NCs, as indicated by the 

EDX data (Table AII.2).  
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Figure 4.2.:  Normalized absorption (A) and (B) PL spectra (λex = 350 nm) of dilute colloidal solutions of 

CsPbCl3(1:9), CsPbCl2Br(1:6), CsPbCl1.5Br1.5(1:6), CsPbClBr2(1:6) and CsPbBr3 NCs, respectively in 

hexane. Panel (B) also shows digital photographs of the colloidal solutions of the CsPbCl3(1:9), 

CsPbCl2Br(1:6), CsPbCl1.5Br1.5(1:6), CsPbClBr2(1:6) and CsPbBr3 nanocrystals under illuminations (365 

nm). Panel (C) and (D) show the dependence of PL spectra of CsPbCl3 and CsPbCl1.5Br1.5 NCs, 

respectively on the Pb:X (Cl and Br) precursor ratio.  

As stated before that choice of N-halophthalimide as halide precursor was guided by our earlier 

work where we have used N-bromosuccinimide as bromide precursor for the synthesis of green emitting 

perovskite NCs.
39

 Herein, we prepared these violet-blue emitting NCs also using N-chlorosuccinimide 

and N-bromosuccinimide as halide precursors. We found that N-chlorosuccinimide and N-

bromosuccinimide leads to a maximum PLQY of 70%, 80%, 85%, 95% for CsPbCl3(1:9), 

CsPbCl2Br(1:6), CsPbCl1.5Br1.5(1:6) and CsPbClBr2(1:6) NCs,  respectively (Figure AII.3). These data 

suggest that highly luminescent violet and blue emitting perovskite NCs can be prepared by using N-

halosuccinimide when it is dealt with appropriate Pb:X ratio. 

 

(B) 
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Table 4.1. PL parameters of different samples of the CsPbCl3, CsPb(Cl/Br)3 and CsPbBr3 NCs obtained 

by using N-halophthalimide as halide precursor. 

 

 

 

 

 

To understand the influence of Pb:X ratio on carrier recombination processes of the NCs 

we have studied the PL decay behavior and transient absorption (TA) spectra of these systems. 

Except for the CsPbBr3 NCs, PL decay profiles of all the samples (Figure 4.3) are found to be tri-

exponential. The PL decay parameters of the samples are collected in Table 4.2. As can be seen, 

for CsPbCl3(1:3) NCs, the PL decay consists of two short components, 70 (0.52) and 490 ps 

(0.28), which are much faster than the radiative lifetime of CsPbCl3 NCs,
9, 16, 19

 and hence, can 

be attributed to the trap state mediated recombination processes. The long 5.28 ns component 

with 20% contribution clearly represents direct excitonic recombination process.  The 

CsPbCl3(1:6) and CsPbCl3(1:9) NCs are characterized by a short PL decay component (0.6-0.7 

ns), a long component (11.90-21.60 ns) and a third component with lifetime of 2.97-5.50 ns. The 

short component is assigned to trap state mediated recombination,
9, 16, 19

 the intermediate 

component (2.97-5.50 ns) to direct excitonic recombination from the band-edge and the long 

component (11.90-21.60 ns) to band-edge recombination after trapping and de-trapping of the 

cariers.
19, 44

 The contribution of the trapping component decreases from 36% in CsPbCl3(1:6) to 

20% in CsPbCl3(1:9). Unlike in CsPbCl3(1:3) NCs, no trapping component with time constant of 

System Pb:X       

precursor ratio 

PLQY       (%) λmax       

(nm) 

FWHM     

(nm) 

 1:3 5 407 12 

CsPbCl3 1:6 40 406 10 

 1:9 80 404 9 

 

CsPbCl2Br 

1:3 

1:6 

25 

85 

426 

428 

15 

14 

 

CsPbCl1.5Br1.5 

1:3 

1:6 

27 

92 

447 

447 

17 

15 

 

CsPbClBr2 

1:3 

1:6 

30 

97 

474 

475 

18 

17 

CsPbBr3 1:3 99 510 20 
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<100 ps could be observed for the CsPbCl2Br(1:3), CsPbCl1.5Br1.5(1:3) and CsPbClBr2(1:3) NCs; 

however, a sub-ns trapping component with time constant between 0.40-0.92 ns can be found. 

For samples with higher Pb:X precursor ratio, for example, for CsPbCl1.5Br1.5(1:6) and 

CsPbCl2Br NCs(1:6), the contribution of the trapping component is significantly lower (<10%) 

and for the CsPbClBr2(1:6) NCs, no <1 ns lifetime component could be observed. The 

contribution of the direct excitonic recombination component (2.4-7.6 ns) increases significantly 

with increase in Pb:X precursor ratio from 1:3 to 1:6 for these mixed halide NCs. The 

nonradiative rate constant (knr), estimated from the measured PLQY and average PL lifetime 

(Table 4.2), is found to decrease from 7.77×10
8 

s
-1 

in CsPbCl3(1:3) NCs to 1.6×10
7 

s
-1 

in 

CsPbCl3(1:9) NCs. The knr values for the CsPbCl2Br, CsPbCl1.5Br1.5 and CsPbClBr2 NCs 

decrease by factors of 10, 17 and 23, respectively on increasing the Pb:X precursor ratio from 1:3 

to 1:6. No sub-ns trapping component could be observed for the CsPbBr3 NCs (Figure AII.6. and 

Table 4.2) obtained using stoichiometric (1:3) Pb:Br precursor ratio and this observation is 

consistent with its near-unity PLQY. Lower PLQY, shorter PL lifetime and higher nonradiative 

recombination rate of the CsPbCl3 and CsPb(Cl/Br)3 NCs obtained by using stoichiometric Pb:X 

(1:3)  precursor ratio confirm that halide deficiencies in these NCs serve as major carrier 

trapping centers.  

Due to limited time resolution (~54 ps) of our TCSPC setup, faster trapping process (if 

any) cannot be precisely estimated using this setup. For this reason, we have examined the 

transient absorption (TA) behavior of the CsPbCl3 NCs using pump-probe technique with femto-

second time resolution (λexc = 350 nm, pump power of 4-5 μJ/cm
2
). The TA-spectra of the 

CsPbCl3 NCs are characterized by a sharp negative signal at 403 nm and positive signal on both 

sides of it (Figure 4.4.4A and 4.4.B). The negative (bleach) signal is induced by state filling of 

the electron and hole in the band edges.
45-47

 The bleach recovery kinetics of the CsPbCl3(1:3) 

NCs is characterized by two fast components , 4 (16%) and 41 ps (55%), and a much slower 

component ( >750 ps (29%)) (Figure 4.4.C and Table 4.3), the exact value of which cannot be 

estimated accurately in this setup as it falls beyond the time-window of this femtosecond setup. 
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The fast components are attributed to carrier trapping and the long component to direct band-

edge carrier recombination.
19, 31, 46, 47

    

 

 

 

 

 

 

 

 

Figure 4.3.: Dependence of the PL decay profile of the (A) CsPbCl3 (B) CsPbCl2Br, (C) CsPbCl1.5Br1.5 

and (D) CsPbClBr2 NCs on the Pb:X precursor ratio.  

Table 2: PL decay parameters of different samples of CsPbCl3, CsPb(Cl/Br)3 and CsPbBr3 NCs. 

System τ1/ ns (a1) τ2/ ns (a2) τ3/ ns (a3) <τins>/ ns 
a
knr(×10

8
s

-1
) 

CsPbCl3(1:3) 0.07 (0.52) 0.49 (0.28) 5.28 (0.20) 1.23 7.77 

CsPbCl3(1:6) 0.60 (0.36) 2.97 (0.32) 11.90 (0.32) 4.97 1.20 

CsPbCl3(1:9) 0.70 (0.20) 5.50 (0.34) 21.60 (0.46) 11.95 0.16 

CsPbCl2Br(1:3) 0.40 (0.16) 2.86 (0.33) 11.88 (0.51) 7.06 1.06 

CsPbCl2Br(1:6) 0.60 (0.04) 7.60 (0.48) 22.08 (0.48) 14.27 0.105 

CsPbCl1.5Br1.5(1:3) 0.62 (0.30) 2.40 (0.40) 8.17 (0.30) 3.60 2.03 

CsPbCl1.5Br1.5(1:6) 1.1 (0.07) 4.64 (0.68) 12.50 (0.25) 6.36 0.12 

CsPbClBr2(1:3) 0.92 (0.37) 6.22 (0.26) 32.00 (0.37) 13.80 0.51 

CsPbClBr2(1:6) 2.48 (0.2) 6.78 (0.53) 35.40 (0.27) 13.64 0.022 

CsPbBr3 2.70 (0.51) 9.73 (0.49) ---- 6.13 0.016 

a
knr=(1-PLQY)/<τins> 
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Figure 4.4. Panels (A) and (B) depict the TA spectra of the CsPbCl3(1:3) and CsPbCl3(1:9) NCs at 

different delay times. Panel (C) compares the bleach recovery kinetics of the two samples monitored at 

bleach maximum position. 

The observed 41 ps time component of the bleach recovery kinetics is comparable to the 

70 ps PL component of similar origin. As can be seen, the carrier trapping component is 

suppressed (from 71% to 41%) with increase in Pb:X precursor ratio from 1:3 to 1:9 (Figure 

4.4.C and Table 4.3). This reconfirms that halide deficiency in these NCs leads to the formation 

of trap states and trapping of the carriers occurs in picosecond timescale. One important point to 

note in this context is that the bleach recovery kinetics of the CsPbCl3(1:9) NCs still comprises 

41% of a fast trapping component (~4.73 ps). This suggests that in addition to the halide 

vacancies, other factor like structural distortion of the octahedral [PbX6]
4− 

contribute to the 

defect states in these NCs, as shown recently by Sun and coworkers.
16
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Table 4.3. Kinetic parameters of the bleach recovery dynamics of CsPbCl3 NCs. 

System τ1/ ps (a1) τ2/ ps (a2) τ3/ ps (a3) 

CsPbCl3(1:3) 4.0±0.15 (0.16) 41.05±2.8 (0.55) >750 (0.29) 

CsPbCl3(1:9) 4.73±1.2 (0.41) ---- >750 (0.59) 

 

4.2.3. Stability of the NCs 

In addition to high PLQY, the NCs obtained by our method exhibit very good stability. For 

example, when kept under ambient condition, 85% of initial PL of a dilute (~10 nM) colloidal 

solution of CsPbCl3(1:9) NCs in hexane is retained after 14 days with no change in PL peak 

position (Figure 4.5.5A and AII.7). Under similar condition, only 30% of initial PL intensity of 

CsPbCl3(1:3) NCs is retained (Figure 4.5.A). Mixed halide perovskite NCs generally exhibit low 

stability due to phase segregation,
48, 49

 but these NCs also show impressive stability. For 

example, CsPbCl1.5Br1.5(1:6) NCs retain 75% of its initial PL intensity without any change in PL 

peak position after 14 days of storage in ambient condition, whereas, for CsPbCl1.5Br1.5(1:3) 

NCs, only 25% of initial PL is retained (Figure 4.5.B and AII.7).   

 

 

 

 

Figure 5.1. Air stability of different samples of (A) CsPbCl3 NCs and (B) CsPbCl1.5Br1.5 NCs under 

ambient condition. Stability was checked using dilute (~10 nM) NCs solution in hexane. 

4.3. Discussion  

The CsPbCl3 and CsPb(Cl/Br)3 NCs obtained using a stoichiometric Pb:X precursor ratio are halide-

deficient having a large density of the trap states, which facilitate nonradiative deactivation of the charge 

carriers and decrease the PLQY of the systems. However, the NCs obtained using higher Pb:X precursor 
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ratios possess halide-rich surface with fewer trap states arising only from the inherent structural 

distortion in these systems. This is pictorially illustrated in Scheme 1. As the alkylammonium 

ions are known to enhance the stability of the CsPbX3 NCs by replacing the surface Cs
+
, it is 

quite likely that oleylammonium halide formed during the reaction (Scheme S1) also contributes 

to the stability of the systems by forming an oleylammonium halide-terminated surface. A 

comparison of the PLQY and stability of CsPbCl3 and CsPb(Cl/Br)3 NCs obtained so far by 

direct synthesis (Table AII.3) reveals high quality of our samples. Our violet-emitting CsPbCl3 

NCs with 80% PLQY are the second best and blue-emitting CsPb(Cl/Br)3 NCs with 85-97% 

PLQY are by far the best directly prepared samples as far as the PL efficiency is concerned. In 

terms of stability also, the present samples stand out.   

 

 

 

 

 

 

 

 

 

 

Scheme 4.1. Schematic illustration of the influence of an increasing Pb:X precursor ratio on the PL 

properties of the CsPbCl3 and CsPb(Cl/Br)3 NCs. NR and DTR represent nonradiative recombination and 

detrapping processes, respectively. 
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4.4. Conclusion 

Highly luminescent (PLQY~80-99%) and stable CsPbCl3, CsPb(Cl/Br)3 and CsPbBr3 NCs with 

narrow size distribution emitting in the violet, blue, and green region (405-510 nm) have been 

obtained by direct synthesis employing N-halophthalimides as halide precursor and  by 

optimizing the Pb:X precursor ratio. The results show that when the key issue, halide-deficiency 

of the surface of the NCs, is dealt with using an effective halide precursor and appropriate Pb:X 

precursor ratio, it is indeed possible to directly obtain highly luminescent and stable NCs even 

for the blue-violet region. The time-resolved PL and ultrafast pump-probe measurements show 

dependence of the carrier trapping processes on the Pb:X precursor ratio and that carrier trapping 

is greatly suppressed when these NCs are prepared using higher than stoichiometric Pb:X 

precursor ratio.  
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Overview 

Despite their low bandgap, the usage of the CsPbI3 nanocrystals (NCs) in solar photovoltaic 

and optoelectronic applications is very limited due to their phase instability and single-particle 

photoluminescence (PL) intermittency. Herein we show that phase-pure, mono-dispersed, 

stable, highly luminescent CsPbI3 NCs can be obtained by tweaking conventional hot-

injection method using NH4I as an additional precursor. Single-particle studies on these NCs 

show significant suppression of PL blinking and 60% of all NCs investigated are found to 

exhibit only high intensity ON-states (bright) with narrow distribution of intensity levels. A 

much wider distribution of intensity levels with significant contribution of low intensity OFF-

states (dim) are observed for the remaining 40% NCs due to band-edge recombination 

through trap states and Auger recombination. Excellent characteristics of these CsPbI3 NCs 

are shown to be the outcome of NH4
+ 

replacing some surface Cs
+
 of an iodide-rich surface of 

the NCs. These phase-stable, highly luminescent CsPbI3 NCs with significantly suppressed 

PL blinking can be useful single photon emitter and promising materials for optoelectronic 

and solar photovoltaic applications. 
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5.1. Introduction 

Among the cesium lead halide (CsPbX3 with X= Cl, Br and I) perovskite nanocrystals (NCs), 

the CsPbI3 NCs, because of their low bandgap, are the most promising candidates for solar 

photovoltaic and various optoelectronic applications.
1-13

 However, poor phase-stability of 

these NCs even under ambient condition is a major obstacle to these applications.
14-17

 Apart 

from the stability related issues, photoluminescence (PL) blinking of the single NCs is another 

factor, which restricts the applications of the CsPbI3 NCs as single photon emitter and other 

light emitting applications.
18-26

 PL blinking is indeed an issue for all single emitters. Among 

different models invoked for explaining the PL blinking of semiconductor NCs, charging 

model based on trapping of the carrier in long-lived trap-states
19, 27-39

 and multiple 

recombination center (MRC) model based on trapping of the carrier in short-lived trap states 

36, 40-43
 are the most common ones. In charging model, the NCs are emissive (ON), when in 

their neutral state, but are non-emissive (OFF), when in their charged state due to Auger 

recombination. This ON-OFF PL fluctuation is known as Auger-blinking or trion-blinking. 

Here, the OFF-state duration is determined by the lifetime of the carrier residing in the long-

lived trap state. In MRC model, the ON-OFF PL fluctuation is the result of transformation of 

the trap states between the active and inactive forms. This blinking arising from time 

dependent fluctuations of the carrier trapping rate is termed as BC-blinking. In addition, 

interception of the hot carriers (HC) by trap states can also contribute to PL blinking, which is 

known as HC-blinking.
44-47

 Mulvaney and co-workers observed both Auger-blinking and BC-

blinking in single CdSe QD.
36

 Ahmed et al. recently found Auger blinking, BC blinking and 

HC blinking in a single CsPbBr3 NC.
48

 PL blinking of the CsPbI3 NCs was attributed to 

charging and discharging of the NCs by Klimov and coworkers, 
19

 but later Yuan et al. 

showed that it arises due to activation and deactivation of the trap-states.
18

 

Obtaining phase-stable red-emitting CsPbI3 NCs with high PL efficiency and 

suppressed blinking, which is necessary for many optoelectronic applications, is a challenging 

task.
15

 Phase-instability and deteriorating PL properties of these NCs arise from surface iodide 

vacancies, poor surface capping by the coordinating ligands and intrinsic disorder of the 

[PbI6]
4-

 units.
9, 14, 49

   The nature of the surface of the NCs depends largely on their method of 

preparation.
14, 50-57

  The widely used two-precursor method,
3
 in which PbI2 is used as 

precursor for both lead and halide, yields NCs of poor quality primarily due to halide 
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vacancies on the surface. Use of additional iodide precursors during synthesis is known to 

improve the phase stability and PL of the NCs.
54, 55, 58, 59

 Doping of metal ions
60-65

 and surface 

treatment by coordinating ligands
9, 11, 66-68

 are also effective approaches for obtaining highly 

luminescent and stable CsPbI3 NCs.  However, despite intense investigations, phase-stable, 

highly luminescent CsPbI3 NCs with suppressed PL blinking are still not known. In this work, 

we show that phase-stable, highly luminescent CsPbI3 NCs with significantly suppressed PL 

blinking can be obtained by the most widely used method of synthesis of perovskite NCs
3
 

using optimum amount of NH4I as an additional reagent, which is chosen considering that a 

second source of I¯ provides a halide-rich synthesis condition and surface capping by NH4
+
 

enhances the PLQY and colloidal stability of the NCs.
66

  

5.2. Results  

5.2.1 Reaction Condition 

The CsPbI3 NCs were prepared as follows. 0.2 mmol of PbI2, 0.25 mmol of NH4I, 5 mL of 1-

octadecene, 0.8 mL of oleic acid (OA) and 0.8 mL of oleylamine (OLA) were taken in a 50 

mL round-bottom flask and stirred under vacuum for 15 min at room temperature. The 

reaction mixture was then heated at 120°C in N2 atmosphere until formation of a clear orange 

color solution. The temperature was then raised to 160-165°C, 0.5 mL of cesium-oleate was 

injected into it, and the reaction mixture was quenched immediately in an ice bath. The 

obtained NCs were purified (details in experimental section in supporting information (SI)) 

and dispersed in hexane for all measurements.  We also prepared CsPbI3 NCs following 

conventional method
3
 (i.e. without using NH4I, details in SI) for comparative purpose. The 

CsPbI3 NCs obtained by our method are labelled as CsPbI3(I), and the conventional ones as 

CsPbI3(II) throughout the manuscript.   

5.2.2 Ensemble Photoluminescence Properties 

The bright field transmission electron microscope (TEM) images show uniform cubic shape 

of the CsPbI3(I) NCs with a narrow size distribution and average edge length of 9.0±1.0 nm 

(Figures 5.1.a and AIII.1.a). In contrast, the CsPbI3(II) NCs exhibit much wider size 

distribution and larger average edge length (12.5±2.0 nm) (Figures 5.1.b and AII.1.b). High 

resolution TEM (HRTEM) images show an inter-planar distance (d100) of 0.62 nm for both 

samples (insets of Figures 5.1.a and 5.1.b) indicating that the crystal parameters are not 

affected due to use of NH4I during synthesis. A decrease in size and improved mono-
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dispersity of the CsPbI3(I) NCs is similar to that observed in the case of CsPbBr3 NCs 

obtained in halide rich synthesis condition.
69

 The UV-vis absorption and emission spectra of 

these samples are shown in Figures 5.1.c and 5.1.d, respectively. The first excitonic peak (in 

absorption) and the PL maximum of CsPbI3(I) NCs are blue shifted (by 6-8 nm) compared 

with the respective peaks of the CsPbI3(II) NCs due to the smaller size of the former sample. 

The PL quantum yield (QY) of the CsPbI3(I) NCs (90±3%) is found to be much higher than 

that of the CsPbI3(II) NCs (60±5%) (Figure 5.1.d). The high PLQY (90±3%) is observed for 

CsPbI3(I) NCs only when an optimum molar ratio of PbI2:NH4I (1:1.25) is used during the 

synthesis and for higher or lower ratio, this NCs exhibited lower PLQY values (Figure AIII.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Bright field TEM images of the (a) CsPbI3(I) and (b) CsPbI3(II) NCs with scale bar of 100 

nm. Insets show HRTEM image of the NCs (scale bar 5 nm) with inter-planar spacing corresponding 

to the (100) planes. (c) UV-vis absorption and (d) PL spectra of the CsPbI3(I) and CsPbI3(II) NCs. 

5.2.3. Stability of the NCs 

The CsPbI3(I) NCs are also found to display much improved stability compared to the 

CsPbI3(II) NCs. This is evident from the fact that the PL of a freshly prepared colloidal 

solution of the CsPbI3(I) NCs decreases only by 4% after 30 days of storage under ambient 
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condition with humidity 50-60% and temperature 25±5°C in cuvette, whereas 95% PL of the 

CsPbI3(II) NCs is lost similar conditions (Figures 5.2.2.a-b and AIII.3). The CsPbI3(I) NCs 

stored in a sealed reagent bottle retain almost its original PL intensity after 60 days in contrast 

to the CsPbI3(II) NCs, which become non-luminescent during this period (Figure AII.4). High 

photo-stability of our samples is evident from the fact that after continuous UV illumination 

(365 nm, 8W) of a colloidal solution of the CsPbI3(I) NCs (taken in a quartz cuvette) for a test 

period of 24 h, nearly 92% of the original PL is retained, whereas for CsPbI3(II) NCs, PL 

decreases to 28% under similar conditions (Figures 5.2.c and AIII.5). The powder X-ray 

diffraction (PXRD) patterns of these samples (monitored for 20 days) show that CsPbI3(II) 

film starts degrading to δ-CsPbI3 phase within 2 days, and a complete transition is noticed 

within 20 days (Figure 5.2.d). However, no noticeable degradation of the CsPbI3(I) film could 

be observed (Figure 5.2.e). The sample stays in its α-phase even after 20 days under ambient 

condition. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. (a) Air stability of the colloidal dispersions of CsPbI3(I) and CsPbI3(II) NCs under 

ambient condition. (b) Digital images (under UV illumination) of these samples at different time 

intervals stored under ambient condition. (c) Photo-stability of CsPbI3(I) and CsPbI3(II) NCs under 

continuous UV illumination (365 nm, 8W). (d) and (e) PXRD patterns of these samples at different 

time periods. Insets of the (d) and (e) show the digital images of the film used for the PXRD 

measurements. 
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5.2.4. Single-Particle Photoluminescence Properties 

As already mentioned, random fluctuation of the PL intensity at the single particle level is one 

of the biggest problems for the CsPbI3 NCs.  High PLQY and excellent stability of our 

samples of CsPbI3(I) NCs allow us to study the PL properties of these NCs at the single 

particle level. We carried out these studies by drop-casting a very dilute solution (pM, in 

hexane) of the NCs on a cover glass and obtaining a film by drying under vacuum. The film 

of the NCs was excited by a pulsed laser at 485 nm (pulsed width ~144 ps, repetition rate 4 

MHz and power 0.1 μW
 
) (details in SI). The low laser power was used to avoid any nonlinear 

processes. Under our experimental condition, the number of excitons generated in each NC 

per pulse is 0.06.  

The confocal PL microscopy image of a film of CsPbI3(I) NCs is shown in Figure 

5.3.a. We have examined the PL blinking behavior of 66 individual single NCs of CsPbI3(I) 

(Figures 5.3.b, AIII.6 and AIII.7), among which 40 single NCs show complete suppression of 

PL blinking indicating the presence of only the ON-states (bright-states) with a narrow 

distribution of intensity. A representative time-trace of one single NC of this type is depicted 

in Figure 5.3.b (and in AIII.6). Single-exponential decay of the PL intensity indicates that the 

photogenerated charge carriers recombine only through the radiative excitonic recombination 

process (Figures 5.3.d). Fluorescence-lifetime-intensity-distribution (FLID) plot also shows 

the presence of only the high intensity ON-sates (Figure 5.3.e). Complete elimination of the 

low intensity OFF-states for majority of the single NCs of CsPbI3(I) is consistent with the 

sample’s bulk PL properties. 
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Figure 5.3. (a) PL intensity image of a film of CsPbI3(I) NCs. (b) PL intensity time-trace of a given 

single CsPbI3(I) NC among the 40 NCs, which show complete suppression of blinking. Background 

signal is shown in cyan-blue color trace. (c) Distribution of PL intensities and occurrence. (d) PL 

decay profile of the trace. (e) A false color representation of FLID obtained from the analysis of 

intensity and lifetime of the PL intensity time-trace shown in panel b. 

 

The PL intensity time-trace of a representative single NC belonging to the remaining 

26 NCs is shown in Figure 5.4.a. The PL intensity fluctuation in this case is much wider with 

no clear separation of the ON and OFF-states (Figure 5.4.b). To understand the mechanism of 

PL blinking of these NCs we have examined the PL decay behavior of five different intensity 

levels (R1 to R5) for each NC. While the PL decay is single exponential for the high intensity 

levels (R1 to R3), the decay profile is biexponential for the bottom two intensity levels (R4 to 

R5) (Figure 5.4.c). The highest intensity level (R1), which is characterized by a lifetime of 

9.80 ns for the representative NCs, is due to radiative excitonic recombination. The PL 

lifetime of the highest intensity state, when averaged for all ~26 NCs studied, is ~13.28 ±2.65 

ns (Figure A.III.8). The lifetime decreases gradually with lowering of the PL intensity (Table 

5.1). The intensity-lifetime scaling parameter (η) (details in SI) for first three intensity levels 

is  
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η = kR1 : kR2 : kR3 = I1/τ1 : I2/τ2 : I3/τ3 = 1.00 : 0.93 : 0.74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. (a) PL intensity time-trace of a given single NC of CsPbI3(I) NC (among 26 NCs 

exhibiting similar blinking behavior). The trace is divided into five intensity levels (R1 to R5). 

Background signal is shown in the cyan-blue color trace. (b) Distribution of the intensities with 

occurrence. Threshold is shown by the red dashed line. (c) PL decay profiles for levels R1 to R5 and 

(d) FLID pattern of the PL intensity time-trace shown in panel a. Schematic illustration of (e) BC-

blinking and (f) Auger-blinking. kr, knr and kaug represent rate constants of the radiative, nonradiative 

and Auger-recombination, respectively. 

A near-unity ratio of the radiative recombination rates of two high intensity levels 

indicates the competition between a fixed radiative rate and variable nonradiative rates in the 

NC. This is typical of BC blinking arising from trapping and de-trapping of the charge carrier 

in/from short lived trap-states.
36

 The deviation of the η value from near-unity from R3 level 

onward indicates involvement of additional competing recombination process (es). These 

levels are associated with a second lifetime component (between 1.30 and 1.70 ns) and the 
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contribution of this component increases from R4 to R5 level. This short-lived component 

must be arising from trion recombination as multi-excitonic recombination is ruled out in our 

experimental condition.
19, 30

The involvement of two simultaneously occurring processes is not 

very clear in the FLID pattern (Figure 5.4.d) due to low occurrences of the OFF states. BC-

blinking and Auger-blinking occurring in these samples are represented schematically in 

Figures 5.4.e and 5.4.f, respectively. 

Table 5.1.  PL Lifetime components (τi) and their weightages (αi) of different PL intensity 

levels of the PL intensity time-trace of CsPbI3(I) NC shown in Figure 5.4.a. 

 

It was difficult to investigate the single-particle PL properties of the CsPbI3(II) NCs 

due to their poor-stability.
12, 18, 19

 We observed that several single NCs often degrade within a 

minute during recording the PL intensity-time traces (Figure AIII.9). However, we could 

manage to record the PL blinking traces of 53 NCs up to 60 s (Figures 4.5.a and AIII.10), 

during which no significant photo-degradation could be observed. A representative PL 

blinking trace of these NCs, depicted in Figure 5.5.a, show a broad distribution of intensity 

levels with no clear separation between the ON and OFF-states (Figure 5.5.b). To determine 

the origin of PL blinking of this system, PL intensity trace is marked for five different 

intensity regions, P1 to P5 (Figure 5a), and their PL decay behavior studied (Figures 5.5.c and 

Table AIII.1). The intensity-lifetime scaling parameter (η) for the first three intensity levels is  

η = kP1 : kP2 : kP3 = I1/τ1 : I2/τ2 : I3/τ3 = 1.00 : 0.92 : 0.75 

A near-unity ratio of the radiative recombination rates of the two high intensity levels 

indicates BC-blinking arising from fluctuating trapping rate of the carriers.
36

 The deviation of 

the η value from near-unity from P3 level onward and appearance of a short lifetime 

component for levels P4 and P5 indicate Auger-blinking or trion-blinking in these NCs. The 

FLID plot shows a combination of linear and curvature behavior confirming both Auger- and 

Region [Intensity (counts/10 ms)] τ1 (α1) [ns] τ2(α2) [ns] 

R1 (17.00) 9.80  

R2 (13.00) 8.10  

R3 (9.00) 7.01  

R4 (5.50) 5.97 (0.63) 1.71 (0.37) 

R5 (2.00) 4.99 (0.43) 1.33 (0.57) 
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BC-blinking in the same NC (Figure 5.5.d). The competition between the fixed radiative and 

fluctuating nonradiative relaxations leads to the linear behavior in FLID pattern, whereas trion 

recombination leads to non-linearity in the FLID pattern. 

 

Figure 5.5. (a) PL Blinking trace of a single CsPbI3(II) NC. The trace is divided into five intensity 

levels (P1 to P5). Background signal is shown in cyan-blue color trace. (b) Distribution of the 

intensities observed in the blinking trace. Threshold is shown by the red dashed line. (c) PL decay 

profiles for the levels P1 to P5. (d) FLID patterns of the PL blinking trace shown in panel (a) with 

false color representation. 

 

To shed additional light on the nature of the trap states and their effect on carrier 

recombination, we have analyzed blinking statistics by constructing the probability 

distributions of the ON- and OFF-events (Figure 5.6). Although the ON- and OFF-events are 

not so well separated, we have used a threshold of five times the maximum background noise 

level (red dashed line in Figure 5.4.b) for calculation of the probability distributions of ON- 

and OFF-events. The probability distributions of the OFF-events is best represented by a 

power-law function of the form, POFF(t) ∝ t
αOFF 

; however, for the ON state, it follows a 

truncated power-law behavior, PON(t) ∝ t
αON

 exp(−t/τc) (details in SI). Here, α and τc indicate 
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power law exponent and truncation time, respectively. The power-law behavior indicates a 

dispersive kinetics of carrier trapping and detrapping arising from the (i) difference in static 

distribution of trap states, (ii) energetic diffusion of barrier between core and surface trap 

states for charge tunneling and (iii) difference in the number of time-fluctuating active trap 

sites.
34, 40, 70

 A larger value of the power-law exponent for the OFF-state and a smaller value 

for the ON-state of the CsPbI3(I) NCs compared to the CsPbI3(II) NCs indicates a much 

longer ON-durations of the former sample (Figures 5.6.a-d and Table AIII.2). 

 

  

Figure 5.6. Log−log distributions of (a, c) ON-time and (b, d) OFF-time probability of representative 

NCs of CsPbI3(I) and CsPbI3(II). 

 

The average time fraction spent by the NCs in their ON-state, calculated both for 

CsPbI3(I) and CsPbI3(II) NCs from individual PL blinking trace (up to 60 s) and 

corresponding distributions, are shown in Figures 5.7.a and 5.7.b, respectively. The CsPbI3(I) 

NCs show an average ON-state fraction of 0.945±0.09, which is quite remarkable. Also 

important to note here is that 60% of these NCs exhibit an average ON-state fraction of ~1.0. 
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Whereas, in the case of the CsPbI3(II) NCs, the average ON-state fraction is much lower 

(0.676 ±0.11). 

 

Figure 5.7. Distribution of the ON-state fraction of (a) CsPbI3(I) and (b) CsPbI3(II) NCs. 

5.3. Discussion 

The factors contributing to the exceptional phase stability and PL properties of the CsPbI3(I) 

NCs compared to the CsPbI3(II) NCs can be understood by comparing the XPS spectra of the 

two samples (Figures 5.8 and AIII.11). First, the areas under the spectral bands (considering 

the  atomic sensitivity factor
71

) of the constituting elements show a Cs:Pb:I atomic percentage 

ratio of 0.83:1.00:3.33 and 0.90:1.00:2.89 in CsPbI3(I) and CsPbI3(II) NCs, respectively 

(Figure 5.8.a and Table AIII.3) indicating a halide-rich surface of the former sample. Second, 

inspection of the atomic percentage of Cs and N indicates a decrease in Cs-content and an 

increase in N-content for the CsPbI3(I) NCs (Figure 5.8.a). This indicates replacement of 

some surface Cs
+
 by NH4

+
.
72

   Third, the N 1s core level XPS spectrum for CsPbI3(I) NCs is 

seen to be broader and blue-shifted compared to CsPbI3(II) NCs (Figure 5.8.b). This reflects 

the presence of two different types of ammonium cations, namely, NH4
+
 and OLA

+ 
and a 

higher binding energy of NH4
+
 compared to OLA

+
. Fourth, a higher binding energy of I

−
 3d3/2 

and 3d5/2 electrons in the CsPbI3(I) NCs compared with the corresponding signals in 

CsPbI3(II) (Figure 5.8.c) implies a stronger binding of the surface I
-
 with NH4

+
 in the former 

sample. Fifth, a decrease in binding energy of the Pb 4f7/2 and Pb 4f5/2 levels (Figure 5.8.d) 

indicates weakening of the Pb-I bond because of stronger interaction between NH4
+
 and I

-
. It 

is thus evident that improved phase stability and significant suppression of PL blinking of the 

CsPbI3(I) NCs arises from the replacement of some surface Cs
+
 by NH4

+
 of an iodide-rich 

surface of the NCs (Scheme 1). 
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Figure 5.8. (a) Atomic % ratio (with respect to Pb) of the constituting elements of the CsPbI3(I) and 

CsPbI3(II) NCs calculated using high resolution XPS data. High resolution XPS spectra of (b) N 1s, 

(c) I 3d (3d5/2, 3d3/2) and (d) Pb 4f (4f5/2, 4f7/2) of these samples. 

 

5.4. Conclusion 

In short, focusing on the core issue of phase instability and PL blinking of the CsPbI3 

nanocrystals that restricts the utility of these low bandgap substances in photovoltaic, light 

emitting and single photonic applications, it is shown that exceptionally phase stable and 

highly luminescent CsPbI3 NCs with significantly suppressed PL blinking can be obtained by 

tweaking the conventional hot-injection method of synthesis employing NH4I as an additional 

reagent. The PL blinking characteristics of a large number of single CsPbI3 NCs reveal an 

average ON-state fraction of 0.945 with 60% of them exhibiting complete suppression of PL 

blinking. Remaining 40% NCs exhibit OFF-states due to both Auger recombination of trion 

and trap induced recombination of the band-edge carrier. The extraordinary features of these 

NCs are attributed to NH4I serving both as halide precursor and surface capping agent. This 

work, which provides a simple approach to obtaining high quality CsPbI3 NCs hitherto 

unknown, is expected to be of great significance in photovoltaic, light emitting and single 

photonic applications.  
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Scheme1: Schematic illustration of surface passivation of the CsPbI3 NCs by NH4I. 
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Overview 

Quantum confined CsPbBr3 nanocrystals (NCs) with adjustable photoluminescence (PL) in the 

range of 470 - 500 nm are particularly desirable for applications in light emitting diodes (LEDs) 

and many quantum technologies. Exploration of full potential of these perovskite NCs requires 

an understanding of the random fluctuation of their PL at the single particle level, commonly 

termed as blinking. In this work, we study the PL blinking of quantum confined single NCs of 

CsPbBr3 of three different sizes between 3.80 and 5.90 nm in immobilized and fluid conditions 

to understand the recombination pathways and dynamics of the photogenerated charge carriers. 

In the immobilized state, the PL intensity trajectories and PL lifetime-intensity distributions of 

these single NCs reveal the contributions of both Auger recombination and trapping of hot 

carriers to the PL fluctuation. The results suggest a higher carrier trapping rate constant for 

smaller NCs. The fluorescence correlation spectroscopy (FCS) and fluorescence lifetime 

correlation spectroscopy (FLCS) measurements on freely diffusing NCs show a higher off-state 

fraction and lower per-particle brightness of the smaller NCs. It is concluded that a larger trap 

depth and higher probability density of the carriers at the surface in smaller NCs make the 

trapping process more feasible and detrapping more difficult. The results provide first 

information on the effect of size on PL blinking of the quantum confined CsPbBr3 NCs, and this 

knowledge is expected to be useful in better designing photoluminescent samples of this class for 

optoelectronic applications. 
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6.1. Introduction 

The Cesium lead halide (CsPbX3) perovskite nanocrystals (NCs) continue to receive great 

attention owing to their potential applications in optoelectronic devices such as in light-emitting 

diodes 
1-8

 and single photon sources.
9-13

 However, the fluctuation of photoluminescence (PL) of 

the single NCs of these substances between bright (on) and dark (off) states,
9, 12, 14-20

 and 

sometimes, between the ‘on’ and a low intensity gray state,
16, 18, 21

 is impediment to these 

applications. The PL fluctuation occurs over a rather broad timescale ranging from tens of 

microseconds to hundreds of seconds.
22, 23

 While PL of these perovskite NCs originates from 

radiative recombination of the electron and hole produced on photoexcitation, the fluctuation of 

PL is caused by the involvement of various trap states in these systems. Several processes can 

contribute to the PL blinking of the semiconductor NCs.
9, 14, 17, 21, 22, 24

 When one of the charge 

carriers is trapped for a longer duration, the NCs become charged. Absorption of another photon 

by a charged NC when produces an exciton, the system becomes a trion.
9, 21, 24-26

 The trion can 

recombine nonradiatively by Auger recombination or/and radiatively at a much faster rate (twice 

the neutral exciton recombination rate).
9, 21, 24, 26

 PL blinking arising from trion-mediated 

recombination is known as Auger or A-type blinking.
24

 Trapping of charge carrier in a short-

lived trap states can facilitate its instant relaxation by a nonradiative pathway.
16, 18, 19, 21, 27

 

Random activation and deactivation of these trap states results in a constantly changing 

nonradiative rate constant.
21, 22, 27

 This time dependent fluctuation of the nonradiative rate 

constant leads to PL blinking, which is termed as band-edge carrier (BC)-blinking when trapping 

of the charge carriers takes place from the band-edge states.
21

 Blinking can also be caused by 

trapping of the hot carriers (HC-blinking).
14, 22, 24, 28

 Trapping of the hot carriers allows their 

rapid relaxation through a nonradiative recombination route, and one observes a large drop of PL 

intensity without any noticeable change in lifetime. As both BC- and HC-blinking arise from the 

activation and deactivation of the trap states, these two types of blinking are often referred to as 

B-type blinking.
24, 28

 In many cases, more than one mechanism of blinking is observed.
16, 18, 19, 21, 

24
 The coexistence of Auger-, BC-and HC-blinking in single perovskite NCs has also been 

reported.
16, 29
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PL blinking studies on perovskite single NCs, excepting a few on MAPbBr3 NCs,
14, 15

 

have been carried out on large systems (size range 6-20 nm) with no/weak quantum 

confinement.
9, 11, 14, 16-18, 30-38

 One main reason for dearth of PL blinking studies on smaller 

particles was lack of any method of their preparation with uniform size distribution and control 

on size. A very recent report on synthesis of quantum confined CsPbX3 NCs with uniform size 

distribution
39

 has enabled photophysical studies on these smaller NCs.
40-42

 These studies have 

revealed blue-shifted emission with larger Stokes shift,
39, 42

 faster biexciton auger recombination 

rate,
40, 43, 44

  intense dark exciton emission
41

  and high single photon purity
11

 of the quantum 

confined perovskite NCs compared to the non-quantum confined system. The smaller size NCs 

also have higher trion and biexciton binding energy because the Coulomb interaction between 

electrons and holes is enhanced as the NCs decrease in size.
45, 46

 As size of the NCs plays an 

important role on the charge carrier trapping and detrapping processes,
14, 47, 48

 an investigation of 

the PL blinking of  quantum confined perovskite NCs of different size is expected to provide an 

understanding of the charge carrier trapping and detrapping processes in these substances, which 

may help unleashing these materials’ full application potentials.  

In order to study the PL blinking behavior of quantum confined perovskite NCs of 

different size, we have prepared CsPbBr3 NCs with 3.80, 4.80 and 5.90 nm edge length and 

investigated their PL blinking by analyzing PL blinking traces, fluorescence lifetime intensity 

distribution (FLID) patterns and statistical distribution of the on- and off-events. PL blinking of 

freely diffusing NCs is also studied employing fluorescence correlation spectroscopy (FCS) and 

fluorescence lifetime correlation spectroscopy techniques. 

6.2. Results 

6.2.1. Structural Characterization and Ensemble PL Properties 

The TEM images indicate an edge length of 3.80±0.24, 4.80±0.60 and 5.90±0.70 nm for the 

CsPbBr3 NCs obtained at 80°C, 140°C and 180°C, respectively (Figure 6.1.a-c and AIV.1). The 

absorption and PL spectra of these NCs are shown in Figure 6.1.d-f. We have labelled these NCs 



 

Photoluminescence Blinking of Quantum Confined CsPbBr3 ………. Chapter 6 

 

 118 
 

with numerical extension of their respective first excitonic peak position. The PL peaks of the 

CsPbBr3@459, CsPbBr3@478 and CsPbBr3@488 NCs are observed at 470, 486 and 496 nm, 

respectively. Photoluminescence quantum yield (PLQY) of the CsPbBr3@459, CsPbBr3@478 

and CsPbBr3@488 NCs are estimated to be 0.45±0.03, 0.75±0.03 and 0.90±0.05, respectively. 

 

 

 

 

 

 

 

 

 

Figure 6.1. TEM images (top panel; a-c), and absorption and PL spectra (bottom panel; d-f) of the 

CsPbBr3 NCs of different sizes. Scale bar is 20 nm for the TEM images. PL spectra were recorded by 

exciting colloidal dispersion of these NCs at 405 nm.  

6.2.2. Single Particle Photoluminescence Properties 

Before carrying out the PL blinking measurements on the immobilized NCs, we performed 

photon antibunching experiment to ensure that each fluorescent particle represents a single NC. 

The single-photon purity is characterized by the second-order intensity correlation function, 

𝑔(2)(𝑡) =
〈𝐼1(𝑡)𝐼2(𝑡+𝜏)〉

〈𝐼1(𝑡)〉〈𝐼2(𝑡+𝜏)〉
                                    (1) 
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as a function of the delay time τ between the two photon detection events, measured in a 

Hanbury Brown and Twiss (HBT) type setup (details in experimental section). Here, I1(t) is the 

emission intensity at time t in detector 1, and I2 (t+ τ) is the intensity after a time delay of τ at 

detector 2. For a single particle, g
(2)

(0) is expected to be 0 as it cannot emit more than one photon 

at any given time. This implies that a dip at “zero” time in the correlation curves indicates photon 

antibunching. For our samples, as can be seen from Figure 6.2, g
(2)

(0) is not zero, but very small 

compared to the side peaks at other time delays. The non-zero value of g
(2)

(0) is attributed to 

biexciton, whose formation  cannot be completely prevented even at low laser power.
9, 48, 51

 

 

 

 

 

 

Figure 6.2. Second order photo-correlation plots of CsPbBr3@459 (a), CsPbBr3@478 (b) and 

CsPbBr3@488 (c) NCs. Samples were excited at 405 nm using a pulsed laser with 8 MHz repetition rate. 

PL blinking trajectories of the representative NCs of CsPbBr3@459, CsPbBr3@478 and 

CsPbBr3@488 NCs, depicted in Figure 6.3.a-c (and also in AIV.2-4), show that PL of these NCs 

fluctuates over a range of intensity levels. The occurrence histograms (Figure 6.3.d-f) indicate no 

clear separation between the on- and off- PL intensity states. In order to understand the blinking 

mechanism, we have measured PL decay profiles of three different intensity regions (indicated 

by green, blue and violet shades) of the blinking traces (Figure 6.3.g-i). The high intensity level 

of these NCs is characterized by single exponential decay with lifetime around 8-9 ns (Table 

6.1). The PL decay of the intermediate and low intensity levels are bi-exponential with one long 

(~8 ns) and a short component (~1 ns) (Table 6.1). The long 8-9 ns component of the highest 

intensity levels arises clearly from band-edge excitonic recombination. For the intermediate- and 
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low-intensity regions, a lifetime close to that of the high intensity region is possible only if the 

electron or hole is trapped prior to their relaxation to the band edge. Hence, this implies trapping 

of the hot carriers contributes to the PL fluctuation of these NC. The short component is 

attributed to Auger recombination of trion.
9,16, 26, 40

  

The fluorescence lifetime intensity distribution (FLID) of these NCs also provides an 

understanding of the PL blinking mechanism. For the CsPbBr3@459 NCs, the FLID plot (Figure 

6.3.j) consists of (i) a high intensity-high lifetime, (ii) a low intensity-low lifetime and (iii) a low 

intensity-high lifetime component. The nonlinear nature of the FLID plot and low intensity-low 

lifetime component are reflection of Auger blinking,
9, 21, 24

 and the low intensity-high lifetime 

component is an indicative of HC blinking.
16, 24, 28

 For CsPbBr3@478 and CsPbBr3@488 NCs 

(Figure 6.3.k-l), both types of blinking are not clearly observable in the FLID plots due to low 

occurrence of the off-intensity levels. Coexistence of HC-blinking and Auger-blinking for each 

single NC indicates that these NCs have both short-lived and long-lived trap states.  

 

 

 

 

 

 

Figure 6.3. Representative PL intensity trajectories (a-c) (binning time 10 ms) and occurrence histograms 

(d-f) of the NCs of different sizes. Green, blue and violet shades indicate high, intermediate and low 

intensity regions, respectively, for which PL decay profiles were measured (g-i). FLID plots of these NCs 

are shown in panel j-l.   
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Table 6.1. PL lifetime components (τi) and their contributions (ai) for different PL intensity levels 

of different samples of CsPbBr3 NCs. 

System region τ1 /ns  (a1) τ2 /ns (a2) 

 

CsPbBr3@459 

high 

intermediate 

low 

8.56 

8.69 (0.44) 

7.70 (0.17) 

 

1.07 (0.56) 

0.82 (0.83) 

 

CsPbBr3@478 

high 

intermediate 

low 

8.20 

8.40 (0.52) 

7.20 (0.30) 

 

1.37 (0.48) 

0.83 (0.70) 

 

CsPbBr3@488 

high 

intermediate 

low 

7.90 

7.60 (0.57) 

6.90 (0.42) 

 

1.60 (0.43) 

0.73 (0.58) 

We have analyzed the probability density distribution (PDD) of the on- and off-events, Pon and 

Poff, to further understand the trapping and detrapping processes in these samples. For this 

purpose, we have sorted the data into on and off categories by assigning a threshold, above 

which the NCs are considered on and below which they are considered off. The PDD plots of the 

off-events (Figure 4) are best represented by a power law function (equation 2) indicating a 

widely distributed off→on switching rates. However, the PDD plots of the on events (Figure 6.4) 

are best represented by a truncated power-law (equation 3), indicating that the events which are 

power-law distributed at shorter times, become exponential at the longer times.  

𝑃𝑜𝑓𝑓(𝑡) = 𝑡
𝑜𝑓𝑓

−𝑚𝑜𝑓𝑓
                (2) 

𝑃𝑜𝑛(𝑡) = 𝑡𝑂𝑁
−𝑚𝑜𝑛𝑒𝑥𝑝 − (

𝑡𝑜𝑛
𝜏𝑐
𝑜𝑛⁄ )               (3) 

Where, moff/on is the power-law exponent and τc
on

 represents the time corresponding to the 

exponential truncation of the power law. The exponential truncation of the on-events at long time 

implies that the on→off switching at long on-duration occurs at a single rate or the distributed 

rate process saturates at long on-duration.
22, 52, 53
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Figure 6.4. Probability density distribution of the on- and off-events (top and bottom panel) of the 

CsPbBr3@459, CsPbBr3@478 and CsPbBr3@488 NCs. 

A much higher moff value of these NCs compared to their mon value indicates that PL blinking is 

dominated by longer on-events and shorter off-events. A distinct variation of the truncation time 

with size of the NCs is observable (Figure 6.5.a and Table 6.2).With increase in size of the NCs, 

an increase in truncation time [0.31±0.15 s (CsPbBr3@459), 0.51±0.28 s (CsPbBr3@478) and 

0.65±0.31 s (CsPbBr3@488)] indicates a decrease in trapping rate constant (kt).
48, 54-56

 The 

average time fraction in the on-state (Figure 6.5.b) is estimated from measured blinking 

trajectory of nearly 100 NCs of a particular size. With increase in size of the NCs, this number 

increases as follows; 0.58±0.17 (CsPbBr3@459), 0.69±0.15 (CsPbBr3@478) and 0.77±0.16 

(CsPbBr3@488). A lower on-state fraction for the smaller CsPbBr3 NCs is attributed to higher 

carrier trapping rate and lower detrapping rate in these systems. In larger NCs, charge carrier 

wave functions are localized in the core of the NCs, and with decrease in size of the NCs, the 

carrier probability density at the surface increases,
57

 thus making the trapping process more 
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feasible. As CsPbBr3 NCs possesses shallow trap states,
1, 8, 58

 and the depth of these trap states 

decreases with increase in size of the NCs, the trapping process is more feasible and detrapping 

more difficult for smaller NCs.    

Table 6.2. Power law exponents and truncation time for the CsPbBr3 NCs of different sizes. 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. (a) Box plot of inverse of the truncation time (1/τc
on

) and (b) on-state fraction of the CsPbBr3 

NCs of different sizes. Interquartile range is equal to 35−65th percentile. Spheres indicate the mean. 

Whiskers indicate standard deviation from the mean. Dashed lines in the box indicate the median. 

6.2.2. FCS and FLCS Measurement of the NCs 

Additional insight on PL blinking of these NCs is obtained from the FCS and FLCS study of 

freely diffusing NCs. While the time resolution of PL blinking data discussed so far for the 

immobilized samples is limited by the binning time (10 ms here) of the measurement, the FCS 

and FLCS measurements can be used for extracting information on PL fluctuation occurring in 

μs timescale.
32, 59

 In these techniques, one measures the fluctuations of PL intensity of a highly 

System NCs size 

(nm) 

moff mon τc
on 

(s) 

CsPbBr3@459 3.80±0.24 1.58±0.26 0.75±0.12 0.31±0.15 

CsPbBr3@478 4.80±0.60 1.78±0.32 0.71±0.13 0.51±0.28 

CsPbBr3@488 5.90±0.70 1.77±0.40 0.72±0.14 0.69±0.35 



 

Photoluminescence Blinking of Quantum Confined CsPbBr3 ………. Chapter 6 

 

 124 
 

dilute solution (nM) of the NCs in a small volume of the sample (typically ∼1 fL) using a 

confocal fluorescence microscope (details in experimental section).  While FCS experiment 

records only macroscopic arrival time of each detected photon (τ, with resolution μs) with 

respect to the beginning of the experiment, the FLCS additionally measures the microscopic 

delay time (t, with ps resolution) of the detected photons relative to the excitation pulse
60

 which 

allowed us to study autocorrelation function of PL fluctuation of the neutral exciton (~8.5 ns) 

and trion (~1.6 ns) separately.  The FCS and FLCS data of these NCs (Figure 6a, b and S5-S6) 

are best described by equation 5, which considers PL fluctuation due to (i) diffusion of the NCs 

in and out of the observation volume and (ii) trapping of the charge carriers, represented by a 

stretched exponential decay component. The amplitude of correlation at time τ, G(τ), is 

expressed as,  

𝐺(𝜏) = [1 +
𝑇

1−𝑇
exp⁡(−

𝜏

𝜏𝑇
)𝛽]

1

𝑁
(1 +

𝜏

𝜏𝐷
)−1(1 +

𝜏

𝑘2𝜏𝐷
)−

1

2               (5) 

where, N is the average number of particles undergoing reversible PL intensity fluctuation in the 

observation volume, τD is the diffusion time of the NCs, T is the fraction of the particles in their 

“off” state, and τT is the dark-state relaxation time or blinking time. β is the stretching exponent 

with a value between 0 and 1 and is related to the distribution of τT. κ (= ωz/ωxy) is the structure 

parameter of the observation volume; ωz and ωxy are the longitudinal and transverse radii of 

observation volume, respectively. The per-particle brightness (PPB) of the NCs is estimated by 

I/⟨N⟩, where I is the average count rate of the PL intensity trace. 

A close look at various parameters associated with PL fluctuation (Table 6.3), as obtained 

from analysis of the FCS and FLCS curves, reveals a large deviation of the β values from unity. 

This indicates a broadly distributed kinetics of PL blinking indicating the involvement of 

multiple trap states with varying carrier trapping and detrapping rates. The data also shows a 

decrease in off-state fraction with increase in size of the NCs (Table 6.3). While this trend is 

similar to that observed in the case of immobilized samples, the absolute values differ 

significantly in the two cases. The FCS and FLCS measurements provide a higher off-state 
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fraction compared to the blinking measurements on immobilized NCs simply because the former 

captures PL fluctuations at a faster timescale. As can be seen (Figure 6.6.c), the per-particle 

brightness (PPB) of these NCs increases with increase in size of the NCs: 1213.60±317.70 cps 

(CsPbBr3@459), 1593.40±289.90 cps (CsPbBr3@478) and 2131.50±421.70 cps 

(CsPbBr3@488). This trend is consistent with size dependent variation of the PLQY of the 

systems. A higher value of the off-state fraction and a lower PPB value of the smaller NCs 

reconfirms that with decrease in NCs size trapping become more feasible and detrapping 

difficult. 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. (a) Fluorescence correlation data (green dots) and the fit (red line) to the data of the 

CsPbBr3@488 NCs in 1-octadecene. (b) Autocorrelation amplitudes of 8.5 ns (exciton) and 1.6 ns (trion) 

component as a function of delay time of this NCs. (c) Per-particle brightness of three different size NCs. 
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Table 6.3.  Estimated values of the stretching exponent (β), off-state fraction (T) and off state relaxation 

time (τT). 

System Experiment β T τT  

(ms) 

 FCS 0.67±0.10 0.58±0.08 0.49±0.09 

CsPbBr3@459 FLCS (exciton) 0.65±0.12 0.63±0.09 0.43±0.05 

  FLCS (trion) 0.53±0.08 0.68±0.12 0.44±0.05 

 FCS 0.69±0.03 0.51±0.07 0.45±0.05 

CsPbBr3@478 FLCS (exciton) 0.71±0.10 0.55±0.07 0.37±0.06 

 FLCS (trion) 0.63±0.09 0.57±0.11 0.40±0.08 

 FCS  0.76±0.05 0.42±0.07 0.43±0.05 

CsPbBr3@488 FLCS (exciton) 0.79±0.11 0.46±0.06 0.42±0.06 

 FLCS (trion) 0.65±0.08 0.47±0.07 0.35±0.05 

 

6.3. Conclusion 

PL blinking of three different size quantum confined single NCs of CsPbBr3 has been studied. 

Both hot carrier trapping- and Auger-recombination are found to contribute to the PL 

fluctuations of the immobilized NCs indicating the presence of both short-lived and long-lived 

trap states. The results also suggest an increase in the trapping rate constant with decrease in size 

of the NCs. The FCS and FLCS measurements indicate a lower off-state fraction and higher per 

particle brightness for the bigger NCs. The observation is rationalized considering a smaller trap-

depth, and localization of the charge-carrier wavefunction in the core region for large size NCs. 

The findings provide first insight into the charge carrier recombination pathway and dynamics of 

the quantum confined CsPbBr3 NCs from PL blinking studies and the findings will be useful in 

the design and development of small size highly luminescent perovskite NCs for optoelectronic 

applications.   
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7.1. Overview 

This thesis contributes to the design high quality perovskite NCs and understanding their 

charge carrier recombination dynamics. Because of high tendency of defect formation due to 

halide vacancies and dynamic nature of binding of the surface capping ligands (OLA and 

OA) to the ionic surface of this material, synthesis of highly luminescent perovskite NCs 

whilst maintaining uniform size distribution, high phase- and photo-stability is an onerous 

task. In this study, we have shown that stable green blue and violet emitting perovskite NCs 

with exceptional PL properties can be obtained by a three-precursor hot-injection method 

using N-haloimides as halide precursors. However, we found that the iodide analogue of this 

precursor is not quite effective reagent for the preparation of the red-emitting CsPbI3 NCs. 

We found that phase-stable, highly luminescent CsPbI3 NCs with suppressed PL blinking we 

have used NH4I as an additional precursor during synthesis of this NCs following 

conventional synthesis method. A thorough understanding of the dynamics of the different 

competing radiative and nonradiative charge carrier recombination processes is essential for 

proper utilization of these substances in devices. We have employed time resolved confocal 

fluorescence microscopy, fluorescence correlation spectroscopy and transient absorption 

spectroscopy techniques to understand these processes in these NCs. As size plays a 

significant role on the charge carrier trapping and detrapping processes in the NCs, we have 

also studied charge carrier trapping and detrapping processes in different sized quantum 

confined CsPbBr3 NCs. 

In conventional two-precursor hot-injection method, the APbBr3 NCs are synthesized 

by using PbBr2 as a precursor for both lead and bromine, which gave a Br:Pb molar precursor 

ratio of only 2 in the reaction system (less than the required value of 3). It has also been 

found that PbBr2 is not an effective precursor for synthesis of organometal lead halide 

perovskites (FAPbBr3 and MAPbBr3). For example, FAPbBr3 NCs obtained by this method 

exhibit a much broader size distribution and poor optical properties. Even for CsPbBr3 NCs, 

the PLQY of the samples obtained by this method is typically 60−80% or even lower due to 

nonradiative deactivation induced by the bromide vacancies. In order to overcome these 

issues we have introduced a three-precursor hot-injection method employing N-

bromosuccinimide (NBS), a widely used source of bromine in organic synthesis, as the 

bromide precursor. Reaction of NBS with organic acids generates HBr, which reacts with 
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oleylamine to form oleylammonium bromide; the latter serves as the active bromide source in 

the synthesis. The method, which is found to be highly reproducible, yields brightly 

luminescent (PLQY ~90-99%) extremely uniform sized cubes of nanodimension for all three 

systems. These NCs exhibit exceptional phase stability and photostability at ambient 

atmosphere. These NCs also show resistant against degradation by polar solvents. The 

exceptional characteristics of these NCs, are attributed to the formation of oleylammonium 

lead bromide-terminated surfaces, in which A
+
 are partially replaced by oleylammonium 

ions. 

However, compared to their green-emitting counterparts, violet- and blue-emitting 

CsPbCl3 and CsPb(Cl/Br)3 NCs most often exhibit much lower PLQY due to competing 

nonradiative recombination of the photogenerated charge carriers through the deep trap states 

generated by halide vacancies and distorted [PbX6] 
4−

 octahedral units. We found that when 

the key issue, halide deficiency of the surface of the NCs, is dealt with by using an effective 

halide precursor, N-halophthalimides and N-halosuccinimides, and appropriate Pb:X 

precursors ratio, it is indeed possible to directly obtain highly luminescent and stable NCs 

even for the blue-violet region. For the mixed halide systems, CsPbCl2Br, CsPbCl1.5Br1.5, and 

CsPbClBr2 NCs, the most luminescent system (PLQY ~85-97%) is obtained for a Pb:X 

precursor ratio of 1:6; however, for CsPbCl3 NCs, a 1:9 Pb:Cl ratio yielded the most 

luminous sample (PLQY~80%) using N-halophthalimides as halide precursor. The time-

resolved PL and ultrafast pump−probe measurements show the dependence of the carrier 

trapping processes on the Pb:X precursor ratio and that carrier trapping is greatly suppressed 

when these NCs are prepared by using a higher than stoichiometric X:Pb precursor ratio. 

Among the CsPbX3 perovskite NCs, the CsPbI3 NCs, because of its low band gap, is 

the most promising candidate for solar photovoltaic and various optoelectronic applications.  

However, poor phase stability of these NCs even under ambient condition is a major obstacle 

to these applications. Apart from the stability-related issues, photoluminescence (PL) 

blinking of the single NCs is another factor that restricts the applications of the CsPbI3 NCs 

as single-photon emitters and other light-emitting applications. Here, by focusing on the core 

issues of phase instability and PL blinking of the CsPbI3 NCs that restrict the utility of these 

NCs in above mentioned applications, it is shown that exceptionally phase-stable and highly 

luminescent CsPbI3 NCs with significantly suppressed PL blinking can be obtained by 
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tweaking the conventional hot-injection method of synthesis employing NH4I as an additional 

reagent. The PL blinking characteristics of a large number of single CsPbI3 NCs reveal an 

average ON-state fraction of 0.945 with 60% of them exhibiting the complete suppression of 

PL blinking. The remaining 40% of the NCs exhibit OFF states due to both Auger 

recombination of the trion- and trap-induced recombination of the band-edge carrier. The 

extraordinary features of these NCs are attributed to NH4I, which serve both a halide 

precursor and a surface capping agent. 

As size of the NCs plays an important role on the charge carrier trapping and 

detrapping processes, we have studied PL blinking of three different size quantum confined 

single NCs of CsPbBr3 to quantify these processes. Both hot carrier trapping- and Auger-

recombination are found to contribute to the PL fluctuations of the immobilized NCs 

indicating the presence of both short-lived and long-lived trap states. The results also suggest 

an increase in the trapping rate constant with decrease in size of the NCs. The FCS and FLCS 

measurements indicate a lower off-state fraction and higher per particle brightness for the 

bigger NCs. This observation is rationalized considering a smaller trap-depth, and 

localization of the charge-carrier wavefunction in the core region for large size NCs. The 

findings provide first insight into the charge carrier recombination pathway and dynamics of 

the quantum confined CsPbBr3 NCs from PL blinking studies and the findings will be useful 

in the design and development of small size highly luminescent perovskite NCs for 

optoelectronic applications.   

7.2. Future scope 

In the first two working chapters we have shown a method for obtaining green blue and violet 

emitting perovskite NCs employing N-halosuccinimide and N-halophthalimide as alternative 

halide precursors. In this method Pb and X amount can be tuned independently. While we 

succeeded in obtaining green emitting CsPbBr3, MAPbBr3, FAPbBr3 NCs with near-unity 

PLQY, the blue emitting CsPb(Br/Cl)3 and violet emitting CsPbCl3 NCs exhibit PLQY of 80-

95% and 70-80%, respectively. This suggested that the iodide analogues precursor is not 

effective for the synthesis of the highly luminescent and stable CsPbI3 NCs. Hence, it calls for 

finding of efficient halide precursor for the synthesis of highly luminescent CsPbCl3 and 

CsPbI3 NCs. NCs surfaces are difficult to characterize due to both their spatial and temporal 
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heterogeneity. This problem is exacerbated by weak bonding on CsPbX3 NCs surfaces, which 

creates a highly dynamic ligand shell. In this regard, more studies are required for clear 

understanding of surface properties of the NCs obtained by our method. 

In chapter 5, we have described a method for obtaining phase stable highly luminescent red 

emitting CsPbI3 NCs with suppressed photoluminescence blinking. This has been achieved 

by tweaking conventional method of synthesis using NH4I as an additional reagent. Even 

though this method produces good quality CsPbI3 NCs problems still remain for other iodide 

based perovskites which are FAPbI3 and MAPbI3 NCs. Clearly, there lies a huge scope of 

improving the properties of organometal halide perovskites (FAPbI3 and MAPbI3). 

In chapter 6, we have studied the PL blinking behaviour of quantum confined CsPbBr3 NCs. 

We have also investigated influence of size on carrier trapping and detrapping processes. 

Analysis of the blinking data reveal both hot carrier trapping- and Auger-recombination 

contribute to the PL fluctuations of these NCs indicating the presence of both short-lived and 

long-lived trap states. The probability density distribution of the on-events indicates an 

increase in trapping rate constant with decrease in size of the NCs leading to a lower on-state 

fraction for smaller NCs. In this regard, it will be interesting to study the blinking behaviour 

of strongly quantum confined NCs for other systems as of now most of the blinking studies 

has been done on non-quantum confined perovskite NCs. Nonblinking strongly quantum 

confined NCs is highly desirable for several emerging quantum technologies. Hence, 

methods for obtaining nonblinking NCs of these systems need to be developed. We have 

studied blinking of these NCs analysing intensity fluctuation data. However, one can also 

think of analysis of the blinking data in terms of lifetime fluctuation to extract more 

information about the systems. 

The operating condition of the device fabricated from these NCs is completely separate from 

the spectroscopic measurement condition. In devices, these NCs are integrated with charge 

transport layers. Hence, investigation of charge carrier recombination processes with such 

charge transport layers is necessary to achieve maximum utility of these NCs. 

 

 



Concluding Remarks and Future Scope Chapter 7 

 

  139 
 

 



 

Appendices 

 

  141 
 

 

 

 

 

 

 

 

 

 

 

Appendix I 

 

 

 

 

 

 

 



 

Appendices 

 

  142 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 R1, R2 = Alkyl group 

Scheme AI.1. Mechanism of formation of oleylammonium bromide in the reaction flask. 

 

Figure AI.1. PLQY of the CsPbBr3 NCs for different batches of samples 
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Figure AI.2. Bright field TEM images and size distribution of (a,b) CsPbBr3, (c,d)  MAPbBr3 and (e,f) 

FAPbBr3 NCs.  Scale bar is 50 nm in all cases.  
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Figure AI.3. UV-vis absorption (a) and PL emission (b) spectra of CsPbBr3 NCs synthesized by injecting 

oleylammonium bromide  (prepared separately in two differen methods) into Cs-oleate and Pb-oleate 

mixure. X corresponding to absorption and emission of NCs when oleylammonium bromide made by 

reaction of NBS and oleic acid and oleyl amine. Y corresponding to absorption and emission of NCs 

when oleylammonium bromide made by reaction of oleyl amine and HBr. 

 

 

Figure AI.4. Bright field TEM images of the CsPbBr3 NCs synthesized at (a) 130°C, (b) 160°C and (c) 

180°C. Scale bar is 100 nm in all cases. 
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Figure AI.5. Effect of the reaction temperature on the PL spectra of the CsPbBr3 NCs.  

 

Figure AI.6. PXRD pattern (a) and Bright field TEM image (b) of the CsPbBr3 NCs obtained using a 

Pb:Br molar precursor ratio of 1:2.5. Scale bar is 100 nm. 
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Figure AI.7. PL spectra of (a) MAPbBr3 NCs and (b) FAPbBr3 NCs synthesized at different temperatures. 

 

Figure AI.8. PL decay profile of CsPbBr3 NCs obtained using a Pb:Br precursor ratio of 1:2.5. 

Excitation wavelength is 405 nm and PL is monitored at 515 nm. 
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Figure AI.9. PL decay profile of FAPbBr3 NCs. Excitation wavelength is 485 nm. PL was monitored at 

531 nm. 

 

Figure AI.10.  Absorption (a) and PL emission (b) spectra of the as-synthesized CsPbBr3 NCs recorded 

immediately after synthesis and after one month of storage in ambient condition. 
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Figure AI.11. PL spectra (a) and peak PL intensity (b) of the CsPbBr3 NCs recorded after exposing the 

sample to 365 nm 8 W UV lamp for different periods.  

 

Figure AI.12. PL spectra (a) and peak PL intensity (b) of the CsPbBr3 NCs recorded at different time-

interval after addition of 1.5 ml water to 2.5 ml hexane dispersion of the CsPbBr3 NCs. 

. 
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Figure AI.13. PL emission spectra of the CsPbBr3 NCs dispersed in hexane and water mixture after 

illumination with 365 nm, 8 W UV light for different periods.  

 

 

Figure AI.14. Variation of the PLQY of MAPbBr3 (a) and FAPbBr3 (b) NCs after storing the samples 

under ambient condition for different periods. 
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Figure AI.15. UV-vis absorption (a) and PL emission (b) spectra of the as-synthesized and one-month old 

MAPbBr3 NCs. 

 

 

Figure AI.16. PL spectra (a) and peak PL intensity (b) of the FAPbBr3 NCs recorded after exposing the 

sample to 365 nm 8 W UV lamp for different periods.  
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Figure AI.17. PXRD pattern for MAPbBr3 (a) and FAPbBr3 (b) NCs for as-synthesized and 60 days old 

samples. 

 

Figure AI.18. Variation of PL intensity of the CsPbBr3 NCs, which was synthesized by lower Pb:Br ratio 

(1:2.5), recorded after exposing the sample to 365 nm 8 W UV lamp for different periods. 
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Figure AI.19.  EDX spectrum of CsPbBr3 NCs obtained using a Pb:Br precursor ratio of 1:2.5 in the 

synthesis. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure AI.20: 
1
H NMR spectra of CsPbBr3 NCs washed with MeOAc and NBS intermediate in CDCl3 

solvent. 
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Figure AI.21: FTIR spectrum of MeOAc washed CsPbBr3 NCs.  

Table AI.1. Photoluminescence properties of the CsPbBr3 NCs synthesized by injecting oleylammonium 

bromide (prepared in two different way)  into Cs-oleate and Pb-oleate mixure. 

Precursor Reaction temperature PLQY Emission maxima 

(FWHM) (nm) 

Oleylammonium bromide 

(prepared from NBS) 

200°C 83% 459, 480 and 510 

Oleylammonium bromide 

(prepared  by reaction of 

oleylamine and HBr) 

200°C 79% 460, 480, 509 
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Table AI.2. Dependence of the photoluminescence properties of CsPbBr3 NCs on the  reaction 

temperature and Pb:Br precursor ratio. 

Reaction 

temperature 

Ratio of the 

precursors 

 

PLQY
 

Emission maxima 

(FWHM)
 

130°C 1:3 40% 453 nm (32 nm) 

160°C 1:3 68% 508 nm (27 nm) 

180°C 1:3 85% 508 nm (25 nm) 

200°C 1:3 99% 510-515 nm (17-20 nm) 

200°C 1:2.5 69% 515 nm (20 nm) 

 

Table AI.3. Dependence of the photoluminescence properties of MAPbBr3 and FAPbBr3 NCs  

on the reaction temperature.  

 Reaction 

temperature 

PLQY
 

Emission maxima 

(FWHM)
 

MAPbBr3 130°C 55% 452 nm and 471 nm (30 

nm) 

 150°C 84% 515 nm (22 nm) 

 165°C 98% 523 nm (21 nm) 

FAPbBr3 130°C 75% 521 nm (24 nm) 

 150°C 86% 530 nm (20 nm) 

 165°C 95% 531 nm (20 nm) 
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Table AI.4. Photoluminiscence decay parameters of different APbBr3 NCs. 

System  )( 11 A  ns )( 22 A  ns )( 33 A  ns av  ns 

CsPbBr3(1:2.5) 6.53(0.46) 17.44(0.14) 1.65(0.40) 10.36 

CsPbBr3(1:3) 5.49(0.80) 15.68(0.20)  9.73 

MAPbBr3 11.78(0.71) 30.17(0.29)  21.18 

FAPbBr3 11.58(0.80) 31.18(0.20)  19.46 

 

Table AI.5. A comparison of the stability and PL properties of green-emitting perovskite NCs 

obtained by different groups under different conditions. 

System PLQY 

(%) 

Method of synthesis Stability References 

CsPbBr3 

MAPbBr3 

FAPbBr3 

99 

98 

95 

NBS as a bromide 

precursor 

Air stability: Retention of 90% PLQY 

after 3 months of storage under ambient 

condition for CsPbBr3 NCs. MAPbBr3 

and FAPbBr3 NCs exhibited 85% 

PLQY after 60 days storage. 

Photo-stability: CsPbBr3, MAPbBr3 and 

FAPbBr3 NCs retained 81%, 75% and 

80% of the initial PL intensity, 

respectively after 24 h of continuous 

illumination with UV light. 

Water stability: 70% of the initial PL 

intensity was retained by CsPbBr3 NCs 

when it was stored in hexane and water 

mixture. 65% of the initial PL intensity 

is retained when these NCs solution is 

exposed to UV light for 24 h. 

 

This work 
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CsPbBr3 

FAPbBr3 

MAPbBr3 

92 

92 

92 

Benzoyl bromide  as 

bromide precursor 

NA 2
 

FAPbBr3 85 Oleylammonium 

bromide as bromide 

precursor 

Retain its initial PLQY after 2-3 cycles 

of purification with acetonitrile. Stable 

under mild heating condition. 

3
 

CsPbBr3 75 Ammonium bromide as 

bromide precursor 

Stable with respect to wash with polar 

solvents. 

4
 

MAPbBr3 20 Non-template synthesis 

using alkylammonium 

bromide 

Stable in colloidal solution for 3 month. 5
 

CsPbBr3 90 Zwitterionic  ligands  

capping agent 

90% quantum yield after 50 days of 

storage.  

6
 

CsPbBr3 48-80 Employing secondary 

amine of different chain 

length. 

NA 7
 

FAPbBr3 75 LARP strategy PL intensity decreased to 38% after 

annealing with 1 h at 100°C. 

8
 

CsPbBr3 >95 Post-synthesis treatment 

with PbBr2. 

Stable for 2 months, when it is stored in 

dark and low temperature. 

9
 

CsPbBr3 78 In situ surface 

passivation with ZnBr2. 

Structural stability improves against 

heat. 

10
 

CsPbBr3 95-100 Post-synthesis treatment 

with DDAB+PbBr2. 

Stability improves against purification 

with polar solvents and retains colloidal 

stability up to 4 months. 

11
 

CsPbBr3 61 TOPO and oleic acid as 

surface capping ligand. 

NA 12
 

MAPbBr3 95-99 Benzoyl alcohol as a 

passivating ligand. 

Retain chemical stability and optical 

properties up to 4 months. 

13
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Figure AII.1. TEM images of the (A) CsPbCl2Br(1:3), (B) CsPbCl1.5Br1.5(1:3), (C) CsPbClBr2(1:3) and 

(D) CsPbBr3 NCs. Scale bar is 50 nm. 
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Figure AII.2. Size distribution of the (A) CsPbCl3(1:3), (B) CsPbCl3(1:6), (C) CsPbCl3(1:9), (D) 

CsPbCl2Br(1:6)  (E) CsPbCl1.5Br1.5(1:6) and (F) CsPbClBr2(1:6) NCs. 

 

Figure AII.3. Normalized absorption (A) and and (B) PL spectra (λex = 350 nm) of the CsPbCl3(1:9), 

CsPbCl2Br(1:6), CsPbCl1.5Br1.5(1:6), CsPbClBr2(1:6) and CsPbBr3(1:3) NCs (from left to right) 
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respectively synthesized by using NCS and NBS as chloride and bromide precursor respectively. PL 

spectra were recorded by exciting sample at 350 nm. 

 

Figure AII4. PXRD patterns of the CsPbCl3 and CsPb(Cl/Br)3 NCs.  

 

Figure AII.5. Dependence of the PL spectra of (A) CsPbCl2Br and (B) CsPbClBr2 NCs on the Pb:X 

precursor ratio.  
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Figure AII.6. EDX spectra of the (A) CsPbCl3(1:3), (B) CsPbCl3(1:9), (C) CsPbCl1.5Br1.5(1:3) and (D)  

CsPbCl1.5Br1.5(1:6) NCs. 



 

Appendices 

 

  162 
 

 

 

Figure AII.7. PL decay profile of the CsPbBr3 NCs. The monitoring emission and excitation 

wavelengths are 510 and 376 nm, respectively.   

 

Figure AII.8. Change in the  PL spectra  of optimized sample of (A) CsPbCl3(1:9) and (B) 

CsPbCl1.5Br1.5(1:6) NCs after storage of 15 days in air. 

 

 B   A  
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Table AI.1. Amount of NCP and NBP taken for the synthesis of different sets of CsPbCl3 and 

CsPb(Cl/Br)3 NCs. 

Table AII.2. Atomic% of Cs, Pb and X (Cl, Br) and Pb:X ratio of different samples of CsPbCl3, 

CsPb(Cl/Br)3 and CsPbBr3 NCs obtained from EDX measurements. 

Samples Pb:X molar ratio NCP (g) NBP (g) 

 

CsPbCl3 

1:3 

1:6 

1:9 

0.109 

0.218 

0.327 

---- 

---- 

---- 

 

CsPbCl2Br 

1:3 

1:6 

0.073 

0.146 

0.045 

0.090 

 

CsPbCl1.5Br1.5  

1:3 

1:6 

0.054 

0.109 

0.068 

0.136 

System Cs (%) Pb (%) Cl (%) Br (%)  Pb:X (EDX) 

CsPbCl3(1:3) 16.87 20.80 60.33 ---- 1:2.90 

CsPbCl3(1:6) 16.49 19.60 63.44 ---- 1:3.24 

CsPbCl3(1:9) 15.89 18.91 65.20 ---- 1:3.45 

CsPbCl2Br(1:3) 18.97 20.30 43.57 17.16 1:2.99 

CsPbCl2Br(1:6) 16.30 18.85 46.03 20.82 1:3.54 

CsPbCl1.5Br1.5(1:3) 17.65 20.70 31.60 30.02 1:2.98 

CsPbCl1.5Br1.5(1:6) 14.53 18.86 34.03 32.60 1:3.53 

CsPbClBr2(1:3) 18.70 20.42 16.28 44.60 1:2.98 
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Table AII.3. Comparison of the PLQY and colloidal stability of different samples of CsPbCl3 and 

CsPb(Cl/Br)3 NCs obtained by direct synthesis. 

CsPbClBr2(1:6) 18.80 17.60 18.20 45.40 1:3.61 

CsPbBr3 13.73 19.77 ----- 66.50 1:3.36 

System Method
a
/ Reaction 

condition
b
 

PLQY 

(%) 

Emission 

maxima (nm) 

Remnant 

PL/ days 

Ref 

 LARP/ RT, PbX2 as 

halide precursor 

10 

 

405 

 

~90%, 30 

days 

1 

  

HI/ Benzoyl chloride as 

halide source 

 

65 

 

408 

 

Not 

reported 

 

2 

 

 

 

HI/ Oleylammonium 

chloride as halide source 

 

97 

 

405 

 

~80%, 7 

days 

 

3 

 

CsPbCl3 HI/ PbX2 as halide 

precursor and 

phthalimide as 

ligand 

5.3 403 12%, 60 

days 

4 

 HI/ PbX2 and PEACl as 

halide precursor 

62.3 405 Not 

reported 

5 

 HI/ PhCOCl2 as halide 

precursor 

71 404 Not 

reported 

6 

      

 HI/ N-halophthalimide as 

halide source 

80 

 

404 

 

85%, 14 

days 

This work 

 LARP/ RT, PbX2 as 

halide precursor 

 

37-70 455-478 ~90%, 30 

days 

1 

 HI/ R4NX as ligand and 

PbX2 as halide precursor 

 

25-48 462-487 ~100%, 30 

days 

7 

 LARP/ RT, Tetrabutyl 

ammonium halide as  

halide precursor 

 

50 440-500 Not 

reported 

8 

CsPb(Cl/Br)3 HI/ PbX2 and PEACl as 

halide precursor 

 

80.2 460-470 Not 

reported 

5 
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a
LARP and HI represent ligand assisted re-precipitation and hot-injection. 

b 
RT and  PEACl represent 

room temperature and phenylethylammonium chloride,  respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 HI/ Palmitic acid and 

oleylamine as ligand and  

PbX2 as halide source 

 

47 430-460 Not 

reported 

9 

 HI/ N-halophthalimide as 

halide source 

85-97 425-475 75%, 14 

days 

This work 
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Figure AIII.1. Size distributions of the (a) CsPbI3(I) and (b)CsPbI3(II) NCs. 

 

Figure AIII.2.  Variation  of  PLQY  on  varying  amount of  NH4I  (keeping the amount of PbI2 

fixed to 0.2 mmol) used during synthesis  of the CsPbI3(I) NCs. 
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Figure AIII.3.  (a) UV–vis absorption and (b) PL spectra of CsPbI3(I) NCs of as synthesized and 

30-day old samples stored in a cuvette under ambient condition. 

 

Figure AIII.4. Air stability of the (a) CsPbI3(I) and (b) CsPbI3(II) NCs stored in a sealed 

reagent bottle. 
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Figure AIII.5. Time-dependence of the PL of (a) CsPbI3(I) and (b) CsPbI3(II) NCs under 

continuous illumination of UV light (365 nm, 8W) at room temperature under ambient condition. 
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Figure AIII.6. Representative PL intensity time-traces of 10 individual single NCs of CsPbI3(I) 

(left panel) among 40 single NCs which exhibit only ON-states. Background signal is shown in 

cyan-blue color trace. The PL intensity distribution corresponding to each blinking trace is 

shown in the right panel. 
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Figure AIII.7. Representative PL intensity time-traces of 3 individual single NCs of CsPbI3(I) 

among remaining 26 single NC. Background signal is shown in cyan-blue color trace. PL 

intensity distribution corresponding to each PL blinking trace is shown in the right panel. 

Threshold is shown by red dashed line. 
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Figure AIII.8. Lifetime histogram of the highest intensity level of (a) CsPbI3(I) and (b) 

CsPbI3(II) NCs. 

 

Figure AIII.9. Representative PL intensity time-trace of a CsPbI3(II) single NC, which exhibits 

photo-degradation within 60 s. 
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Figure AII.10. Representative PL intensity time-traces of 4 individual single NCs of CsPbI3(II) 

among 53 single NCs. PL intensity distribution corresponding to each PL blinking trace is 

shown in the right panel.  
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Figure AIII.11. Survey XPS spectra of the CsPbI3(I) and CsPbI3(II) NCs. 

 

Figure AIII.12. High resolution XPS spectra of Cs 3d (3d5/2, 3d3/2) of CsPbI3(I) and CsPbI3(II) 

NCs. 
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Table AIII.1.  Lifetime components (τi) and their weightages (αi) of different PL intensity levels 

of the PL intensity time-trace of single CsPbI3(II) NC shown in Figure 5a. 

Region [Inensity (counts/10 ms)] τ1 (α1) ns τ2(α2) ns 

P1 (14.00) 11.40  

P2 (11.00) 9.80  

P3 (7.50) 8.20  

P4 (4.00) 6.90 (0.41) 1.90 (0.59) 

P5 (1.50) 4.35 (0.29) 1.33 (0.71) 

 

Table AIII.2. Power law exponents and truncation time of these NCs obtained from probability 

distribution analysis of the ON and OFF-events. 

System αON αOFF τc(ON) 

CsPbI3(I) 0.59±0.16 2.11±0.28 650±120 

CsPbI3(II) 0.92±0.22 1.86±0.27 610±130 

 

Table AIII.3. Atomic percentage ratio of the constituting elements (with respect to Pb) of the 

CsPbI3(I) and CsPbI3(II) NCs calculated based on high resolution XPS data and atomic 

sensitivity factor of each element. 

System Cs (%) Pb (%) I (%) N (%) 

CsPbI3(I) 0.83 1.00 3.33 2.55 

CsPbI3(II) 0.90 1.00 2.89 1.53 
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Figure AIV.1. Size histograms of CsPbBr3@459 (a), CsPbBr3@478 (b) and CsPbBr3@488 (c) NCs. 

 

Figure AIV.2. Representative PL trajectories (left panel), occurrence histogram (middle panel) and 
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corresponding FLID pattern (right panel) of CsPbBr3@459 NCs (3.80 nm). Background signal is shown 

in red trace. 

 

 

Figure AIV.3. Representative PL blinking traces (left panel), occurrence histogram (middle panel) and 

corresponding FLID pattern (right panel) of CsPbBr3@478 NCs (4.80 nm).  
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Figure AIV.4. Representative PL trajectories (left panel), occurrence histogram (middle panel) 

and corresponding FLID pattern (right panel) of CsPbBr3@488 NCs (5.90 nm).  
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Figure AIV.5. Fluorescence correlation data of the (a) CsPbBr3@459 and (b) CsPbBr3@478 

NCs in 1-octadecene. The red lines indicate the fit to the FCS data. 
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ABSTRACT: Stable green-emitting perovskite nanocrystals (NCs) with general
formula APbBr3, exhibiting a high photoluminescence quantum yield (PLQY),
narrow bandwidth, and adjustable PL in the 510−535 nm region are coveted
materials for optoelectronic applications. A generic method of obtaining both
hybrid and all-inorganic perovskite NCs with the desired characteristics is,
however, lacking. Herein, we report a methodology for the synthesis of CsPbBr3,
FAPbBr3, and MAPbBr3 NCs employing N-bromosuccinimide as the bromide
precursor. The NCs show uniform size distribution, PL maxima between 512 and
531 nm, near-unity PLQY with a fwhm of 18−22 nm, and remarkable stability in
ambient conditions, in the presence of water and under UV irradiation. Not only
do these exceptional characteristics of the NCs indicate their high potential in real
applications, but this new methodology may also open new vistas for direct
synthesis of other perovskites with high PLQY and stability without resorting to
any additional postsynthesis treatment.

Lead halide-based perovskite nanocrystals (NCs) with
general formula APbX3, where A = Cs+, CH3NH3

+

(MA), or CH(NH2)2
+ (FA) and X = Cl, Br, or I, have

been at the forefront of research in optoelectronics and
photovoltaics for nearly a decade for their impressive optical
properties, such as high photoluminescence quantum yield
(PLQY), narrow PL bandwidth, composition-tunable band
gap, and high absorption coefficient.1−9 Among the perov-
skites, the bromide-based ones (APbBr3) with bright green PL
and narrow full width at half-maximum (fwhm) of <25 nm are
most desirable for television displays and green-emitting
LEDs.10−13 These NCs are obtained by hot-injection or
ligand-assisted reprecipitation (LARP) methods.11,14−16 The
two-precursor hot-injection method, in which PbBr2 is used as
the precursor for both lead and bromine and which is
commonly used for the synthesis of CsPbBr3 NCs, is not quite
effective for the organometallic (FAPbBr3 and MAPbBr3)
perovskites.13,16,17 For example, FAPbBr3 NCs obtained by this
method exhibit a broader size distribution and poor optical
properties.13 Even for CsPbBr3 NCs, the PLQY obtained by
this method is typically 60−80%11 or even lower due to
nonradiative deactivation induced by the bromide vacan-
cies.18−21 This is why most often an in situ or a postsynthetic
treatment with bromide salt22−25 or other reagents is necessary
to improve the PLQY of these NCs.26−28

Kovalenko and co-workers synthesized FAPbBr3 NCs by a
three-precursor hot-injection method, wherein oleylammo-
nium bromide was employed as the bromide source.13 Pradhan
and co-workers recently synthesized CsPbX3 (X = Cl, Br, I)
with 97% PLQY following this approach (i.e., using
oleylammonium halides as halide precursors).29 Although the
three-precursor hot-injection method gives reasonably good
quality CsPbBr3 NCs and FAPbBr3 NCs, the MAPbBr3 NCs
are still obtained by the LARP method, and they exhibit poor
optical properties.16 Except for the work of Manna and co-
workers, who could succeed in obtaining all three green-
emitting perovskites with 92% PLQY using benzoyl bromide as
the bromide precursor, we are not aware of any other work
reporting synthesis of CsPbBr3, FAPbBr3, and MAPbBr3
following a given protocol.30 A point to note here is that,
while the APbBr3 NCs obtained by this method are highly
luminescent, no stability data of these NCs is available. As
bright green-emitting APbBr3 NCs with adjustable PL maxima
in the 510−535 nm range and fwhm of <25 nm are very much
essential for most optoelectronic applications (considering
NTSC and the most recent rec.2020 color standard), no direct
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method of obtaining all three NCs that are stable with these
characteristics is yet available, and we have been working
toward developing a general protocol for the synthesis of all
three green-emitting NCs with high stability, monodispersity, a
narrow PL bandwidth, and near-unity PLQY. These efforts
have led to the results that are described below.
Our three-precursor hot-injection method employs N-

bromosuccinimide (NBS), a widely used source of bromine
in organic synthesis, as the bromide precursor.31 Reaction of
NBS with organic acids generates HBr,32 which reacts with
oleylamine to form oleylammonium bromide; the latter serves
as the active bromide source in the synthesis (Schemes 1 and

S1). In our method, PbO and NBS were dissolved in
octadecene in the presence of oleic acid and oleylamine at
120−140 °C in vacuum. The reaction temperature was then
set to 200 °C for CsPbBr3 and 165 °C for both MAPbBr3 and
FAPbBr3 in a N2 atmosphere, and the desired amount of the
oleate salt of the respective A cation (which was prepared
separately) was injected swiftly (details are in the Supporting
Information). The method, which is found to be highly
reproducible (Figure S1), yields brightly luminescent ex-
tremely uniform sized cubes of nanodimension (Figures 1a−c
and S2).
The quality of the NCs, as determined by their PLQY and

size distribution, was found to be quite sensitive to the reaction
conditions, particularly, the reaction temperature and Pb:Br
precursor ratio. For CsPbBr3 NCs, it was found that at
temperatures below 200 °C a mixture of 2D nanoplates and
cubes was formed (Figure S4) with a consequential increase in
PL bandwidth, the appearance of multiple peaks (Figure S5),
and a low PLQY (e.g., PLQY 40% at 130 °C) (Table S2). A
low PLQY of the NCs was also observed for a lower Pb:Br
precursor ratio (69% for a Pb:Br ratio of 1:2.5) (Figure S6,
Table S2). The MAPbBr3 NCs, when synthesized below 165
°C, exhibited broad PL spectra, and at temperatures < 150 °C,
multiple emission peaks indicating a heterogeneous distribu-
tion of the size and morphology of the NCs (Figure S7a) and a
significant drop in PLQY were observed (Table S3). The
FAPbBr3 NCs obtained at temperatures below 165 °C showed
a lower PLQY, larger fwhm, and blue shift of the PL peak
(Figure S7b, Table S3). A Pb:Br precursor molar ratio of 1:3
and a temperature of 200 °C for CsPbBr3 NCs and 165 °C for
both MAPbBr3 and FAPbBr3 NCs were found to be the
optimum reaction conditions for obtaining NCs with a near-
unity PLQY, uniform size distribution, and high stability.

Bright-field TEM images indicate the cubic shape and
narrow size distribution of the NCs (Figures 1a−c and S2).
The measured edge lengths for the CsPbBr3, MAPbBr3, and
FAPbBr3 NCs are 8.4 ± 0.62, 14.2 ± 1.2, and 11.9 ± 1 nm,
respectively. The PXRD patterns nicely match with the cubic
perovskite structures of CsPbBr3 ICSD code 29073 and
MAPbBr3 ICSD code 252415 (Figure 1d−f). For FAPbBr3
NCs, the PXRD pattern matches with that reported by
Zhumekenov et al.33 No secondary phases are observed in the
PXRD pattern. Excellent PL properties of the NCs are
exemplified by a narrow fwhm of 18 nm for CsPbBr3, 21 nm
for MAPbBr3, and 20 nm for FAPbBr3 NCs and a PLQY
between 95 and 99% (Figure 1g−i). The PL decay profiles of
the NCs are recorded to understand the photophysical
processes involved. CsPbBr3 NCs exhibit biexponential decay
(Figure 2a, Table S4) with 5.49 (80%) and 15.68 (20%) ns
lifetime components. The major 5.49 ns component is clearly
due to excitonic recombination.34 The absence of any
subnanosecond lifetime component indicates that the CsPbBr3
NCs are largely free from surface traps. This is corroborated by
the fact that an additional short-lifetime component (1.65 ns)
is indeed observed for the CsPbBr3 NCs, which are obtained
using a lower Pb:Br ratio of 1:2.5 (Figure S8 and Table S4).
MAPbBr3 and FAPbBr3 NCs also exhibit biexponential PL
decay behavior with lifetimes of 11.78 (71%) and 30.17 ns
(29%) for the former and 10.00 (80%) and 31.18 ns (20%) for
the latter (Figures 2b and S9 and Table S4). In both cases, the
shorter-lifetime component, which has a major contribution, is
assigned to excitonic recombination based on the litera-
ture.34,35

Perhaps the biggest problem with the perovskite NCs is their
poor stability toward polar solvents (including water) and
light.1,2 The structural integrity of the CsPbBr3 NCs is lost
during purification with polar solvent and upon aging.18,19 The
stability of the organometallic halide perovskites, particularly
for MAPbBr3 NCs, is a major issue.2,36 Methods such as
providing an inert protection layer,37,38 doping or alloying with
heteroatoms,20,39 changing ligands,40−42 postsynthetic treat-
ments, etc.21,26,27,43 have been attempted to impart stability to
the NCs. However, none of these methods yields APbBr3 NCs
with the desired stability. Interestingly, all of the NCs obtained
by our method show exceptional stability. For example,
CsPbBr3 NCs retain 90% PLQY even after 3 months of
storage in ambient conditions (Figures 3a and S10). The
PXRD pattern of these NCs recorded after 3 months of storage
and TEM images obtained after 60 days of storage show that
the cubic shape with a uniform size distribution of these NCs is
retained for a long duration in ambient atmospheric conditions
(Figure 3b,c). Excellent photostability of these NCs is evident
from the fact that 81% of the initial PL of our CsPbBr3 NCs is
retained even after 24 h of continuous illumination with an 8
W, 365 nm UV light (Figure S11). Water treatment of the
CsPbBr3 NCs generally results in rapid degradation of the NCs
with loss of PLQY. However, remarkable stability of our
CsPbBr3 NCs is evident from the fact that nearly 70% of the
initial PL is retained even 36 h after mixing 2.5 mL of dispersed
NCs in hexane with 1.5 mL of water (Figure S12). The
stability of the NCs toward UV irradiation in the presence of
water is evident from the fact that 65% of initial PL can be
observed even after 24 h of continuous illumination (Figures
3d and S13). Table 1, which presents a comparison of the
PLQY and stability of our CsPbBr3 NCs with those obtained

Scheme 1. Reaction Scheme of the NBS-Mediated Synthesis
of APbBr3 NCs
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by other methods so far, highlights superior characteristics of
our CsPbBr3 NCs.
The stability of FAPbBr3 and MAPbBr3 NCs is also quite

impressive. Nearly 85% of the initial PL of both FAPbBr3 and
MAPbBr3 is retained after 60 days of storage in an ambient
atmosphere (Figures S14 and S15). The photostability of
MAPbBr3 NCs has been a major issue as these NCs undergo
rapid photodegradation with continuous PL peak shift.36

However, retention of 75% of the initial PL without any
change of PL peak position and fwhm (Figure 4a,b)
demonstrates much better photostability of our MAPbBr3
NCs. FAPbBr3 NCs also exhibit distinctive photostability;
80% of the initial PL is retained even after 24 h of continuous

illumination (Figure S16). The PXRD patterns of FAPbBr3
and MAPbBr3 recorded after 60 days of storage reveal that the

Figure 1. Bright-field TEM images of (a) CsPbBr3, (b) MAPbBr3, and (c) FAPbBr3 NCs. The scale bar is 100 nm in all the cases. PXRD
patterns of (d) CsPbBr3, (e) MAPbBr3, and (f) FAPbBr3 NCs along with corresponding references for bulk cubic phases. In the case of
FAPbBr3 NCs, the PXRD pattern is compared with that of a reported crystal structure.33 UV−vis absorption and emission spectra of (g)
CsPbBr3 NCs, (h) MAPbBr3, and (i) FAPbBr3 NCs. The excitation wavelength is 405 nm in all cases. The insets show respective NCs under
UV light excitation.

Figure 2. PL decay behavior of (a) CsPbBr3 and (b) MAPbBr3
NCs. Excitation wavelength is 405 nm in both cases. PL is
monitored at 512 and 523 nm in (a) and (b), respectively.

Figure 3. (a) Air stability of CsPbBr3 NCs under storage in
ambient atmosphere. (b) PXRD patterns after 90 days. (c) TEM
image after 60 days. (d) Photostability of CsPbBr3 NCs under
continuous illumination of a 365 nm, 8 W UV lamp in the presence
of water. Photographs at different time intervals under UV
illumination are shown in the inset.
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cubic crystal structure is retained without formation of a
secondary phase (Figure S17). Table S5, which summarizes
the PL properties and stability data of a variety of green-
emitting perovskite NCs obtained by different approaches,
clearly highlights better optical properties and stability of the
NCs obtained by our method of synthesis.
The factor(s) contributing to the exceptional stability and

optical properties of these APbBr3 NCs can be understood
considering that the CsPbBr3 NCs obtained using a Pb:Br
precursor ratio of 1:3 exhibit much improved stability and
optical properties compared to those prepared using a lower
Pb:Br ratio (Figure S18). As the EDX measurements confirm
that the former samples are indeed bromide-rich (Cs:Pb:Br =
0.9:1:3.66) (Figures S19 and S20), it is evident that a bromide-
rich environment helps provide better stability and PL of the
NCs. This observation is consistent with current literature.20 A
second factor also needs to be considered in this context. It is
well-known that alkylammonium ions enhance the stability of
the CsPbBr3 NCs by replacing the surface Cs+. It is therefore
very likely that oleylammonium bromide formed during our
reaction replaces some surface Cs+, forming an oleylammo-
nium lead bromide-terminated surface, which provides
necessary stability to the NCs.44 To confirm the binding of
oleylammonium cation on the surface of the NCs, we
measured the NMR and FTIR spectra of the NCs (Figures
S21 and S22). The NMR spectrum of MeOAc-washed
CsPbBr3 NCs exhibits broad peaks at 6.7 and 3.6 ppm,
characteristic of the oleylammonium cation corresponding to
an α-proton (NH3

+) and β-proton (CH2−N), respectively,45
confirming the presence of oleylammonium cation on the
surface of the NCs. The FTIR spectrum of the CsPbBr3 NCs
shows peaks at 1641 and 1540 cm−1 (Figure S22) due to the
asymmetric and symmetric bending of the N+−H bond of the

oleylammonium cation46 and reconfirms the binding of
oleylammonium cation on the surface of the NCs. Hence,
the superb stability and optical properties of our APbBr3 NCs
are the outcome of formation of an oleylammonium lead
bromide-terminated surface.
In conclusion, a generic method for synthesis of three

commonly used green-emitting APbBr3 NCs with narrow size
distribution, low PL bandwidth, near-unity PLQY, and
remarkable stability under different conditions is reported for
the first time employing NBS as the bromide precursor. The
exceptional characteristics of these NCs, which are attributed
to the formation of oleylammonium lead bromide-terminated
surfaces, indicate high potential of these materials in real
applications. As preliminary studies indicate applicability of
this method to other halide-based perovskites using corre-
sponding N-haloimide, the present protocol opens up new
avenues for synthesis of a wide variety of perovskite NCs with
high PL and stability.
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ABSTRACT: Highly luminescent cesium lead halide (CsPbX3, X = Cl, Br, I) perovskite nanocrystals (NCs) are promising materials
for a number of optoelectronic applications like LEDs and other display technologies. However, low photoluminescence (PL)
quantum yield (QY) of the large-bandgap violet- and blue-emitting CsPbCl3 and CsPb(Cl/Br)3 NCs is an obstacle to the
development of blue- and white-emitting LEDs. In this work, we show that these NCs with high PLQY can be obtained directly by
employing an appropriate halide precursor and by optimizing the Pb:X precursor ratio. Specifically, employing N-chloro- and N-
bromophthalimides as halide precursors and varying the Pb:X precursor ratio, we have obtained stable and highly luminescent
(PLQY 80−99%) perovskite NCs emitting in the blue-violet region extending to green by direct synthesis. Time-resolved PL and
ultrafast pump−probe studies of these systems reveal the effect of Pb:X precursor ratio on the carrier recombination processes. Rapid
carrier trapping is found to be the dominant process that impairs the PLQY of the NCs obtained by using a stoichiometric (1:3)
Pb:X precursor ratio. This trapping of carriers is effectively alleviated by using an excess amount of the halide precursor during the
preparation of the NCs. The results brighten the potential utility of these high-quality perovskite NCs emitting in the blue-violet
region in optical applications.

■ INTRODUCTION

Because of their great potential in diverse applications like in
photovoltaics, LEDs, display technologies, lasing, and so on,
the cesium lead halide (CsPbX3, X = Cl, Br, I) perovskite NCs
continue to receive great attention of the researchers.1−13 High
PLQY and ease of tunability of the PL band position across the
entire visible region make these substances quite attractive for
optoelectronic applications.8−11,14,15 In this family of perov-
skites, CsPbCl3 and CsPb(Cl/Br)3 NCs are considered
indispensable due to their violet and blue emission, which
are essential color components for fabrication of white
LEDs.16−20 Unlike the conventional metal chalcogenide
semiconductor NCs, the halide perovskites generally exhibit
high PLQY due to their defect-tolerant nature.5,21−23 However,
compared to their green- and red-emitting counterparts,
CsPbBr3 and CsPbI3, the large-bandgap perovskites such as

violet- and blue-emitting CsPbCl3 and CsPb(Cl/Br)3 NCs
most often exhibit much lower PLQY due to competing
nonradiative recombination of the photogenerated charge
carriers through the deep trap states generated by halide
vacancies and distorted [PbX6]

4− octahedral units.9,22,24−26

Since the first synthesis of these NCs by the hot-injection (HI)
method,9 several methodologies have been developed for the
preparation of violet- and blue-emitting CsPCl3 and CsPb(Cl/
Br)3 NCs with higher PLQY.17,22,27−36 Doping with different
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bivalent metal ions16,18,19,28,29,31,33,37,38 and a variety of
pos t synthet i c t rea tments o f the as - synthes i zed
NCs17,24,32,35,36,39,40 are the most common practices for
improving the PLQY of these NCs. Considering that, in the
first synthesis of the CsPbX3 NCs

9 PbX2 was used as precursor
for both lead and halogen, which gave a X:Pb molar precursor
ratio of only 2 in the reaction system (less than the required
value of 3), Manna and co-workers used a separate precursor
for each constituent and succeeded in obtaining highly
luminescent perovskite NCs in direct synthesis.30 They could
obtain CsPbCl3 NCs with a PLQY of 65% using benzoyl
chloride as the chloride precursor.30 Pradhan and co-workers
recently prepared CsPbCl3 NCs with a very high PLQY
(∼97%) using oleylammonium chloride as the chloride
source.34 However, the blue-emitting CsPb(Cl/Br)3 NCs
were not reported.34

As halide precursor is an important element in direct
synthesis of the NCs, many recent studies are directed toward
finding the right candidate for this purpose. Recently, we found
N-bromosuccinimide (NBS) as an excellent bromide precursor
using which highly luminescent green-emitting CsPbBr3 NCs
could be obtained in direct synthesis.41 This success prompted
us to explore the efficacy of structurally related other
haloimides for the preparation of quality violet- and blue-
emitting NCs, which can perhaps be used in optoelectronic
applications. These studies led to the identification of two
phthalimide derivatives, N-chlorophthalimide (NCP) and N-
bromophthalimide (NBP), as halide precursors, for obtaining
high quality NCs emitting in the blue-violet region, extending
even to the green region. As halide vacancies led to the
formation of the mid-bandgap states, which facilitate non-
radiative recombination of the photogenerated carriers and
decrease the PLQY of the NCs, the PL properties of these
systems are also expected to depend on the Pb:X precursor
ratio during the reaction. For this reason, we have prepared
different samples of each system by varying the Pb:X precursor
ratios, determined the optimized conditions for obtaining these
systems with high PL efficiency, and examined the influence of
the Pb:X ratio on carrier recombination processes by time-
resolved PL and pump−probe studies.

■ EXPERIMENTAL SECTION
Materials. Cesium carbonate (99%), lead oxide (99%), N-

bromophthalimide (NBP, 95%), N-chlorophthalimide (NCP,
96%), oleylamine (OLA, technical grade (70%)), oleic acid
(OA, technical grade (90%)), methyl acetate (MeOAc, 99.5%,
anhydrous), and 1-octadecene (ODE, technical grade (90%))
were purchased from Sigma-Aldrich, USA. All solvents were
purchased from Sigma-Aldrich, USA. All chemicals were used
without further purification.
Preparation of CsPbX3 NCs. The CsPbX3 NCs were

prepared in two steps. The first step involved preparation of
cesium oleate, and in the second step the NCs were prepared.
Cesium oleate was prepared by the high-temperature reaction
between Cs2CO3 and oleic acid.9 In a typical synthesis, 0.6
mmol (195.4 mg) of Cs2CO3 was loaded in a two-neck 50 mL
round-bottom flask along with 9 mL of ODE and 1.5 mL of
OA. The reaction mixture was kept in a vacuum at 140 °C for
30 min, and then it was transferred in a N2 atmosphere for
another 30 min until it became clear. The clear solution of
cesium oleate was then stored in a reaction vial. As cesium
oleate precipitates out at room temperature, it was preheated
to 100 °C before use.

CsPbCl3 NCs were obtained by a three-precursor hot
injection method. 0.2 mmol of PbO and 0.6, 1.2, and 1.8 mmol
of NCP as chloride precursor for the synthesis of
CsPbCl3(1:3), CsPbCl3(1:6), and CsPbCl3(1:9) NCs, respec-
tively, were loaded into a two-neck 50 mL round-bottom flask
along with 5 mL of ODE, 2 mL of OA, and 2 mL of OLAM.
After complete solubilization of the reaction mixture at 140 °C,
the temperature was increased to 200−220 °C in a N2
atmosphere, and 0.6 mL of preheated cesium oleate solution
was swiftly injected into the reaction mixture. After 60 s the
reaction system was rapidly cooled in an ice−water bath.
Mixed halide NCs (CsPbCl2Br, CsPbCl1.5Br1.5, and

CsPbClBr2) were prepared following a similar procedure
employing NCP as the chloride source and NBP as the
bromide source. Two batches of the NCs were synthesized by
using Pb:X molar ratios of 1:3 and 1:6. Chloride to bromide
precursor ratios used for the synthesis of CsPbCl2Br,
CsPbCl1.5Br1.5, and CsPbClBr2 NCs were 2:1, 1:1, and 1:2,
respectively. The exact amount of precursor used for the
synthesis of different systems is given in Table S1. CsPbBr3
NCs were obtained by following procedure used for CsPbCl3
by maintaining the 1:3 Pb:Br precursor ratio.

Purification. The crude NCs were centrifuged at 7000 rpm
for 6 min. After centrifugation, the supernatant liquid was
discarded, and the precipitate was dispersed in hexane. After 30
min, the solution containing the NCs was again centrifuged at
12000 rpm for 10 min. The precipitate was discarded, and the
supernatant solution containing the NCs was harvested. The
solution of the NCs was dried in a high vacuum and dispersed
again in hexane. After 10 min, the dispersed solution was again
centrifuged for 3 min at 3000 rpm and the precipitate was
discarded, and supernatant NCs solution was used for future
studies.

Powder X-ray Diffraction Measurement (PXRD).
PXRD patterns were measured in an X-ray diffractometer
(Bruker AXS D8) using Cu Kα X-ray radiation (λ = 1.5406 Å).
The thin film samples were prepared by drop-casting a
concentrated solution of the NCs onto a thin quartz glass plate.

Transmission Electron Microscopy (TEM). The size and
shape of the NCs were measured by using a transmission
electron microscope (Tecnai G2 FE1 F12) operating at an
accelerating voltage of 200 kV. Samples were prepared by
drop-casting a dilute NCs solution on a carbon-coated copper
grid, which was kept in a vacuum before use.

Energy Dispersive X-ray Spectroscopy. Energy dis-
persive X-ray spectra were recorded by an Oxford Instruments
X-MaxN SDD (50 mm2) system and INCA analysis software.
Samples were prepared by drop-casting the NCs solution on
microscope coverslips.

Steady State Optical Measurements. UV−vis absorp-
tion and photoluminescence (PL) measurements were
performed by using a spectrophotometer (JASCO, V-7500)
and a spectrofluorometer (Horiba Jobin Yvon, FluoroLog-3),
respectively. PL measurements were performed by using very
dilute colloidal solution (optical density at 350 nm <0.1 in a 1
cm path length cuvette) of the NCs.

Time-Resolved PL Measurements. Photoluminescence
decay was measured by a time-correlated single photon
counting instrument (Horiba Jobin Yvon IBH). A diode
laser (λexc = 376 nm) and an MCP photomultiplier
(Hamamatsu R3809U-50) were used as the excitation source
and detector, respectively. The instrument response function,
which was mainly limited by the pulse width of exciting laser
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pulse, was 54 ps, measured by recording the excitation profile
by placing a scatterer solution (Ludox in water) in place of the
sample. Decay profiles were analyzed by nonlinear least-
squares iteration procedure using IBH DAS6 (ver. 2.2) decay
analysis software. The photoluminescence decay curves were
fitted to the following equation

I t t( ) exp( / )
i

n

i i
1

∑ α τ= −
=

where αi and τi are amplitude and lifetime of the ith
component, respectively. The fractional contribution of the
ith component to the total steady state intensity was estimated
via the equation

ai
i i

i
n

i i1

α τ
α τ

=
∑ =

and the average fluorescence lifetimes were enumerated by
using the equation

a
i

n

i iav
1

∑τ τ=
=

Ultrafast Transient Absorption (TA) Measurement.
TA measurements were performed in a setup consisting of
femtosecond laser sources from a Spectra-Physics, USA, and a
spectrometer from CDP Systems, Russia. The seed laser
output from MaiTai (800 nm, <100 fs, 80 MHz) was directed
into a Ti:sapphire regenerative amplifier, which was pumped
by the second harmonic (532 nm) of an Nd:YLF laser. A
portion of the amplified output (800 nm, <120 fs, 1 kHz) was
passed through an optical parametric amplifier to generate the
pump wavelength (350 nm) for the excitation of the NCs. The
remaining portion of the output was passed through a variable
optical delay line of 4 ns and then directed to a rotating CaF2
crystal to generate the probe white light. The probe beam was
divided into two parts to use as signal and reference beams.
The pump and signal beams were focused onto a rotating
sample cell. The transmitted signal and reference beams were
received by a multichannel photodiode array through a
polychromator and further processed to record difference in
absorbance (ΔA) as a function of wavelength and pump−

probe delay. All TA spectra were chirp-corrected, and the
instrumental resolution was ∼100 fs.

Estimation of Photoluminescence Quantum Yield
(PLQY). The PLQY of the NCs was measured by using the
equation

I I n nQY QY ( / )(OD /OD )( / )S R S R R S S
2

R
2=

where I stands for the area under the emission spectrum, OD
for optical density, and n for the refractive index of the
medium. The subscript S and R represent the sample and
reference system, respectively. 9,10-Diphenylanthracene was
used as reference (ϕf = 0.95 in hexane) for measurement of
PLQY.42

■ RESULTS AND DISCUSSION
We prepared three different samples of violet-emitting
CsPbCl3 NCs using molar Pb:Cl precursor ratios of 1:3, 1:6,
and 1:9. For the blue (420−480 nm) region, we prepared
mixed halide NCs, CsPbCl2Br, CsPbCl1.5Br1.5, and CsPbClBr2,
and for each system two different samples were prepared by
using Pb:X (Cl and Br) molar precursor ratios of 1:3 and 1:6.
For each sample, the molar Pb:X precursor ratio is indicated in
the parentheses after the formula of the system. We also
prepared green-emitting CsPbBr3 NCs using the stoichio-
metric Pb:Br ratio of 1:3 for comparative purposes. Bright-field
TEM images (Figure 1 and Figure S1) indicate a cubic shape
of the NCs obtained under optimized conditions. The average
edge lengths of the CsPbCl3(1:3), CsPbCl3(1:6), and
CsPbCl3(1:9) NCs are found to be 10 ± 2.0, 9.0 ± 2.0, and
8.0 ± 1.0 nm, respectively (Figure 1A−C and Figure S2). A
decrease in size and improved monodispersity of the NCs with
increase in the amount of the chloride precursor (NCP) are
similar to the trend observed for CsPbBr3 NCs.43 The
CsPbCl2Br(1:6), CsPbCl1.5Br1.5(1:6), and CsPbClBr2(1:6)
NCs obtained under the optimized condition show average
size of 9.0 ± 1.5, 8.5 ± 1.0, and 8.0 ± 1.5 nm, respectively
(Figure 1D−F and Figure S2). For these systems also a
decrease in average size (by 1.5−2.5 nm) and a narrower size
distribution are observed for the 1:6 Pb:X precursor ratio.
Powder X-ray diffraction (PXRD) patterns suggest an
orthorhombic crystal structure of the NCs (Figure S3) with
no evidence of any secondary phases. For higher bromide

Figure 1. TEM images of the (A) CsPbCl3(1:3), (B) CsPbCl3(1:6), (C) CsPbCl3(1:9), (D) CsPbCl2Br(1:6), (E) CsPbCl1.5Br1.5(1:6), and (F)
CsPbClBr2(1:6) NCs. The scale bar is 20 nm in all cases.
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content, the PXRD peaks shift toward lower angle, indicating
lattice expansion due to larger ionic radii of Br− compared to
Cl−.
The UV−vis absorption and fluorescence spectra of some

representative samples are shown in Figures 2A and 2B,
respectively. A summary of the spectral data and PLQY values
of all samples (including CsPbBr3 NCs) are collected in Table
1. The PL of the CsPbCl3 NCs is characterized by a peak

between 404 and 407 nm and a narrow full width at half-
maximum (FWHM) of 9−12 nm. With increasing Cl:Pb molar
precursor ratio a small (2−3 nm) blue-shift of the PL
maximum and a slight (by 2−3 nm) decrease in FWHM are
observed (Figure 2C). For the mixed halide perovskite NCs,
CsPbCl2Br, CsPbCl1.5Br1.5, and CsPbClBr2, the PL maxima
appear at 430 ± 5, 451 ± 6, and 473 ± 5 nm with a FWHM of
14−15, 15−17, and 17−18 nm, respectively (Figure 2B). For
these systems, no noticeable change in PL peak position and
spectral bandwidth is observed with change in the Pb:X
precursor ratio. Though the spectral features of the systems
show small/negligible dependence on the Pb:X precursor ratio,

the PLQY values change drastically depending on this ratio. As
can be seen from Table 1, the PLQY changes from 5 to 80%
for CsPbCl3, 25 to 85% for CsPbCl2Br, 27 to 92% for
CsPbCl1.5Br1.5, and 30 to 97% for CsPbClBr2 NCs (Figure
2C,D and Figure S4).
An important point to note here is that CsPbBr3 NCs with

near-unity (∼99%) PLQY is obtained by using a stoichiometric
Pb:Br precursor ratio; however, for all other systems, an excess
amount of halide precursor is necessary for obtaining the most
luminescent sample. For the mixed halide systems, CsPbCl2Br,
CsPbCl1.5Br1.5, and CsPbClBr2 NCs, the most luminescent
system is obtained for a Pb:X precursor ratio of 1:6; however,
for CsPbCl3 NCs, a 1:9 Pb:Cl ratio yielded the most luminous
sample (PLQY of 80%). To determine the cause of the
significant dependence of PLQY on the Pb:X precursor ratio,
we have determined the Pb:X ratio in the prepared samples by
energy dispersive X-ray (EDX) measurements. These measure-
ments reveal that actual Pb:Cl ratios in CsPbCl3(1:3),
CsPbCl3(1:6), and CsPbCl3(1:9) NCs are 1:2.90, 1:3.24,
and 1:3.45, respectively (Figure S5 and Table S2). The actual
ratios in the prepared mixed halide perovskite NCs were also
determined (Figure S5 and Table S2). The Pb:X ratios in
CsPbCl1.5Br1.5 NCs synthesized by using 1:3 and 1:6 Pb:X
precursor ratios are found to be 1:2.98 and 1:3.53, respectively.
Interestingly, the EDX data of CsPbBr3 NCs prepared by
stoichiometric Pb:Br precursor ratio indicated a halide-rich
surface with an actual Pb:Br ratio of 1:3.36 (Table S2). A
much higher X:Pb precursor ratio required for obtaining most
photoluminescent sample of CsPbCl3 is a reflection of greater
halide vacancy in these NCs, as indicated by the EDX data
(Table S2).
To understand the influence of Pb:X ratio on carrier

recombination processes of the NCs, we have studied the PL
decay behavior and transient absorption (TA) spectra of these
systems. Except for the CsPbBr3 NCs, PL decay profiles of all
the samples (Figure 3) are found to be triexponential. The PL

Figure 2. Normalized absorption (A) and (B) PL spectra (λex = 350 nm) of dilute colloidal solutions of CsPbCl3(1:9), CsPbCl2Br(1:6),
CsPbCl1.5Br1.5(1:6), CsPbClBr2(1:6), and CsPbBr3 NCs in hexane. Panel B also shows digital photographs of the colloidal solutions of the
CsPbCl3(1:9), CsPbCl2Br(1:6), CsPbCl1.5Br1.5(1:6), CsPbClBr2(1:6), and CsPbBr3 nanocrystals under illuminations (365 nm). Panels C and D
show the dependence of PL spectra of CsPbCl3 and CsPbCl1.5Br1.5 NCs, respectively, on the Pb:X (Cl and Br) precursor ratio.

Table 1. PL Parameters of Different Samples of the
CsPbCl3, CsPb(Cl/Br)3, and CsPbBr3 NCs

system
Pb:X precursor

ratio
PLQY
(%)

λmax
(nm)

FWHM
(nm)

1:3 5 407 12
CsPbCl3 1:6 40 406 10

1:9 80 404 9
1:3 25 426 15

CsPbCl2Br 1:6 85 428 14
1:3 27 447 17

CsPbCl1.5Br1.5 1:6 92 447 15
1:3 30 474 18

CsPbClBr2 1:6 97 475 17
CsPbBr3 1:3 99 510 20
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decay parameters of the samples are collected in Table 2. As
can be seen, for CsPbCl3(1:3) NCs, the PL decay consists of
two short components, 70 (0.52) and 490 ps (0.28), which are
much faster than the radiative lifetime of CsPbCl3 NCs

9,16,19

and hence can be attributed to the trap state mediated
recombination processes. The long 5.28 ns component with
20% contribution clearly represents the direct excitonic
recombination process. The CsPbCl3(1:6) and CsPbCl3(1:9)
NCs are characterized by a short PL decay component (0.6−
0.7 ns), a long component (11.90−21.60 ns), and a third
component with lifetime of 2.97−5.50 ns. The short
component is assigned to trap state mediated recombina-
tion,9,16,19 the intermediate component (2.97−5.50 ns) to
direct excitonic recombination from the band-edge, and the
long component (11.90−21.60 ns) to band-edge recombina-
tion after trapping and detrapping of the carriers.19,44 The
contribution of the trapping component decreases from 36% in
CsPbCl3(1:6) to 20% in CsPbCl3(1:9). Unlike in
CsPbCl3(1:3) NCs, no trapping component with time

constant of <100 ps could be observed for the CsPbCl2Br-
(1:3), CsPbCl1.5Br1.5(1:3), and CsPbClBr2(1:3) NCs; how-
ever, a subnanosecond trapping component with a time
constant between 0.40 and 0.92 ns can be found. For samples
prepared using a higher amount of halide precursor, for
example, for CsPbCl2Br(1:6) and CsPbCl1.5Br1.5(1:6) NCs,
the contribution of the trapping component is significantly
lower (<10%), and for the CsPbClBr2(1:6) NCs, no <1 ns
lifetime component could be observed. The contribution of the
direct excitonic recombination component (2.4−7.6 ns)
increases significantly with increase in X:Pb precursor ratio
from 3:1 to 6:1 for these mixed halide NCs. The nonradiative
rate constant (knr), estimated from the measured PLQY and
average PL lifetime (Table 2), is found to decrease from 7.77 ×
108 s−1 in CsPbCl3(1:3) NCs to 1.6 × 107 s−1 in CsPbCl3(1:9)
NCs. The knr values for the CsPbCl2Br, CsPbCl1.5Br1.5, and
CsPbClBr2 NCs decrease by factors of 10, 17, and 23,
respectively, on changing the Pb:X precursor ratio from 1:3 to
1:6. No subnanosecond trapping component could be

Figure 3. Dependence of the PL decay profile of the (A) CsPbCl3, (B) CsPbCl2Br, (C) CsPbCl1.5Br1.5, and (D) CsPbClBr2 NCs on the Pb:X
precursor ratio.

Table 2. PL Decay Parameters of Different Samples of CsPbCl3, CsPb(Cl/Br)3, and CsPbBr3 NCs

system τ1/ns (a1) τ2/ns (a2) τ3/ns (a3) ⟨τins⟩/ns knr
a (×108 s−1)

CsPbCl3(1:3) 0.07 (0.52) 0.49 (0.28) 5.28 (0.20) 1.23 7.77
CsPbCl3(1:6) 0.60 (0.36) 2.97 (0.32) 11.90 (0.32) 4.97 1.20
CsPbCl3(1:9) 0.70 (0.20) 5.50 (0.34) 21.60 (0.46) 11.95 0.16
CsPbCl2Br(1:3) 0.40 (0.16) 2.86 (0.33) 11.88 (0.51) 7.06 1.06
CsPbCl2Br(1:6) 0.60 (0.04) 7.60 (0.48) 22.08 (0.48) 14.27 0.105
CsPbCl1.5Br1.5(1:3) 0.62 (0.30) 2.40 (0.40) 8.17 (0.30) 3.60 2.03
CsPbCl1.5Br1.5(1:6) 1.1 (0.07) 4.64 (0.68) 12.50 (0.25) 6.36 0.12
CsPbClBr2(1:3) 0.92 (0.37) 6.22 (0.26) 32.00 (0.37) 13.80 0.51
CsPbClBr2(1:6) 2.48 (0.2) 6.78 (0.53) 35.40 (0.27) 13.64 0.022
CsPbBr3 2.70 (0.51) 9.73 (0.49) 6.13 0.016

aknr = (1 − PLQY)/⟨τins⟩.
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observed for the CsPbBr3 NCs (Figure S6 and Table 2)
obtained by using a stoichiometric Pb:Br precursor ratio, and
this observation is consistent with its near-unity PLQY. A
lower PLQY, shorter PL lifetime, and higher nonradiative
recombination rate of the CsPbCl3 and CsPb(Cl/Br)3 NCs
obtained by using a stoichiometric Pb:X precursor ratio
confirm that halide deficiencies in these NCs serve as major
carrier trapping centers.
Because of the limited time resolution (∼54 ps) of our

TCSPC setup, a faster trapping process (if any) cannot be
precisely estimated by using this setup. For this reason, we
have examined the transient absorption (TA) behavior of the
CsPbCl3 NCs using the pump−probe technique with femto-
second time resolution (λexc = 350 nm, pump power of 4−5
μJ/cm2). The TA spectra of the CsPbCl3 NCs are
characterized by a sharp negative signal at 403 nm and a
positive signal on both sides of it (Figure 4A,B). The negative
(bleach) signal is induced by state filling of the electron and
hole in the band-edges.45−47 The bleach recovery kinetics of
the CsPbCl3(1:3) NCs is characterized by two fast
components, 4 (16%) and 41 ps (55%), and a much slower
component (>750 ps (29%)) (Figure 4C and Table 3), the

exact value of which cannot be estimated accurately in this
setup as it falls beyond the time window of this femtosecond
setup. The fast components are attributed to carrier trapping
and the long component to direct band-edge carrier
recombination.19,31,46,47

The observed 41 ps time component of the bleach recovery
kinetics is comparable to the 70 ps PL component of similar
origin. As can be seen, the carrier trapping component is
suppressed (from 71% to 41%) with change in Pb:Cl precursor
ratio from 1:3 to 1:9 (Figure 4C and Table 3). This reconfirms
that halide deficiency in these NCs leads to the formation of
trap states and trapping of the carriers occurs on the
picosecond time scale. One important point to note in this
context is that the bleach recovery kinetics of the
CsPbCl3(1:9) NCs still comprises 41% of a fast trapping
component (∼4.73 ps). This suggests that, in addition to the
halide vacancies, other factors like structural distortion of the
octahedral [PbX6]

4− contribute to the defect states in these
NCs, as shown recently by Sun and co-workers.16

In addition to high PLQY, the NCs obtained by our method
exhibit very good stability. For example, when kept under
ambient conditions, 85% of initial PL of a dilute (∼10 nM)
colloidal solution of CsPbCl3(1:9) NCs in hexane is retained
after 14 days with no change in PL peak position (Figure 5A
and Figure S7). Under similar conditions, only 30% of initial
PL intensity of CsPbCl3(1:3) NCs is retained (Figure 5A).
Mixed halide perovskite NCs generally exhibit low stability due
to phase segregation,48,49 but these NCs also show impressive
stability. For example, CsPbCl1.5Br1.5(1:6) NCs retain 75% of
its initial PL intensity without any change in PL peak position
after 14 days of storage in ambient conditions, whereas, for
CsPbCl1.5Br1.5(1:3) NCs, only 25% of initial PL is retained
(Figure 5B and Figure S7).
The CsPbCl3 and CsPb(Cl/Br)3 NCs obtained by using a

stoichiometric Pb:X precursor ratio are halide-deficient having
a large density of the trap states, which facilitate nonradiative
deactivation of the charge carriers and decrease the PLQY of
the systems. However, the NCs obtained by using an excess
amount of halide precursor possess a halide-rich surface with
fewer trap states arising only from the inherent structural
distortion in these systems. This is pictorially illustrated in

Figure 4. Panels A and B depict the TA spectra of the CsPbCl3(1:3) and CsPbCl3(1:9) NCs at different delay times. Panel C compares the bleach
recovery kinetics of the two samples monitored at the bleach maximum position.

Table 3. Kinetic Parameters of the Bleach Recovery
Dynamics of CsPbCl3 NCs

system τ1/ps (a1) τ2/ps (a2) τ3/ps (a3)

CsPbCl3(1:3) 4.0 ± 0.15 (0.16) 41.05 ± 2.8 (0.55) >750 (0.29)
CsPbCl3(1:9) 4.73 ± 1.2 (0.41) >750 (0.59)
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Scheme 1. As the alkylammonium ions are known to enhance
the stability of the CsPbX3 NCs by replacing the surface Cs

+, it

is quite likely that oleylammonium halide formed during the
reaction (Scheme S1) also contributes to the stability of the
systems by forming an oleylammonium halide-terminated
surface. A comparison of the PLQY and stability of CsPbCl3
and CsPb(Cl/Br)3 NCs obtained so far by direct synthesis
(Table S3) reveals the high quality of our samples. Our violet-
emitting CsPbCl3 NCs with 80% PLQY are the second best
and blue-emitting CsPb(Cl/Br)3 NCs with 85−97% PLQY are
by far the best directly prepared samples as far as the PL
efficiency is concerned. In terms of stability also, the present
samples stand out.

■ CONCLUSION
Highly luminescent (PLQY ∼ 80−99%) and stable CsPbCl3,
CsPb(Cl/Br)3, and CsPbBr3 NCs with narrow size distribution
emitting in the violet, blue, and green region (405−510 nm)
have been obtained by direct synthesis employing N-
halophthalimides as the halide precursor and by optimizing
the Pb:X precursor ratio. The results show that when the key
issue, halide deficiency of the surface of the NCs, is dealt with
by using an effective halide precursor and an appropriate Pb:X
precursor ratio, it is indeed possible to directly obtain highly

luminescent and stable NCs even for the blue-violet region.
The time-resolved PL and ultrafast pump−probe measure-
ments show the dependence of the carrier trapping processes
on the Pb:X precursor ratio and that carrier trapping is greatly
suppressed when these NCs are prepared by using a higher
than stoichiometric X:Pb precursor ratio.
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Figure 5. Air stability of different samples of (A) CsPbCl3 NCs and (B) CsPbCl1.5Br1.5 NCs under ambient conditions. The stability was checked
by using dilute (∼10 nM) NCs solution in hexane.

Scheme 1. Schematic Illustration of the Influence of an
Increasing X:Pb Precursor Ratio on the PL Properties of the
CsPbCl3 and CsPb(Cl/Br)3 NCs

a

aNR and DTR represent nonradiative recombination and detrapping
processes, respectively.
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ABSTRACT: Despite their low band gap, the utility of CsPbI3 nanocrystals
(NCs) in solar photovoltaic and optoelectronic applications is rather limited
because of their phase instability and photoluminescence (PL) intermittency.
Herein we show that phase-pure, monodispersed, stable and highly luminescent
CsPbI3 NCs can be obtained by tweaking the conventional hot-injection
method employing NH4I as an additional precursor. Single-particle studies show
a significant suppression of PL blinking. Among all NCs studied, 60% exhibit
only high-intensity ON states with a narrow distribution of intensity. The
remaining 40% of NCs exhibit a much wider distribution of PL intensity with a
significant contribution of low-intensity OFF states. Excellent characteristics of
these CsPbI3 NCs are shown to be the result of NH4

+ replacing some surface
Cs+ of an iodide-rich surface of the NCs. These phase-stable and highly
luminescent CsPbI3 NCs with significantly suppressed PL blinking can be useful
single-photon emitters and promising materials for optoelectronic and solar photovoltaic applications.

Among the cesium lead halide (CsPbX3 with X = Cl, Br, and
I) perovskite nanocrystals (NCs), the CsPbI3 NCs,

because of their low band gap, are the most promising
candidates for solar photovoltaic and various optoelectronic
applications.1−13 However, poor phase stability of these NCs
even under ambient condition is a major obstacle to these
applications.14−17 Apart from the stability-related issues,
photoluminescence (PL) blinking of the single NCs is another
factor that restricts the applications of the CsPbI3 NCs as single-
photon emitters and other light-emitting applications.18−26 PL
blinking is indeed an issue for all single emitters. Among
different models invoked for explaining the PL blinking of
semiconductor NCs, a charging model based on trapping of the
carrier in long-lived trap states19,27−39 and a multiple
recombination center (MRC) model based on the trapping of
the carrier in short-lived trap states36,40−43 are themost common
ones. In the charging model, the NCs are emissive (ON) when
in their neutral state but are nonemissive (OFF) when in their
charged state because of Auger recombination. This ON-OFF
PL fluctuation is known as Auger blinking or trion blinking.
Here, theOFF-state duration is determined by the lifetime of the
carrier residing in the long-lived trap state. In the MRC model,
the ON−OFF PL fluctuation is the result of the transformation
of the trap states between the active and inactive forms. This
blinking arising from time-dependent fluctuations of the carrier
trapping rate is termed BC blinking. In addition, the interception
of the hot carriers (HC) by trap states can also contribute to PL
blinking, which is known as HC blinking.44−47Mulvaney and co-
workers observed both Auger blinking and BC blinking in single
CdSe quantum dots (QDs).36 Ahmed et al. recently found

Auger blinking, BC blinking, and HC blinking in a single
CsPbBr3 NC.

48 PL blinking of the CsPbI3 NCs was attributed to
charging and discharging of the NCs by Klimov and co-
workers,19 but later Yuan et al. showed that it arises from the
activation and deactivation of the trap states.18

Obtaining phase-stable red-emitting CsPbI3 NCs with high
PL efficiency and suppressed blinking, which is necessary for
many optoelectronic applications, is a challenging task.15 Phase
instability and deteriorating PL properties of these NCs arise
from surface iodide vacancies, poor surface capping by the
coordinating ligands, and the intrinsic disorder of the [PbI6]

4−

units.9,14,49 The nature of the surface of the NCs depends largely
on their method of preparation.14,50−57 The widely used two-
precursor method,3 in which PbI2 is used as a precursor for both
lead and halide, yields NCs of poor quality primarily due to
halide vacancies on the surface. The use of additional iodide
precursors during synthesis is known to improve the phase
stability and PL of the NCs.54,55,58,59 The doping of metal
ions60−65 and surface treatment by coordinating ligands9,11,66−68

are also effective approaches to obtaining highly luminescent
and stable CsPbI3 NCs. However, despite intense investigations,
phase-stable and highly luminescent CsPbI3 NCs with sup-
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pressed PL blinking are still not known. In this work, we show
that phase-stable and highly luminescent CsPbI3 NCs with
significantly suppressed PL blinking can be obtained by the most
widely used method of perovskite NCs3 synthesis using the
optimum amount of NH4I as an additional reagent, which is

chosen by considering that a second source of I− provides a
halide-rich synthesis condition and surface capping by NH4

+

enhances the PLQY and colloidal stability of the NCs.66

The CsPbI3 NCs were prepared as follows. PbI2 (0.2 mmol),
NH4I (0.25 mmol), 1-octadecene (5 mL), oleic acid (OA, 0.8

Figure 1. Bright-field TEM images of the (a) CsPbI3(I) and (b) CsPbI3(II) NCs with a scale bar of 100 nm. Insets show HRTEM images of the NCs
(scale bar 5 nm) with interplanar spacing corresponding to the (100) planes. (c) UV−vis absorption and (d) PL spectra of the CsPbI3(I) and
CsPbI3(II) NCs.

Figure 2. (a) Air stability of the colloidal dispersions of CsPbI3(I) and CsPbI3(II) NCs under ambient conditions. (b) Digital images (under UV
illumination) of these samples at different time intervals stored under ambient conditions. (c) Photostability of CsPbI3(I) and CsPbI3(II) NCs under
continuous UV illumination (365 nm, 8W). (d) and (e) PXRD patterns of these samples at different time periods. The insets of (d) and (e) show the
digital images of the film used for the PXRD measurements.
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mL) and oleylamine (OLA, 0.8 mL) were taken in a 50 mL
round-bottomed flask and stirred under vacuum for 15 min at
room temperature. The reaction mixture was then held at 120
°C in a N2 atmosphere until the formation of a clear orange-

colored solution. The temperature was then raised to 160−165
°C, 0.5 mL of cesium oleate was injected into it, and the reaction
mixture was quenched immediately in an ice bath. The obtained
NCs were purified (details in the experimental section in

Figure 3. (a) PL intensity image of a film of CsPbI3(I) NCs. (b) PL intensity time trace of a given single CsPbI3(I) NC among the 40NCs, which show
the complete suppression of blinking. The background signal is shown in the cyan-blue color trace. (c) Distribution of PL intensities and occurrence.
(d) PL decay profile of the trace. (e) False color representation of FLID obtained from the analyses of the intensity and lifetime of the PL intensity time
trace shown in panel b.

Figure 4. (a) PL intensity−time trace of a given single NC of CsPbI3(I) NC (among 26 NCs exhibiting similar blinking behavior). The trace is divided
into five intensity levels (R1 to R5). The background signal is shown in the cyan-blue color trace. (b) Distribution of the intensities with occurrence.
Threshold is shown by the red dashed line. (c) PL decay profiles for levels R1 to R5 and (d) FLID pattern of the PL intensity−time trace shown in panel
a. Schematic illustration of (e) BC blinking and (f) Auger blinking. kr, knr, and kaug represent rate constants of the radiative, nonradiative, and Auger
recombination, respectively.
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Supporting Information (SI)) and dispersed in hexane for all
measurements. We also prepared CsPbI3 NCs following a
conventional method3 (i.e., without using NH4I, details in the
SI) for comparison. The CsPbI3 NCs obtained by our method
are labeled as CsPbI3(I), and the conventional ones, as
CsPbI3(II) throughout the manuscript.
The bright-field transmission electron microscope (TEM)

images show the uniform cubic shape of the CsPbI3(I) NCs with
a narrow size distribution and an average edge length of 9.0± 1.0
nm (Figures 1a and S1a). In contrast, the CsPbI3(II) NCs
exhibit a much wider size distribution and a larger average edge
length (12.5 ± 2.0 nm) (Figures 1b and S1b). High-resolution
TEM (HRTEM) images show an interplanar distance (d100) of
0.62 nm for both samples (insets of Figure 1a,b), indicating that
the crystal parameters are not affected by the use of NH4I during
synthesis. A decrease in size and improvedmonodispersity of the
CsPbI3(I) NCs are similar to those observed in the case of
CsPbBr3 NCs obtained under the halide-rich synthesis
condition.69 The UV−vis absorption and emission spectra of
these samples are shown in Figure 1c,d, respectively. The first
excitonic peak (in absorption) and the PL maximum of
CsPbI3(I) NCs are blue-shifted (by 6−8 nm) compared with
the respective peaks of the CsPbI3(II) NCs due to the smaller
size of the former sample. The PL quantum yield (QY) of the
CsPbI3(I) NCs (90 ± 3%) is found to be much higher than that
of the CsPbI3(II) NCs (60 ± 5%) (Figure 1d). The high PLQY
(90 ± 3%) is observed for CsPbI3(I) NCs only when an
optimum molar ratio of PbI2:NH4I (1:1.25) is used during the
synthesis, and for higher or lower ratios, the PLQY values are
lower (Figure S2).
The CsPbI3(I) NCs are also found to display much improved

stability compared to the CsPbI3(II) NCs. This is evident from
the fact that the PL of a freshly prepared colloidal solution of the
CsPbI3(I) NCs decreases only by 4% after 30 days of storage

under ambient conditions with 50−60% humidity and a
temperature of 25 ± 5 °C in the cuvette, whereas 95% of the
PL of the CsPbI3(II) NCs is lost under similar conditions
(Figures 2a,b and S3). The CsPbI3(I) NCs stored in a sealed
reagent bottle retain almost the original PL intensity after 60
days in contrast to the CsPbI3(II) NCs, which become
nonluminescent during this period (Figure S4). The high
photostability of our samples is evident from the fact that after
the continuous UV illumination (365 nm, 8W) of a colloidal
solution of the CsPbI3(I) NCs (taken in a quartz cuvette) for a
test period of 24 h, nearly 92% of the original PL is retained,
whereas for CsPbI3(II) NCs, the PL decreases to 28% under
similar conditions (Figures 2c and S5). The powder X-ray
diffraction (PXRD) patterns of these samples (monitored for 20
days) show that the CsPbI3(II) film starts degrading to the δ-
CsPbI3 phase within 2 days, and a complete transition is noticed

within 20 days (Figure 2d). However, no noticeable degradation
of the CsPbI3(I) film could be observed (Figure 2e). The sample
stays in its α-phase even after 20 days under ambient conditions.
As already mentioned, the random fluctuation of the PL

intensity at the single-particle level is one of the biggest problems
for the CsPbI3 NCs. High PLQY and excellent stability of our
samples of CsPbI3(I) NCs allow us to study the PL properties of
these NCs at the single-particle level. We carried out these
studies by drop-casting a very dilute solution (pM, in hexane) of
the NCs on a cover glass and obtaining a film by drying under
vacuum. The film of the NCs was excited by a pulsed laser at 485
nm (pulsed width ∼144 ps, repetition rate 4 MHz, and power
0.1 μW) (details in the SI). The low laser power was used to
avoid any nonlinear processes. Under our experimental
conditions, the number of excitons generated in each NC per
pulse is 0.06.
The confocal PLmicroscopy image of a film of CsPbI3(I)NCs

is shown in Figure 3a. We have examined the PL blinking
behavior of 66 individual single NCs of CsPbI3(I) (Figures 3b
and S6 and S7), among which 40 single NCs show the complete
suppression of PL blinking, indicating the presence of only the
ON states (bright states) with a narrow distribution of intensity.
A representative PL intensity time trace and PL intensity
distribution corresponding to the blinking trace of a single NC of
this type are depicted in Figure 3b,c, respectively (and in Figure
S6). The single-exponential decay of the PL intensity indicates
that the photogenerated charge carriers recombine only through
the radiative excitonic recombination process (Figures 3d). A
fluorescence lifetime intensity distribution (FLID) plot also
shows the presence of only the high-intensity ON states (Figure
3e). The complete elimination of the low-intensity OFF states
for a majority of the single NCs of CsPbI3(I) is consistent with
the sample’s bulk PL properties.
The PL intensity time trace of a representative single NC

belonging to the remaining 26 NCs is shown in Figure 4a. The
PL intensity fluctuation in this case is much wider with no clear
separation of the ON and OFF states (Figure 4b). To
understand the mechanism of PL blinking of these NCs, we
have examined the PL decay behavior of five different intensity
levels (R1 to R5) for each NC. Although the PL decay is single-
exponential for the high intensity levels (R1 to R3), the decay
profile is biexponential for the bottom two intensity levels (R4
and R5) (Figure 4c). The highest intensity level (R1), which is
characterized by a lifetime of 9.80 ns for the representative NCs,
is due to radiative excitonic recombination. The PL lifetime of
the highest intensity state, when averaged for all ∼26 NCs
studied, is∼13.28 ± 2.65 ns (Figure S8). The lifetime decreases
gradually with the lowering of the PL intensity (Table 1). The
intensity−lifetime scaling parameter (η) (details in the SI) for
first three intensity levels is

η τ τ τ= = =k k k I I I: : / : / : / 1.00:0.93:0.74R R R1 2 3 1 1 2 2 3 3

A near-unity ratio of the radiative recombination rates of two
high intensity levels indicates the competition between a fixed
radiative rate and variable nonradiative rates in the NC. This is
typical of BC blinking arising from trapping and detrapping of
the charge carrier in/from short-lived trap states.36 The
deviation of the η value from near unity from the R3 level
onward indicates the involvement of additional competing
recombination process(es). These levels are associated with a
second lifetime component (between 1.30 and 1.70 ns), and the
contribution of this component increases from the R4 to the R5
level. This short-lived component must arise from trion

Table 1. PL Lifetime Components (τi) and Their Weightings
(αi) of Different PL Intensity Levels of the PL Intensity−
Time Trace of CsPbI3(I) NC Shown in Figure 4a

region [intensity (counts/10 ms)] τ1 (α1) [ns] τ2(α2) [ns]

R1 (17.00) 9.80
R2 (13.00) 8.10
R3 (9.00) 7.01
R4 (5.50) 5.97 (0.63) 1.71 (0.37)
R5 (2.00) 4.99 (0.43) 1.33 (0.57)
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recombination because multiexcitonic recombination is ruled
out under our experimental conditions.19,30 The involvement of
two simultaneously occurring processes is not very clear in the
FLID pattern (Figure 4d) because of the low occurrences of the

OFF states. BC blinking and Auger blinking occurring in these
samples are represented schematically in (4e,f) respectively.
It was difficult to investigate the single-particle PL properties

of the CsPbI3(II) NCs because of their poor stability.
12,18,19 We

Figure 5. (a) PL blinking trace of a single CsPbI3(II) NC. The trace is divided into five intensity levels (P1 to P5). The background signal is shown in
the cyan-blue color trace. (b) Distribution of the intensities observed in the blinking trace. The threshold is shown by the red dashed line. (c) PL decay
profiles for levels P1 to P5. (d) FLID patterns of the PL blinking trace shown in panel a with false color representation.

Figure 6. Log−log distributions of (a, c) the ON-time and (b, d) the OFF-time probability of representative NCs of CsPbI3(I) and CsPbI3(II).
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observed that several single NCs often degrade within a minute
during the recording of the PL intensity−time traces (Figure
S9). However, we could manage to record the PL blinking traces
of 53 NCs for up to 60 s (Figures 5a and S10), during which no
significant photodegradation could be observed. A representa-
tive PL blinking trace of these NCs, depicted in Figure 5a, shows
a broad distribution of intensity levels with no clear separation
between the ON and OFF states (Figure 5b). To determine the
origin of PL blinking of this system, the PL intensity trace is
marked for five different intensity regions, P1 to P5 (Figure 5a),
and their PL decay behavior is studied (Figure 5c and Table S1).
The intensity−lifetime scaling parameter (η) for the first three
intensity levels is

η τ τ τ= = =k k k I I I: : / : / : / 1.00:0.92:0.75P P P1 2 3 1 1 2 2 3 3

A near-unity ratio of the radiative recombination rates of the
two high-intensity levels indicates BC blinking arising from the
fluctuating trapping rate of the carriers.36 The deviation of the η
value from near-unity from the P3 level onward and the
appearance of a short-lifetime component for levels P4 and P5
indicate Auger blinking or trion blinking in these NCs. The
FLID plot shows a combination of linear and curvature behavior
confirming both Auger and BC blinking in the same NC (Figure
5d). The competition between the fixed radiative and fluctuating

nonradiative relaxations leads to the linear behavior in the FLID
pattern, whereas trion recombination leads to nonlinearity in the
FLID pattern.
To shed additional light on the nature of the trap states and

their effect on carrier recombination, we have analyzed blinking
statistics by constructing the probability distributions of the ON
and OFF events (Figure 6). Although the ON and OFF events
are not so well separated, we have used a threshold of 5 times the
maximum background noise level (red dashed line in Figure 4b)
for the calculation of the probability distributions of ON and
OFF events. The probability distributions of the OFF events are
best represented by a power-law function of the form POFF(t) ∝
tαOFF; however, for the ON state, it follows a truncated power-
law behavior, PON(t)∝ tαON exp(−t/τc) (details in the SI). Here,
α and τc indicate the power-law exponent and truncation time,
respectively. The power-law behavior indicates the dispersive
kinetics of carrier trapping and detrapping arising from the (i)
the difference in the static distribution of trap states, (ii) the
energetic diffusion of the barrier between the core and surface

Figure 7. Distribution of the ON-state fractions of (a) CsPbI3(I) and
(b) CsPbI3(II) NCs.

Figure 8. (a) Atomic % ratio (with respect to Pb) of the constituting elements of the CsPbI3(I) and CsPbI3(II) NCs calculated using high-resolution
XPS data. High-resolution XPS spectra of (b) N 1s, (c) I 3d (3d5/2, 3d3/2), and (d) Pb 4f (4f5/2, 4f7/2) of these samples.

Scheme 1. Schematic Illustration of the Surface Passivation of
the CsPbI3 NCs by NH4I
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trap states for charge tunneling, and (iii) the difference in the
number of time-fluctuating active trap sites.34,40,70 A larger value
of the power-law exponent for the OFF state and a smaller value
for the ON state of the CsPbI3(I) NCs compared to the
CsPbI3(II) NCs indicate a much longer ON duration of the
former sample (Figure 6a−d and Table S2).
The average time fractions spent by theNCs in their ON state,

calculated for both CsPbI3(I) and CsPbI3(II) NCs from an
individual PL blinking trace (up to 60 s) and corresponding
distributions, are shown in Figure 7a,b, respectively. The
CsPbI3(I) NCs show an average ON-state fraction of 0.945 ±
0.09, which is quite remarkable. It is also important to note here
that 60% of these NCs exhibit an average ON-state fraction of
∼1.0. However, in the case of the CsPbI3(II) NCs, the average
ON-state fraction is much lower (0.676 ± 0.11).
The factors contributing to the exceptional phase stability and

PL properties of the CsPbI3(I) NCs compared to the CsPbI3(II)
NCs can be understood by comparing the XPS spectra of the
two samples (Figures 8 and S11). First, the areas under the
spectral bands (considering the atomic sensitivity factor71) of
the constituting elements showCs:Pb:I atomic percentage ratios
of 0.83:1.00:3.33 and 0.90:1.00:2.89 in CsPbI3(I) and
CsPbI3(II) NCs, respectively (Figure 8a and Table S3),
indicating a halide-rich surface of the former sample. Second,
an inspection of the atomic percentage of Cs and N indicates a
decrease in Cs content and an increase in N content for the
CsPbI3(I) NCs (Figure 8a). This indicates the replacement of
some surface Cs+ by NH4

+.72 Third, the N 1s core-level XPS
spectrum for CsPbI3(I) NCs is seen to be broader and blue-
shifted compared to CsPbI3(II) NCs (Figure 8b). This reflects
the presence of two different types of ammonium cations,
namely, NH4

+ and OLA+ and a higher binding energy of NH4
+

compared to that of OLA+. Fourth, a higher binding energy of I−

3d3/2 and 3d5/2 electrons in the CsPbI3(I) NCs compared with
the corresponding signals in CsPbI3(II) (Figure 8c) implies a
stronger binding of the surface I− with NH4

+ in the former
sample. Fifth, a decrease in the binding energy of the Pb 4f7/2 and
Pb 4f5/2 levels (Figure 8d) indicates weakening of the Pb−I
bond because of the stronger interaction between NH4

+ and I−.
It is thus evident that an improved phase stability and significant
suppression of PL blinking of the CsPbI3(I) NCs arises from the
replacement of some surface Cs+ by NH4

+ of an iodide-rich
surface of the NCs (Scheme 1).
In short, by focusing on the core issues of phase instability and

PL blinking of the CsPbI3 nanocrystals that restrict the utility of
these low-band-gap substances in photovoltaic, light-emitting
and single-photonic applications, it is shown that exceptionally
phase-stable and highly luminescent CsPbI3 NCs with
significantly suppressed PL blinking can be obtained by
tweaking the conventional hot-injection method of synthesis
employing NH4I as an additional reagent. The PL blinking
characteristics of a large number of single CsPbI3 NCs reveal an
average ON-state fraction of 0.945 with 60% of them exhibiting
the complete suppression of PL blinking. The remaining 40% of
the NCs exhibit OFF states due to both Auger recombination of
the trion- and trap-induced recombination of the band-edge
carrier. The extraordinary features of these NCs are attributed to
NH4I serving as both a halide precursor and a surface capping
agent. This work, which provides a simple approach to obtaining
high-quality CsPbI3 NCs hitherto unknown, is expected to be of
great significance in photovoltaic, light-emitting and single-
photonic applications.
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ABSTRACT: Quantum confined CsPbBr3 nanocrystals (NCs) with
adjustable photoluminescence (PL) in the range of 470−500 nm are
particularly desirable for applications in light-emitting diodes and many
quantum technologies. Exploration of the full potential of these perovskite
NCs requires an understanding of the random fluctuation of their PL at the
single-particle level, commonly termed as blinking. In this work, we study the
PL blinking of quantum confined single NCs of CsPbBr3 of three different
sizes between 3.80 and 5.90 nm in immobilized and fluid conditions to
understand the recombination pathways and dynamics of the photo-
generated charge carriers. In the immobilized state, the PL intensity
trajectories and PL lifetime-intensity distributions of these single NCs reveal
the contributions of both Auger recombination and trapping of hot carriers
to the PL fluctuation. The results suggest a higher carrier trapping rate
constant for smaller NCs. The fluorescence correlation spectroscopy and fluorescence lifetime correlation spectroscopy
measurements on freely diffusing NCs show a higher off-state fraction and lower per-particle brightness of the smaller NCs. It is
concluded that a larger trap depth and higher probability density of the carriers at the surface in smaller NCs make the trapping
process more feasible and detrapping more difficult. The results provide first information on the effect of size on PL blinking of the
quantum confined CsPbBr3 NCs, and this knowledge is expected to be useful in better designing photoluminescent samples of this
class for optoelectronic applications.

■ INTRODUCTION
The cesium lead halide (CsPbX3, X= Cl, Br and I) perovskite
nanocrystals (NCs) continue to receive great attention owing
to their potential applications in optoelectronic devices such as
in light-emitting diodes1−8 and single-photon sources.9−13

However, the fluctuation of photoluminescence (PL) of the
single NCs of these substances between bright (on) and dark
(off) states,9,12,14−20 and sometimes between the “on” and a
low-intensity gray state,16,18,21 is impediment to these
applications. The PL fluctuation occurs over a rather broad
timescale ranging from tens of microseconds to hundreds of
seconds.22,23 While the PL of these perovskite NCs originates
from the radiative recombination of the electron and hole
produced on photoexcitation, the fluctuation of PL is caused
by the involvement of various trap states in these systems.
Several processes can contribute to the PL blinking of the
semiconductor NCs.9,14,17,21,22,24 When one of the charge
carriers is trapped for a longer duration, the NCs become
charged. When the absorption of another photon by a charged
NC produces an exciton, the system becomes a trion.9,21,24−26

The trion can recombine nonradiatively by Auger recombina-

tion or/and radiatively at a much faster rate (twice the neutral
exciton recombination rate).9,21,24,26 PL blinking arising from
trion-mediated recombination is known as Auger or A-type
blinking.24 Trapping of the charge carrier in a short-lived trap
state can facilitate its instant relaxation by a nonradiative
pathway.16,18,19,21,27 Random activation and deactivation of
these trap states result in a constantly changing nonradiative
rate constant.21,22,27 This time-dependent fluctuation of the
nonradiative rate constant leads to PL blinking, which is
termed as band-edge carrier (BC) blinking when the trapping
of the charge carriers takes place from the band-edge states.21

Blinking can also be caused by the trapping of the hot carriers
(HC blinking).14,22,24,28 Trapping of the hot carriers allows
their rapid relaxation through a nonradiative recombination
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route, and one observes a large drop of PL intensity without
any noticeable change in lifetime. As both BC and HC blinking
arise from the activation and deactivation of the trap states,
these two types of blinking are often referred to as B-type
blinking.24,28 In many cases, more than one mechanism of
blinking is observed.16,18,19,21,24 The coexistence of Auger, BC,
and HC blinking in single perovskite NCs has also been
reported.16,29

PL blinking studies on perovskite single NCs, except a few
on MAPbBr3 NCs,14,15 have been carried out on large systems
(size range 6−20 nm) with no/weak quantum confine-
ment.9,11,14,16−18,30−38 One main reason for the dearth of PL
blinking studies on smaller particles was the lack of any
method of their preparation with uniform size distribution and
control on size. A very recent report on the synthesis of
quantum confined CsPbX3 NCs with uniform size distribu-
tion39 has enabled photophysical studies on these smaller
NCs.40−42 These studies have revealed blue-shifted emission
with a larger Stokes shift,39,42 faster biexciton auger
recombination rate,40,43,44 intense dark exciton emission,41

and higher single-photon purity11 of the quantum confined
perovskite NCs compared to the non-quantum confined
system. The smaller NCs are found to have higher trion and
biexciton binding energy due to stronger Coulomb interaction
between the electrons and holes.45,46 As the size of the NCs
plays an important role in the charge carrier trapping and
detrapping processes,14,47,48 an investigation of the PL blinking
of quantum confined perovskite NCs of different sizes is
expected to provide an understanding of the charge carrier
trapping and detrapping processes in these substances, which
may help unleash these materials’ full application potentials.
In order to study the PL blinking behavior of quantum

confined perovskite NCs of different sizes, we have prepared
CsPbBr3 NCs with 3.80, 4.80, and 5.90 nm edge length and
investigated their PL blinking by analyzing PL blinking traces,
fluorescence lifetime-intensity distribution (FLID) patterns,
and statistical distribution of the on- and off-events. PL
blinking of freely diffusing NCs is also studied by employing
fluorescence correlation spectroscopy (FCS) and fluorescence
lifetime correlation spectroscopy (FLCS) techniques.

■ EXPERIMENTAL SECTION
Preparation of Quantum Confined CsPBr3 NCs. These

NCs of different sizes were synthesized by the hot injection
method following a reported procedure with minor changes in
the reaction conditions.39 In the first step, Cs-oleate was
prepared from its precursors. For this purpose, 0.25 g Cs2CO3,
0.9 mL oleic acid (OA), and 9 mL 1-octadecene (ODE) were
loaded onto a 50 mL 2-neck round-bottom flask and dried
under vacuum for 1 h at 120 °C. The mixture was then heated
under a N2 atmosphere to 150 °C until Cs2CO3 dissolved
completely. The Cs-oleate solution was then kept at 100 °C to
prevent the precipitation of Cs-oleate. For the preparation of
the CsPbBr3 NCs, in another 50 mL 2-neck round-bottom
flask, 75 mg PbBr2 and ZnBr2 (250 mg) were dissolved in a
mixture of ODE (5 mL), OA (3 mL), and oleylamine (3 mL)
at 120 °C in vacuum. Then, 0.4 mL Cs-oleate was injected
swiftly into the reaction mixture at a preset reaction
temperature (in a N2 atmosphere). The reaction temperatures
used for the synthesis of the NCs of three different sizes were
80, 140, and 180 °C, respectively. The reaction was quenched
after 120 s by cooling the system in an ice bath. The crude

product was then purified (details in the Supporting
Information).

Single-Particle PL Measurements. Sample Preparation.
A pM solution (in hexane) of the NCs was drop-cast on a
cover glass and dried under vacuum to obtain a film of the
sample. The film was kept on the microscope stage for
measurements. The experiments were carried out at a relative
humidity of 55 ± 5% and a temperature of 25 °C. For the FCS
and FLCS measurements, a drop of nM solution of the NCs
(in ODE) was placed on a cover glass and studied under the
microscope.

Photon Antibunching and PL Blinking Measurement.
These measurements were performed using a PicoQuant
MicroTime 200 time-resolved confocal fluorescence micro-
scope system consisting of an inverted microscope (Olympus
IX71) equipped with a Piezo scanning stage. Samples were
excited at 405 nm by a pulsed (8 MHz repletion rate)
picosecond diode laser (PDL 828 S Sepia II, PicoQuant). A
water immersion objective (UplanSApo 60× NA 1.2) was used
for the collection of photons. The sample-emitted photons
were spectrally filtered by a 430 nm long-pass filter. A 50 μm
diameter pinhole was used in the optical path for the spatial
filtration of photons. For antibunching measurement, the
filtered photons were passed through a 50:50 beam splitter and
focused onto two identical SPADs arranged in the Hanbury
Brown−Twiss configuration. For the blinking measurement,
emitted photons were focused on a single detector. The
detector signal was processed using a PicoHarp300 time
correlated single-photon counting (TCSPC) unit. For photon
antibunching and PL blinking measurements, the TCSPC unit
was operated in time-tagged (T2) and time-tagged time
resolved (T3) modes, respectively. The recording and analysis
of the data was done using the SymPhoTime software.

FCS and FLCS Measurement. FCS and FLCS measure-
ments were also carried out using the same MicroTime 200
setup. The emitted photons from NCs, after the spectral and
spatial filtration, were passed through a 50:50 beam splitter and
focused onto two identical SPAD detectors. Then, the cross-
correlation of the PL intensity observed in the two detectors
was performed. The recording and analysis of the data were
made using the SymPhoTime software.

Calculation of the Number of Excitons (N) Generated per
Pulse. The number of excitons (N) generated per pulse was
calculated using the formula: N = Jp × σ, where Jp is the per-
pulse photon fluence and σ is the absorption cross section.49 Jp
was calculated by using50

= ×J P f E/ ( )P (1)

where P, f, and E(λ) are power density at the center of the
focused excitation spot, the repetition rate of the laser, and the
energy of the photon, respectively. The laser power density was
maintained low such that on an average each NC absorbed
∼0.08 photon per pulse. The possibility of any nonlinear
process under this condition can be ruled out.

Calculation of Probability Densities of the On- and Off-
Events. The on- and off-events were distinguished in the PL
intensity time trace by applying a threshold, which was
typically 10 times the maximum intensity of the background
noise. Probability densities of the on- and off-events, Pon(t) and
Poff(t), were then calculated using the following equation18,48
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=P t
N

N
t( ) 1/i

i

i ,total
avg

(2)

where i represents the on- or off-event, Ni the number of on- or
off-events with the duration time of t, Ntotal is the total number
of on- or off-events, and Δtavg is the average time interval
between the nearest neighboring events. The probability
density distributions (PDD) were generated by writing a
code in the Python Jupyter notebook.

■ RESULTS AND DISCUSSION
The transmission electron microscopy (TEM) images indicate
an edge length of 3.80 ± 0.24, 4.80 ± 0.60, and 5.90 ± 0.70 nm
for the CsPbBr3 NCs obtained at 80, 140, and 180 °C,
respectively (Figures 1a−c and S1). The absorption and PL
spectra of these NCs are shown in Figure 1d−f. We have
labeled these NCs with the numerical extension of their
respective first excitonic peak position. The PL peaks of the
CsPbBr3@459, CsPbBr3@478, and CsPbBr3@488 NCs are
observed at 470, 486, and 496 nm, respectively. Photo-
luminescence quantum yield (PLQY) of the CsPbBr3@459,
CsPbBr3@478, and CsPbBr3@488 NCs are estimated to be
0.45 ± 0.03, 0.75 ± 0.03, and 0.90 ± 0.05, respectively.
Before carrying out the PL blinking measurements on the

immobilized NCs, we performed the photon antibunching
experiment to ensure that each fluorescent particle represents a

single NC. The single-photon purity is characterized by the
second-order intensity correlation function

= +
+

g t
I t I t

I t I t
( )

( ) ( )
( ) ( )

(2) 1 2

1 2 (3)

as a function of the delay time τ between the two photon
detection events, measured in a Hanbury Brown and Twiss
(HBT)-type setup (details in the Experimental Section). Here,
I1(t) is the emission intensity at time t in detector 1, and I2(t +
τ) is the intensity after a time delay of τ in detector 2. For a
single particle, g(2)(0) is expected to be 0 as it cannot emit
more than one photon at any given time. This implies that a
dip at “zero” time in the correlation curves indicates photon
antibunching. For our samples, as can be seen from Figure 2,
g(2)(0) is not zero but is very small compared to the side peaks
at other time delays. The non-zero value of g(2)(0) is attributed
to biexciton, whose formation cannot be completely prevented
even at low laser power.9,48,51

PL blinking trajectories of the representative NCs of
CsPbBr3@459, CsPbBr3@478, and CsPbBr3@488 NCs,
depicted in Figure 3a−c (and also in S2−S4), show that the
PL of these NCs fluctuates over a range of intensity levels. The
occurrence histograms (Figure 3d−f) indicate no clear
separation between the on- and off-PL intensity states. In
order to understand the blinking mechanism, we have
measured PL decay profiles of three different intensity regions

Figure 1. TEM images (top panel; a−c) and absorption and PL spectra (bottom panel; d−f) of the CsPbBr3 NCs of different sizes. Scale bar is 20
nm for the TEM images. PL spectra were recorded by exciting the colloidal dispersion of these NCs at 405 nm.

Figure 2. Second-order photo-correlation plots of CsPbBr3@459 (a), CsPbBr3@478 (b), and CsPbBr3@488 (c) NCs. Samples were excited at 405
nm using a pulsed laser with 8 MHz repetition rate.
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(indicated by green, blue, and violet shades) of the blinking
traces (Figure 3g−i). The high-intensity level of these NCs is
characterized by the single exponential decay with lifetime
around 8−9 ns (Table 1). The PL decays of the intermediate-

and low-intensity levels are bi-exponential, with one long (∼8
ns) and one short (∼1 ns) component (Table 1). The long 8−
9 ns component of the highest intensity levels arises clearly
from band-edge excitonic recombination. For the intermediate-
and low-intensity regions, a lifetime close to that of the high-
intensity region is possible only if the electron or hole is
trapped prior to its relaxation to the band edge. Hence, this
implies that trapping of the hot carriers contributes to the PL
fluctuation of these NCs. The short component is attributed to
the Auger recombination of trion.9,16,26,40

The FLID of these NCs also provides an understanding of
the PL blinking mechanism. For the CsPbBr3@459 NCs, the
FLID plot (Figure 3j) consists of (i) a high intensity−high
lifetime, (ii) a low intensity−low lifetime, and (iii) a low
intensity−high lifetime component. The nonlinear nature of
the FLID plot and low intensity−low lifetime component are a

reflection of Auger blinking,9,21,24 and the low intensity−high
lifetime component is indicative of HC blinking.16,24,28 For
CsPbBr3@478 and CsPbBr3@488 NCs (Figure 3k,l), both
types of blinking are not clearly observable in the FLID plots
due to the low occurrence of the off-intensity levels.
Coexistence of HC blinking and Auger blinking for each
single NC indicates that these NCs have both short-lived and
long-lived trap states.
We have analyzed the PDD of the on- and off-events, Pon

and Poff, to further understand the trapping and detrapping
processes in these samples. For this purpose, we have sorted
the data into on and off categories by assigning a threshold,
above which the NCs are considered on and below which they
are considered off. The PDD plots of the off-events (Figure 4)

Figure 3. Representative PL intensity trajectories (a−c) (binning time 10 ms) and occurrence histograms (d−f) of the NCs of different sizes.
Green, blue, and violet shades indicate high-, intermediate-, and low-intensity regions, respectively, for which PL decay profiles were measured (g−
i). FLID plots of these NCs are shown in panels (j−l).

Table 1. PL Lifetime Components (τi) and Their
Contributions (ai) for Different PL Intensity Levels of
Different Samples of CsPbBr3 NCs

system region τ1/ns (a1) τ2/ns (a2)
CsPbBr3@459 high 8.56

intermediate 8.69 (0.44) 1.07 (0.56)
low 7.70 (0.17) 0.82 (0.83)

CsPbBr3@478 high 8.20
intermediate 8.40 (0.52) 0.83 (0.70)
low 7.20 (0.30) 1.37 (0.48)

CsPbBr3@488 high 7.90
intermediate 7.60 (0.57) 1.60 (0.43)
low 6.90 (0.42) 0.73 (0.58)

Figure 4. PDD of the on- and off-events (top and bottom panels) of
the CsPbBr3@459, CsPbBr3@478, and CsPbBr3@488 NCs.
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are best represented by a power law function (eq 4), indicating
widely distributed off → on switching rates. However, the
PDD plots of the on events (Figure 4) are best represented by
a truncated power law (eq 5), indicating that the events which
are power-law distributed at shorter times become exponential
at longer times.

=P t t( ) m
off off

off (4)

=P t t t( ) exp ( )m
on ON on

c
onon

(5)

where moff/on is the power-law exponent and τcon represents the
time corresponding to the exponential truncation of the power
law. The exponential truncation of the on-events at long times
implies that the on → off switching at the long on-duration
occurs at a single rate or the distributed rate process saturates
at the long on-duration.22,52,53

A much higher moff value of these NCs compared to their
mon value indicates that PL blinking is dominated by longer on-
events and shorter off-events. A distinct variation of the
truncation time with the size of the NCs is observable (Figure
5a and Table 2). With the increase in size of the NCs, an

increase in the truncation time [0.31 ± 0.15 s (CsPbBr3@459),
0.51 ± 0.28 s (CsPbBr3@478), and 0.69 ± 35 s (CsPbBr3@
488)] indicates a decrease in the trapping rate constant
(kt).

48,54−56 The average time fraction in the on-state (Figure
5b) is estimated from the measured blinking trajectory of
nearly 100 NCs of a particular size. With the increase in size of
the NCs, this number increases as follows: 0.58 ± 0.17
(CsPbBr3@459), 0.69 ± 0.15 (CsPbBr3@478), and 0.77 ±
0.16 (CsPbBr3@488). A lower on-state fraction for the smaller
CsPbBr3 NCs is attributed to a higher carrier trapping rate and
lower detrapping rate in these systems. In larger NCs, charge
carrier wave functions are localized in the core of the NCs, and
with the decrease in size of the NCs, the carrier probability
density at the surface increases,57 thus making the trapping
process more feasible. As CsPbBr3 NCs possess shallow trap
states,1,8,58 and the depth of these trap states decreases with the
increase in size of the NCs, the trapping process is more
feasible and detrapping is more difficult for smaller NCs.

Additional insights into the PL blinking of these NCs are
obtained from the FCS and FLCS studies of freely diffusing
NCs. While the time resolution of PL blinking data discussed
so far for the immobilized samples is limited by the binning
time (10 ms here) of the measurement, the FCS and FLCS
measurements can be used for extracting information on the
PL fluctuation occurring in the μs timescale.32,59 In these
techniques, one measures the fluctuations of the PL intensity
of a highly dilute solution (nM) of the NCs in a small volume
of the sample (typically ∼1 fL) using a confocal fluorescence
microscope (details in the Experimental Section). While the
FCS experiment records only the macroscopic arrival time of
each detected photon (τ, with resolution μs) with respect to
the beginning of the experiment, the FLCS additionally
measures the microscopic delay time (t, with ps resolution)
of the detected photons relative to the excitation pulse,60

which allowed us to study the autocorrelation function of the
PL fluctuation of the neutral exciton (∼8.5 ns) and trion (∼1.6
ns) separately. The FCS and FLCS data of these NCs (Figures
6a,b, S5 and S6) are best described by eq 6, which considers
the PL fluctuation due to (i) the diffusion of the NCs in and
out of the observation volume and (ii) the trapping of the
charge carriers, represented by a stretched exponential decay
component. The amplitude of the correlation at time τ, G(τ),
is expressed as
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where N is the average number of particles undergoing
reversible PL intensity fluctuation in the observation volume,
τD is the diffusion time of the NCs, T is the fraction of the
particles in their “off” state, and τT is the dark-state relaxation
time or blinking time. β is the stretching exponent with a value
between 0 and 1 and is related to the distribution of τT. κ(=ωz/
ωxy) is the structure parameter of the observation volume; ωz
and ωxy are the longitudinal and transverse radii of the
observation volume, respectively. The per-particle brightness
(PPB) of the NCs is estimated by I/⟨N⟩, where I is the average
count rate of the PL intensity trace.
A close look at various parameters associated with the PL

fluctuation (Table 3), as obtained from an analysis of the FCS
and FLCS curves, reveals a large deviation of the β values from
unity. This indicates a broadly distributed kinetics of PL
blinking, indicating the involvement of multiple trap states with
varying carrier trapping and detrapping rates. The data also
show a decrease in the off-state fraction with an increase in the
size of the NCs (Table 3). While this trend is similar to that
observed in the case of immobilized samples, the absolute
values differ significantly in the two cases. The FCS and FLCS
measurements provide a higher off-state fraction compared to
the blinking measurements on immobilized NCs simply

Figure 5. (a) Box plot of the inverse of the truncation time (1/τcon)
and (b) on-state fraction of the CsPbBr3 NCs of different sizes.
Interquartile range is equal to 35−65th percentile. Spheres indicate
the mean. Whiskers indicate standard deviation from the mean.
Dashed lines in the box indicate the median.

Table 2. Power Law Exponents and Truncation Time for the CsPbBr3 NCs of Different Sizes

system NCs size (nm) moff mon τcon (s)
CsPbBr3@459 3.80 ± 0.24 1.58 ± 0.26 0.75 ± 0.12 0.31 ± 0.15
CsPbBr3@478 4.80 ± 0.60 1.78 ± 0.32 0.71 ± 0.13 0.51 ± 0.28
CsPbBr3@488 5.90 ± 0.70 1.77 ± 0.40 0.72 ± 0.14 0.69 ± 0.35
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because the former captures PL fluctuations at a faster
timescale. As can be seen (Figure 6c), the PPB of these NCs
increases with the increase in size of the NCs: 1213.60 ±
317.70 cps (CsPbBr3@459), 1593.40 ± 289.90 cps
(CsPbBr3@478), and 2131.50 ± 421.70 cps (CsPbBr3@
488). This trend is consistent with the size-dependent variation
of the PLQY of the systems. A higher value of the off-state
fraction and a lower PPB value of the smaller NCs reconfirm
that with decrease in NCs, size trapping becomes more feasible
and detrapping becomes difficult.

■ CONCLUSIONS
The PL blinking of three different size quantum confined
single NCs of CsPbBr3 has been studied. Both hot carrier
trapping and Auger recombination are found to contribute to
the PL fluctuations of the immobilized NCs, indicating the
presence of both short-lived and long-lived trap states. The
results also suggest an increase in the trapping rate constant
with a decrease in size of the NCs. The FCS and FLCS
measurements indicate a lower off-state fraction and higher
per-particle brightness for the bigger NCs. The observation is
rationalized considering a smaller trap depth and the

localization of the charge-carrier wavefunction in the core
region for large size NCs. The findings provide first insights
into the charge carrier recombination pathway and the
dynamics of the quantum confined CsPbBr3 NCs from PL
blinking studies, and the findings will be useful in the design
and development of small size highly luminescent perovskite
NCs for optoelectronic applications.
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Figure 6. (a) Fluorescence correlation data (green dots) and the fit (red line) to the data of the CsPbBr3@488 NCs in ODE. (b) Autocorrelation
amplitudes of 8.5 ns (exciton) and 1.6 ns (trion) component as a function of delay time of this NCs. (c) PPBs of three different size NCs.

Table 3. Estimated Values of the Stretching Exponent (β),
Off-State Fraction (T), and Off-State Relaxation Time (τT)

system experiment β T τT (ms)

FCS 0.67 ± 0.10 0.58 ± 0.08 0.49 ± 0.09
CsPbBr3@
459

FLCS
(exciton)

0.65 ± 0.12 0.63 ± 0.09 0.43 ± 0.05

FLCS
(trion)

0.53 ± 0.08 0.68 ± 0.12 0.44 ± 0.05

FCS 0.69 ± 0.03 0.51 ± 0.07 0.45 ± 0.05
CsPbBr3@
478

FLCS
(exciton)

0.71 ± 0.10 0.55 ± 0.07 0.37 ± 0.06

FLCS
(trion)

0.63 ± 0.09 0.57 ± 0.11 0.40 ± 0.08

FCS 0.76 ± 0.05 0.42 ± 0.07 0.43 ± 0.05
CsPbBr3@
488

FLCS
(exciton)

0.79 ± 0.11 0.46 ± 0.06 0.42 ± 0.06

FLCS
(trion)

0.65 ± 0.08 0.47 ± 0.07 0.35 ± 0.05

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c01336
J. Phys. Chem. C 2023, 127, 10207−10214

10212

https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01336?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01336/suppl_file/jp3c01336_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anunay+Samanta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1551-0209
https://orcid.org/0000-0003-1551-0209
mailto:anunay@uohyd.ac.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sumanta+Paul"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4825-0984
https://orcid.org/0000-0003-4825-0984
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gautam+Kishore"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01336?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01336?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01336?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01336?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01336?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c01336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ACKNOWLEDGMENTS
This work was supported by the J. C. Bose Fellowship (to A.S.)
of the Science and Engineering Research Board (SERB) and
the Institute of Eminence Grants (to the University of
Hyderabad) of the Ministry of Human Resource and
Development (MHRD), Government of India. S.P. and G.K.
thank the University Grants Commission and University of
Hyderabad for fellowships, respectively. We thank E. Krishnan
Vishnu and Prof. K. George Thomas of IISER, Thiruvanan-
thapuram, for their help with the antibunching measurements
at IISER TVM.

■ REFERENCES
(1) Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.;
Caputo, R.; Hendon, C. H.; Yang, R. X.; Walsh, A.; Kovalenko, M. V.
Nanocrystals of Cesium Lead Halide Perovskites (CsPbX3, X = Cl, Br,
and I): Novel Optoelectronic Materials Showing Bright Emission with
Wide Color Gamut. Nano Lett. 2015, 15, 3692−3696.
(2) Paul, S.; Ahmed, T.; Das, S.; Samanta, A. Effect of Lead:Halide
Precursor Ratio on the Photoluminescence and Carrier Dynamics of
Violet- and Blue-Emitting Lead Halide Perovskite Nanocrystals. J.
Phys. Chem. C 2021, 125, 23539−23547.
(3) Liu, X.-K.; Xu, W.; Bai, S.; Jin, Y.; Wang, J.; Friend, R. H.; Gao,
F. Metal Halide Perovskites for Light-Emitting Diodes. Nat. Mater.
2021, 20, 10−21.
(4) Fakharuddin, A.; Gangishetty, M. K.; Abdi-Jalebi, M.; Chin, S.-
H.; bin Mohd Yusoff, A. R.; Congreve, D. N.; Tress, W.; Deschler, F.;
Vasilopoulou, M.; Bolink, H. J. Perovskite Light-Emitting Diodes. Nat.
Electron. 2022, 5, 203−216.
(5) Wei, Z.; Xing, J. The Rise of Perovskite Light-Emitting Diodes. J.
Phys. Chem. Lett. 2019, 10, 3035−3042.
(6) Ji, K.; Anaya, M.; Abfalterer, A.; Stranks, S. D. Halide Perovskite
Light-Emitting Diode Technologies. Adv. Opt. Mater. 2021, 9,
2002128.
(7) Paul, S.; Samanta, A. N-Bromosuccinimide as Bromide Precursor
for Direct Synthesis of Stable and Highly Luminescent Green-
Emitting Perovskite Nanocrystals. ACS Energy Lett. 2020, 5, 64−69.
(8) Dey, A.; Ye, J.; De, A.; Debroye, E.; Ha, S. K.; Bladt, E.;
Kshirsagar, A. S.; Wang, Z.; Yin, J.; Wang, Y.; et al. State of the Art
and Prospects for Halide Perovskite Nanocrystals. ACS Nano 2021,
15, 10775−10981.
(9) Park, Y.-S.; Guo, S.; Makarov, N. S.; Klimov, V. I. Room
Temperature Single-Photon Emission from Individual Perovskite
Quantum Dots. ACS Nano 2015, 9, 10386−10393.
(10) Raino,̀ G.; Yazdani, N.; Boehme, S. C.; Kober-Czerny, M.; Zhu,
C.; Krieg, F.; Rossell, M. D.; Erni, R.; Wood, V.; Infante, I.; et al.
Ultra-Narrow Room-Temperature Emission from Single CsPbBr3
Perovskite Quantum Dots. Nat. Commun. 2022, 13, 2587.
(11) Zhu, C.; Marczak, M.; Feld, L.; Boehme, S. C.; Bernasconi, C.;
Moskalenko, A.; Cherniukh, I.; Dirin, D.; Bodnarchuk, M. I.;
Kovalenko, M. V.; et al. Room-Temperature, Highly Pure Single-
Photon Sources from All-Inorganic Lead Halide Perovskite Quantum
Dots. Nano Lett. 2022, 22, 3751−3760.
(12) Feld, L. G.; Shynkarenko, Y.; Krieg, F.; Raino,̀ G.; Kovalenko,
M. V. Perovskite Quantum Dots for Super-Resolution Optical
Microscopy: Where Strong Photoluminescence Blinking Matters.
Adv. Opt. Mater. 2021, 9, 2100620.
(13) Mir, W. J.; Alamoudi, A.; Yin, J.; Yorov, K. E.; Maity, P.;
Naphade, R.; Shao, B.; Wang, J.; Lintangpradipto, M. N.;
Nematulloev, S.; et al. Lecithin Capping Ligands Enable Ultrastable
Perovskite-Phase CsPbI3 Quantum Dots for Rec. 2020 Bright-Red
Light-Emitting Diodes. J. Am. Chem. Soc. 2022, 144, 13302−13310.
(14) Kim, T.; Jung, S. I.; Ham, S.; Chung, H.; Kim, D. Elucidation of
Photoluminescence Blinking Mechanism and Multiexciton Dynamics
in Hybrid Organic−Inorganic Perovskite Quantum Dots. Small 2019,
15, 1900355.

(15) Han, X.; Zhang, G.; Li, B.; Yang, C.; Guo, W.; Bai, X.; Huang,
P.; Chen, R.; Qin, C.; Hu, J.; et al. Blinking Mechanisms and Intrinsic
Quantum-Confined Stark Effect in Single Methylammonium Lead
Bromide Perovskite Quantum Dots. Small 2020, 16, 2005435.
(16) Ahmed, T.; Seth, S.; Samanta, A. Mechanistic Investigation of
the Defect Activity Contributing to the Photoluminescence Blinking
of CsPbBr3 Perovskite Nanocrystals. ACS Nano 2019, 13, 13537−
13544.
(17) Yarita, N.; Tahara, H.; Saruyama, M.; Kawawaki, T.; Sato, R.;
Teranishi, T.; Kanemitsu, Y. Impact of Postsynthetic Surface
Modification on Photoluminescence Intermittency in Formamidinium
Lead Bromide Perovskite Nanocrystals. J. Phys. Chem. Lett. 2017, 8,
6041−6047.
(18) Seth, S.; Ahmed, T.; Samanta, A. Photoluminescence Flickering
and Blinking of Single CsPbBr3 Perovskite Nanocrystals: Revealing
Explicit Carrier Recombination Dynamics. J. Phys. Chem. Lett. 2018,
9, 7007−7014.
(19) Paul, S.; Samanta, A. Phase-Stable and Highly Luminescent
CsPbI3 Perovskite Nanocrystals with Suppressed Photoluminescence
Blinking. J. Phys. Chem. Lett. 2022, 13, 5742−5750.
(20) Bose, R.; Zhou, X.; Guo, T.; Yang, H.; Yin, J.; Mishra, A.;
Slinker, J. D.; Bakr, O. M.; Mohammed, O. F.; Malko, A. V. Single-
Particle Spectroscopy as a Versatile Tool to Explore Lower-
Dimensional Structures of Inorganic Perovskites. ACS Energy Lett.
2021, 6, 3695−3708.
(21) Yuan, G.; Gomez, D. E.; Kirkwood, N.; Boldt, K.; Mulvaney, P.
Two Mechanisms Determine Quantum Dot Blinking. ACS Nano
2018, 12, 3397−3405.
(22) Cordones, A. A.; Leone, S. R. Mechanisms for Charge Trapping
in Single semiconductor Nanocrystals Probed by Fluorescence
Blinking. Chem. Soc. Rev. 2013, 42, 3209−3221.
(23) Efros, A. L.; Nesbitt, D. J. Origin and Control of Blinking in
Quantum Dots. Nat. Nanotechnol. 2016, 11, 661−671.
(24) Galland, C.; Ghosh, Y.; Steinbruck, A.; Sykora, M.;
Hollingsworth, J. A.; Klimov, V. I.; Htoon, H. Two Types of
Luminescence Blinking Revealed by Spectroelectrochemistry of Single
Quantum Dots. Nature 2011, 479, 203−207.
(25) Nirmal, M.; Dabbousi, B. O.; Bawendi, M. G.; Macklin, J. J.;
Trautman, J. K.; Harris, T. D.; Brus, L. E. Fluorescence Intermittency
in Single Cadmium Selenide Nanocrystals. Nature 1996, 383, 802−
804.
(26) Kanemitsu, Y. Trion Dynamics in Lead Halide Perovskite
Nanocrystals. J. Chem. Phys. 2019, 151, 170902.
(27) Frantsuzov, P. A.; Volkan-Kacso, S.; Janko, B. Model of
Fluorescence Intermittency of Single Colloidal Semiconductor
Quantum Dots Using Multiple Recombination Centers. Phys. Rev.
Lett. 2009, 103, 207402.
(28) Trinh, C. T.; Minh, D. N.; Ahn, K. J.; Kang, Y.; Lee, K.-G.
Verification of Type-A and Type B-HC Blinking Mechanisms of
Organic−Inorganic Formamidinium Lead Halide Perovskite Quan-
tum Dots by FLID Measurements. Sci. Rep. 2020, 10, 2172.
(29) Park, J.; Kim, Y.; Ham, S.; Woo, J. Y.; Kim, T.; Jeong, S.; Kim,
D. A Relationship Between the Surface Composition and Spectro-
scopic Properties of Cesium Lead Bromide (CsPbBr3) Perovskite
Nanocrystals: Focusing on Photoluminescence Efficiency. Nanoscale
2020, 12, 1563−1570.
(30) Yuan, G.; Ritchie, C.; Ritter, M.; Murphy, S.; Gomez, D. E.;
Mulvaney, P. The Degradation and Blinking of Single CsPbI3
Perovskite Quantum Dots. J. Phys. Chem. C 2018, 122, 13407−13415.
(31) Ahmed, T.; Paul, S.; Samanta, A. Photoluminescence Blinking
Revealing Static and Dynamic Heterogeneity of the Hole Transfer
Process in Phenothiazine-Adsorbed FAPbBr3 Single Nanocrystals. J.
Phys. Chem. C 2022, 126, 9109−9116.
(32) Ahmed, T.; De, A.; Paul, S.; Samanta, A. Individual Particle-
Level Picture of Charge Carrier Recombination in Bi-Doped CsPbBr3
Nanocrystals. J. Phys. Chem. C 2021, 125, 2156−2162.
(33) Mandal, S.; Ghosh, S.; Mukherjee, S.; Roy, D.; De, C. K.;
Mukhuti, K.; Mandal, P. K. Near-Ergodic CsPbBr3 Perovskite

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c01336
J. Phys. Chem. C 2023, 127, 10207−10214

10213

https://doi.org/10.1021/nl5048779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl5048779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl5048779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c07740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c07740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c07740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-020-0784-7
https://doi.org/10.1038/s41928-022-00745-7
https://doi.org/10.1021/acs.jpclett.9b00277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adom.202002128
https://doi.org/10.1002/adom.202002128
https://doi.org/10.1021/acsenergylett.9b02363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b02363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b02363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c08903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c08903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b04584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b04584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b04584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-022-30016-0
https://doi.org/10.1038/s41467-022-30016-0
https://doi.org/10.1021/acs.nanolett.2c00756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c00756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c00756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adom.202100620
https://doi.org/10.1002/adom.202100620
https://doi.org/10.1021/jacs.2c04637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c04637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c04637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.201900355
https://doi.org/10.1002/smll.201900355
https://doi.org/10.1002/smll.201900355
https://doi.org/10.1002/smll.202005435
https://doi.org/10.1002/smll.202005435
https://doi.org/10.1002/smll.202005435
https://doi.org/10.1021/acsnano.9b07471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b07471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b07471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02840?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02840?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02840?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b02979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b02979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b02979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c01463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c01463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c01463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c01604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c01604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c01604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b09052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2cs35452g
https://doi.org/10.1039/c2cs35452g
https://doi.org/10.1039/c2cs35452g
https://doi.org/10.1038/nnano.2016.140
https://doi.org/10.1038/nnano.2016.140
https://doi.org/10.1038/nature10569
https://doi.org/10.1038/nature10569
https://doi.org/10.1038/nature10569
https://doi.org/10.1038/383802a0
https://doi.org/10.1038/383802a0
https://doi.org/10.1063/1.5125628
https://doi.org/10.1063/1.5125628
https://doi.org/10.1103/physrevlett.103.207402
https://doi.org/10.1103/physrevlett.103.207402
https://doi.org/10.1103/physrevlett.103.207402
https://doi.org/10.1038/s41598-020-58926-3
https://doi.org/10.1038/s41598-020-58926-3
https://doi.org/10.1038/s41598-020-58926-3
https://doi.org/10.1039/c9nr08516e
https://doi.org/10.1039/c9nr08516e
https://doi.org/10.1039/c9nr08516e
https://doi.org/10.1021/acs.jpcc.7b11168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b11168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c02521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c02521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c02521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c10037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c10037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c10037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c02326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c01336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Nanocrystal with Minimal Statistical Aging. J. Phys. Chem. Lett. 2021,
12, 10169−10174.
(34) Mandal, S.; Mukherjee, S.; De, C. K.; Roy, D.; Ghosh, S.;
Mandal, P. K. Extent of Shallow/Deep Trap States beyond the
Conduction Band Minimum in Defect-Tolerant CsPbBr3 Perovskite
Quantum Dot: Control over the Degree of Charge Carrier
Recombination. J. Phys. Chem. Lett. 2020, 11, 1702−1707.
(35) Li, B.; Huang, H.; Zhang, G.; Yang, C.; Guo, W.; Chen, R.; Qin,
C.; Gao, Y.; Biju, V. P.; Rogach, A. L.; et al. Excitons and Biexciton
Dynamics in Single CsPbBr3 Perovskite Quantum Dots. J. Phys. Chem.
Lett. 2018, 9, 6934−6940.
(36) Gibson, N. A.; Koscher, B. A.; Alivisatos, A. P.; Leone, S. R.
Excitation Intensity Dependence of Photoluminescence Blinking in
CsPbBr3 Perovskite Nanocrystals. J. Phys. Chem. C 2018, 122, 12106−
12113.
(37) Trinh, C. T.; Minh, D. N.; Ahn, K. J.; Kang, Y.; Lee, K.-G.
Organic−Inorganic FAPbBr3 Perovskite Quantum Dots as a
Quantum Light Source: Single-Photon Emission and Blinking
Behaviors. ACS Photonics 2018, 5, 4937−4943.
(38) Hou, L.; Zhao, C.; Yuan, X.; Zhao, J.; Krieg, F.; Tamarat, P.;
Kovalenko, M. V.; Guo, C.; Lounis, B. Memories in the Photo-
luminescence Intermittency of Single Cesium Lead Bromide Nano-
crystals. Nanoscale 2020, 12, 6795−6802.
(39) Dong, Y.; Qiao, T.; Kim, D.; Parobek, D.; Rossi, D.; Son, D. H.
Precise Control of Quantum Confinement in Cesium Lead Halide
Perovskite Quantum Dots via Thermodynamic Equilibrium. Nano
Lett. 2018, 18, 3716−3722.
(40) Li, Y.; Luo, X.; Ding, T.; Lu, X.; Wu, K. Size- and Halide-
Dependent Auger Recombination in Lead Halide Perovskite Nano-
crystals. Angew. Chem., Int. Ed. 2020, 59, 14292−14295.
(41) Rossi, D.; Liu, X.; Lee, Y.; Khurana, M.; Puthenpurayil, J.; Kim,
K.; Akimov, A. V.; Cheon, J.; Son, D. H. Intense Dark Exciton
Emission from Strongly Quantum-Confined CsPbBr3 Nanocrystals.
Nano Lett. 2020, 20, 7321−7326.
(42) Cheng, O. H.-C.; Qiao, T.; Sheldon, M.; Son, D. H. Size- and
Temperature-Dependent Photoluminescence Spectra of Strongly
Confined CsPbBr3 Quantum Dots. Nanoscale 2020, 12, 13113−
13118.
(43) Dana, J.; Binyamin, T.; Etgar, L.; Ruhman, S. Unusually Strong
Biexciton Repulsion Detected in Quantum Confined CsPbBr3
Nanocrystals with Two and Three Pulse Femtosecond Spectroscopy.
ACS Nano 2021, 15, 9039−9047.
(44) Lubin, G.; Yaniv, G.; Kazes, M.; Ulku, A. C.; Antolovic, I. M.;
Burri, S.; Bruschini, C.; Charbon, E.; Yallapragada, V. J.; Oron, D.
Resolving the Controversy in Biexciton Binding Energy of Cesium
Lead Halide Perovskite Nanocrystals through Heralded Single-
Particle Spectroscopy. ACS Nano 2021, 15, 19581−19587.
(45) Cho, K.; Yamada, T.; Tahara, H.; Tadano, T.; Suzuura, H.;
Saruyama, M.; Sato, R.; Teranishi, T.; Kanemitsu, Y. Luminescence
Fine Structures in Single Lead Halide Perovskite Nanocrystals: Size
Dependence of the Exciton−Phonon Coupling. Nano Lett. 2021, 21,
7206−7212.
(46) Cho, K.; Tahara, H.; Yamada, T.; Suzuura, H.; Tadano, T.;
Sato, R.; Saruyama, M.; Hirori, H.; Teranishi, T.; Kanemitsu, Y.
Exciton−Phonon and Trion−Phonon Couplings Revealed by Photo-
luminescence Spectroscopy of Single CsPbBr3 Perovskite Nanocryst-
als. Nano Lett. 2022, 22, 7674−7681.
(47) Naghadeh, S. B.; Luo, B.; Pu, Y.-C.; Schwartz, Z.;
Hollingsworth, W. R.; Lindley, S. A.; Brewer, A. S.; Ayzner, A. L.;
Zhang, J. Z. Size Dependence of Charge Carrier Dynamics in
Organometal Halide Perovskite Nanocrystals: Deciphering Radiative
Versus Nonradiative Components. J. Phys. Chem. C 2019, 123, 4610−
4619.
(48) Vishnu, E. K.; Kumar Nair, A. A.; Thomas, K. G. Core-Size-
Dependent Trapping and Detrapping Dynamics in CdSe/CdS/ZnS
Quantum Dots. J. Phys. Chem. C 2021, 125, 25706−25716.
(49) Puthenpurayil, J.; Cheng, O. H.-C.; Qiao, T.; Rossi, D.; Son, D.
H. On the Determination of Absorption Cross Section of Colloidal

Lead Halide Perovskite Quantum Dots. J. Chem. Phys. 2019, 151,
154706.
(50) Qin, H.; Niu, Y.; Meng, R.; Lin, X.; Lai, R.; Fang, W.; Peng, X.
Single-Dot Spectroscopy of Zinc-Blende CdSe/CdS Core/Shell
Nanocrystals: Nonblinking and Correlation with Ensemble Measure-
ments. J. Am. Chem. Soc. 2014, 136, 179−187.
(51) Peterson, J. J.; Nesbitt, D. J. Modified Power Law Behavior in
Quantum Dot Blinking: A Novel Role for Biexcitons and Auger
Ionization. Nano Lett. 2009, 9, 338−345.
(52) Tang, J.; Marcus, R. A. Diffusion-Controlled Electron Transfer
Processes and Power-Law Statistics of Fluorescence Intermittency of
Nanoparticles. Phys. Rev. Lett. 2005, 95, 107401.
(53) Tang, J.; Marcus, R. A. Mechanisms of Fluorescence Blinking in
Semiconductor Nanocrystal Quantum Dots. J. Chem. Phys. 2005, 123,
054704.
(54) Roy, D.; Mandal, S.; De, C. K.; Kumar, K.; Mandal, P. K.
Nearly Suppressed Photoluminescence Blinking of Small-Sized, Blue−
Green−Orange−Red Emitting Single CdSe-Based Core/Gradient
Alloy Shell/Shell Quantum Dots: Correlation between Truncation
Time and Photoluminescence Quantum Yield. Phys. Chem. Chem.
Phys. 2018, 20, 10332−10344.
(55) Bixby, T. J.; Cordones, A. A.; Leone, S. R. CdSe/ZnS quantum
dot intermittency in N,N′-diphenyl-N,N′-bis(3-methylphenyl)-(1,1′-
biphenyl)-4,4′-diamine (TPD). Chem. Phys. Lett. 2012, 521, 7−11.
(56) Xu, Z.; Cotlet, M. Photoluminenscence Blinking Dynamics of
Colloidal Quantum Dots in the Presence of Controlled External
Electron Traps. Small 2012, 8, 253−258.
(57) Luo, X.; Lai, R.; Li, Y.; Han, Y.; Liang, G.; Liu, X.; Ding, T.;
Wang, J.; Wu, K. Triplet Energy Transfer from CsPbBr3 Nanocrystals
Enabled by Quantum Confinement. J. Am. Chem. Soc. 2019, 141,
4186−4190.
(58) Nenon, D. P.; Pressler, K.; Kang, J.; Koscher, B. A.; Olshansky,
J. H.; Osowiecki, W. T.; Koc, M. A.; Wang, L.-W.; Alivisatos, A. P.
Design Principles for Trap-Free CsPbX3 Nanocrystals: Enumerating
and Eliminating Surface Halide Vacancies with Softer Lewis Bases. J.
Am. Chem. Soc. 2018, 140, 17760−17772.
(59) Das, A.; Mishra, K.; Ghosh, S. Revealing Explicit Microsecond
Carrier Diffusion from One Emission Center to Another in an All-
Inorganic Perovskite Nanocrystal. J. Phys. Chem. Lett. 2021, 12,
5413−5422.
(60) Kapusta, P.; Wahl, M.; Benda, A.; Hof, M.; Enderlein, J.
Fluorescence Lifetime Correlation Spectroscopy. J. Fluoresc. 2006, 17,
43−48.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c01336
J. Phys. Chem. C 2023, 127, 10207−10214

10214

https://doi.org/10.1021/acs.jpclett.1c02326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b03098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b03098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b03206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b03206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b01130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b01130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b01130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0nr00633e
https://doi.org/10.1039/d0nr00633e
https://doi.org/10.1039/d0nr00633e
https://doi.org/10.1021/acs.nanolett.8b00861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b00861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202004668
https://doi.org/10.1002/anie.202004668
https://doi.org/10.1002/anie.202004668
https://doi.org/10.1021/acs.nanolett.0c02714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c02714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0nr02711a
https://doi.org/10.1039/d0nr02711a
https://doi.org/10.1039/d0nr02711a
https://doi.org/10.1021/acsnano.1c02123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c02123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c02123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c06624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c06624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c06624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c02122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c02122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c02122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c02970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c02970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c02970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b00711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b00711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b00711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c08137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c08137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c08137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5126039
https://doi.org/10.1063/1.5126039
https://doi.org/10.1021/ja4078528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4078528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4078528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl803108p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl803108p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl803108p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/physrevlett.95.107401
https://doi.org/10.1103/physrevlett.95.107401
https://doi.org/10.1103/physrevlett.95.107401
https://doi.org/10.1063/1.1993567
https://doi.org/10.1063/1.1993567
https://doi.org/10.1039/c8cp00952j
https://doi.org/10.1039/c8cp00952j
https://doi.org/10.1039/c8cp00952j
https://doi.org/10.1039/c8cp00952j
https://doi.org/10.1016/j.cplett.2011.11.051
https://doi.org/10.1016/j.cplett.2011.11.051
https://doi.org/10.1016/j.cplett.2011.11.051
https://doi.org/10.1002/smll.201101643
https://doi.org/10.1002/smll.201101643
https://doi.org/10.1002/smll.201101643
https://doi.org/10.1021/jacs.8b13180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b13180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b11035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b11035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c01154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c01154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c01154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10895-006-0145-1
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c01336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Deciphering
Photoluminescence and Charge

Carrier Recombination
Dynamics of the Lead Halide

Perovskite Nanocrystals at the
Single-Particle and Ensemble

Level
by Sumanta Paul

Submission date: 16-Jun-2023 05:13PM (UTC+0530)
Submission ID: 2117260773
File name: Sumanta_Paul.pdf (1.2M)
Word count: 24959
Character count: 127021










