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Chapter-wise Organization of the Thesis 

This thesis is organized into six chapters. Chapter 1 provides a brief introduction on 

semiconductor materials and the effect of quantum confinement on their band structures. The 

discussion is then focused on a promising class of semiconductors, namely the perovskites, and 

their various characteristics such as crystal structure and defects, formability criteria, surface and 

optical properties and stability. In chapter 2, details of preparation and characterization of various 

perovskite NCs using different techniques (such as TEM, EDX, FT-IR, XPS, and PXRD) are 

discussed. Various instruments and methods were used in this study and basic principles of the 

UV-Vis absorption, emission and time-correlated single photon counting (TCSPC) measurements 

have been discussed. An outline of the setup used for femtosecond transient absorption is provided. 

The working chapters start with chapter 3, in which the effect of post-synthetic treatment of the 

CsPbX3 (X = Cl, Br, I) perovskite NCs, which emit in the blue-, green-, and yellow region, with 

sodium thiosulfate on their photoluminescence (PL) characteristics is reported. Chapter 4 

explores the influence of room temperature post-synthetic treatment of the blue-, and green-

emitting perovskites NCs with thioacetamide on their PL efficiency and stability. In chapter 5, we 

have investigated whether and to what extent bidentate capping ligand can improve the 

photoluminescence and stability of the CsPbX3 NCs. Chapter 6 presents a summary of the 

findings of this thesis work and highlights future scope and challenges. 
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Overview 

In this chapter, a brief introduction on semiconductor materials, highlighting the effect of quantum 

confinement on their band structures is provided. Then discussion is focused on a particular type 

of semiconductors NCs, perovskite NCs with general formula, APbX3 (A = Cs+, MA+, FA+, and 

X = Cl-, Br-, I-), which are the main theme of this study. Characteristics properties such as crystal 

structure, their formability criteria, surface and optical properties, stability, electronic structure of 

defect-intolerant and defect-tolerant, and types of defects are discussed. 
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1.1. Motivation 

Current world has been observing lots of challenges, and continuously growing energy demand is 

one such big problem which will be even more serious in the coming days. Rapid downturn of 

conventional energy sources is a big problem in this regard. Therefore, unconventional 

(renewable) energy sources, which are easily available, are of great significance in current energy 

demand. Solar energy is the most abundant renewable energy source that can be used with full 

potential worldwide. The lead-halide perovskite solar cells, which came much late (in 2009), 

attracted worldwide attention owing to their easy and inexpensive fabrication with fascinating 

efficiencies (>25%).1 Not only in photovoltaics, but also these lead halide based perovskites have 

shown potential application in LEDs, lasers and other optoelectronic devices. However, these 

materials are also not free from limitations hindering their utility in photovoltaics and 

optoelectronic that will be discussed thoroughly in this thesis. The primary focus of this thesis is 

probing the optical properties of the perovskite nanocrystals employing a number of spectroscopic 

and microscopic tools and designing new strategies for better utilization of these materials in 

optoelectronic and photovoltaic applications. 

1.2. Semiconductor: Bulk to NCs 

The electrical conductivity of a semiconductor material is in between a metal and an insulator.2 

The conductivity of semiconductors depend on their bandgap energies and band structures. The 

transition of an electron from the valence band (VB) to the conduction band (CB) requires a 

particular amount of photon energy equal to or greater than the band gap. By providing ionizing 

radiation, electron can be excited from VB to CB leaving behind a hole at VB. When these electron 

and hole recombine radiatively through Coulombic interaction then materials emit photon. In case 

of semiconductor materials ionization is achieved through photo excitation. These charged 

electron and hole can act as free-charge carrier and they may be mobilized in presence of an 

external electric field. The conductivity of semiconductor materials depends on the mass of the 

photogenerated charge carriers, and their rest masses are replaced with their effective masses as 

latter determines mobility of the carriers inside the crystals.3 The minimum energy needed to  
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generate electron-hole pair is given below. 3,4                                

                                                            E = Eg + Ee, kin + Eh, kin 

Where Eg is the bandgap of the material, Eh, kin and Ee, kin represent the kinetic energy of the 

photogenerated hole and electron, respectively. 

Due to the coulombic interaction, the photogenerated electron and hole form an electrically neutral 

quasi-particle, called ‘exciton’, whose energy is expressed as 3,4  

                                                      Eexciton = Eg −
𝑅𝑦

𝑛2 + 
ℏ2𝑘2

2(𝑚𝑒
∗+ 𝑚ℎ

∗ ) 
 

Where n is an integer number, Ry is exciton Rydberg energy, ℏ denotes the reduced Planck’s 

constant and me* and mh* indicate the effective masses of electron and hole, respectively, and k is 

the exciton wave vector. 

Another important parameter to consider in this context is exciton Bohr radius (a0). Exciton Bohr 

radius is the most probable distance between electron and hole in an exciton. Exciton Bohr radius 

is a function of the dielectric constant of the material (𝜀) and effective masses of electrons and 

holes and it is expressed as 4 

                                                               a0 = 
ℏ2𝜀

𝑒2 (
1

𝑚𝑒
∗ +

1

𝑚ℎ
∗ ) 

The nanocrystalline forms of the semiconductor materials are quite attractive due to their unique 

properties compared to its bulk form. These unique properties originate from the ‘quantum 

confined’ nature of the excitons.5 Although the meaning of confinement means the confinement 

of excitonic wavefunction. However, a system is quantum confined or not is determined by 

considering the exciton Bohr radius and the size of the NCs.6 The change in NCs diameter leads 

to a change in optoelectronic properties. The dimensionality and size of the materials have direct 

influence on their band structures. For example, if the size of nanocrystals increases, then bandgap 

energy decreases. Figure 1.1a provides a schematic description of a three-dimensional (3D bulk), 

two-dimensional (2D, confined in one direction), one-dimensional (1D, confined in one direction),  
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and zero-dimensional (0D, confined in three directions) nanostructures.7 The bandgap of the 

system increases with increase of confinement. The general expression, which describes the 

bandgap energy of such a quantum-confined system, is shown below.5,6 

                             Eg (QD) = Eg (bulk) + 
ℏ2𝜋2

2𝑚𝑒
∗𝑅2

 +  
ℏ2𝜋2

2𝑚ℎ
∗ 𝑅2

 −
1.786𝑒2

𝜀𝑅
 – 0.248𝐸𝑅𝑦

∗  

                                                where, 𝐸𝑅𝑦
∗  = 13605.8 

1

𝜀
(

𝑚0

𝑚𝑒
∗ +

𝑚0

𝑚ℎ
∗ )

−1

 

Where, Eg (bulk) and Eg (QD) represent the bandgap of the bulk and confined system, respectively. 

The second and third terms arise due to the electron and hole confinement energy, respectively. 

The fourth term describes the Coulombic attraction energy between the electron and hole. The 

final term corresponds to exciton Rydberg energy, which arises due to spatial correction between 

electron and hole. The final term is generally considered negligible and becomes essential for very 

low dielectric constant materials. All these equations are based considering the spherical effective 

mass approximation of both electron and hole and the spherically symmetric confining potentials 

for spherical quantum dots.5,6 Besides spherically symmetric confining potentials, attractive 

Coulomb interaction is also present in these systems. Therefore, there can be two limiting 

possibilities depending on the ratio between the radius of the quantum dot (R) and the effective 

Bohr radius (a0) of the bulk exciton. For R/a0 greater than 1, the exciton is considered a bound 

quasi-particle with very low confinement energy, and such systems are called weakly confined.6 

However, for R/a0 less than 1, the confinement increases and the electron-hole are considered 

individual particles with very little spatial correction between them, and such systems are 

designated to be strongly quantum confined.6 It has been observed that the boundary of the strong-

confinement regime is valid for up to about R = 2a0.
6 

An example of quantum confinement effect is shown in figure 1.1b, highlighting the tunability of 

bandgap of CdSe NCs with size. As NCs size decreases quantum confinement of the system 

increases which results blue shift in PL peak position.8  
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Figure 1.1. (a) Effect of quantum confinement on the bandgap and density of states of 3D, 2D, 1D 

and 0D systems. Adapted from ref. 7. (b) Size dependent tunable bandgap and PL intensity of 

CdSe QDs of different diameters. Adapted from ref. 8.   

1.3. Perovskites 

1.3.1. Background   

Perovskite is a naturally occurring mineral of calcium titanate (CaTiO3), discovered by German 

mineralogist Gustav Rose in 1839, and it was named after the Russian mineralogist Lev Perovski. 

Later, materials having a similar crystal structure to CaTiO3 with general formula ABX3 are 

referred to as perovskite materials. In the last few years, cesium lead halide perovskite nanocrystals 

(NCs) have been considered as promising materials in optoelectronic and photovoltaic applications 

due to their excellent optical and electronic properties.9 Metal halide perovskites such as CsPbX3, 

Cs4PbX6, CsPb2X5 etc. (X = halides) were reported first in 1893.10 Since these perovskites are 

ionic crystals, studies of their photoconductivity were one of the significant focuses.11,12 After that, 

in 2009, following the landmark work by Miyasaka and co-workers,  application of the lead halide 

perovskites as solar energy harvesters gained significant interest.13 So far, a power conversion 

efficiency (PCE) of  greater than 25%1 is reported for perovskite system. The synthesis of  CsPbX3 

NCs was first reported by Kovalenko and co-workers in 2015 and they achieved high 

photoluminescence quantum yield (PLQY) ~50-90% for these NCs.9 The high PL of these  
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perovskite NCs make them potential candidates in application of display devices and light emitting 

diodes (LEDs).14 Ease of synthesis of these colloidal NCs generated considerable interest among 

the material scientists and till date a huge number of papers published on various aspects of 

synthesis.15 Perovskite NCs exhibit excellent optical properties, such as large absorption 

coefficient, long carrier mobility, bandgap tunability, and high defect tolerance, which make them 

potential candidate for several optoelectronic applications.14–17              

1.3.2. Crystal Structure 

In ABX3, A cation size is bigger than the B cation, and X is the halide anion. In general, the B 

cation is octahedrally coordinated in the BX6
4- unit, and at the void of the cubic unit, the A cation 

sits (Figure 1.2a).18 Our focus is on APbX3 types of perovskites NCs (with A = Cs+, MA+ 

(CH3NH3
+), FA+ (CH (NH2)

 + etc., B = Pb2+ etc., and X = Cl-, Br-, I-) and we have discussed all 

these systems in this thesis work. The crystal structure of the NCs depends on the size of the 

constituting ions; for example, if we vary the size of the X anions, the crystal structure also 

changes, and some distortion is introduced in the structure. 19 

 

Figure 1.2. (a) Schematic representation of the cubic structure of the perovskite NCs. Adapted 

from ref. 18. (b) Formability of 3D lead and tin halide perovskites as a function of the radii of A-

site cation and halide anion. The dashed and solid lines show the bounds of the octahedral and 

tolerance factors, respectively. Adapted from ref. 16.  
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The A cation also plays a crucial role in perovskite formability. A larger long chain organic cation 

can interfere in the 3D network of the perovskite structure and leads to the formation of layered 

perovskites.20 The Goldschmidt tolerance factor (t) and octahedral factor (µ) define the formability 

of the 3D perovskite structure which are expressed as  

                                                        t = 
𝑟𝐴+ 𝑟𝑋

√2(𝑟𝐵+𝑟𝑋)
;      µ = 

𝑟𝐵

𝑟𝐴𝑋
 

Where rA, rB and rX denote the ionic radii of the A, B cations and X anion, respectively. For the 

favourable perovskite structure, the values of the tolerance factor and octahedral factor should be 

in the range of 0.81≤ t ≤ 1.0 and 0.44≤ µ ≤ 0.9, respectively.16 The formability of halide perovskite 

can be predicted using the chart (Figure 1.2b).16 The shaded region corresponds to the favoured 

perovskite structure. 

1.3.3. Surface Properties of Perovskite Nanocrystals 

In nano-dimension, the optical properties of the perovskite NCs are very sensitive to the surface. 

The NCs are generally passivated by long chain alkyl ligands, which play important role in 

maintaining their crystal integrity.15,21 These materials are susceptible to the surface defects due to 

the high surface-to-volume ratio indicating more numbers of atoms present on the NCs surface. In 

case of perovskite NCs long-chain ligands such as oleylamine (OLA) and oleic acid (OA) play 

important role in stabilizing the NCs and formation of homogeneous colloidal dispersion thus 

aggregation is avoided. These ligands also passivate the surface traps, which arise from the 

dangling orbitals in the NCs.21 Theoretical and experimental studies show insight into their binding 

nature.22 The OLA+ cation substitutes the Cs+ cation and stabilizes the NCs because of the 

interaction of -NH3
+ group with Br- through H-bonding at the NCs surface.22 However, binding of 

these ligands is highly dynamic in nature and this is detrimental to the NCs stability (Figure 

1.4a).21,23,24 The facile protonation and deprotonation of these ligands lead to dynamic equilibrium, 

which facilitates the desorption of surface-bound capping ligands, thus creating under-coordinated 

lead ion on the surface and forming inter-bandgap trap states.24,25 Since, the exciton binding energy 

of these NCs is low and the exciton readily form free carriers at room temperature (RT), which 
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Figure 1.4. (a) Schematic representation showing the lead halide perovskite NCs lose their 

colloidal stability and structural integrity due to desorption of weakly bound surface ligands. 

Adapted from ref. 23. (b) Models showing the surface stoichiometry of CsPbX3 NCs. Adapted 

from ref. 28.  

undergo rapid nonradiative recombination through inter-bandgap surface trap states and decrease 

the photoluminescence quantum yield (PLQY).9,24 The PL properties are also very sensitive to the 

external factors. When exposing them to moisture, water and heat, the materials’ PLQY and 

stability decrease. Recent studies suggest that some alternative capping ligands have much better 

binding interaction with these NCs surface and improve the optoelectronic properties of the NCs. 

In this regard, researchers have found that the zwitterionic capping ligands are very useful.26,27  
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The binding of surface capping ligand depends on the stoichiometry of the NCs.28 There can be 

two possibilities of the surface termination, [CsX] or [PbX2]. However, the former is 

thermodynamically more favourable than later. As ligands bind to the surface of the CsPbX3 NCs 

realistically  [PbX2] termination can be represented as [CsPbX3] (PbX2) (AX'), where AX' is the 

capping ligand and ‘A’ is the monovalent alkylammonium and/or Cs+ cation, whereas X' is 

monovalent halide and/or oleate anion (Figure 1.4b).28  

1.3.4. Optical Properties of CsPbX3 Perovskite Nanocrystals 

Optical absorption and emission spectra of colloidal CsPbX3 NCs can be tuned over the entire 

visible spectral region by adjusting their composition (ratio of halides in mixed halide NCs) and 

particle size (quantum-size effects) (Figure 1.5).9 The exchange of halides can also be possible 

post-synthetically at room temperature. The PLQY of these NCs ranges from 1-100%. Among 

them, red-emitting CsPbI3 was reported having near-unity absolute quantum yield, green-emitting  

 

 

 

 

 

 

 

 

 

Figure 1.5. (a) Colloidal solution of CsPbX3 NCs in toluene under 365 nm UV lamp (b) PL spectra 

of size- and halides composition-tunable bandgap of perovskite NCs. Adapted from ref. 9. 
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CsPbBr3 typically showed PLQY in the range 60–80%, and for the high-energy blue emitting 

CsPbCl3 NCs, the PLQY is mostly remained in the low range (1-10%).15  The variation in the 

number/density of trap is responsible for such large variation in the PLQY. However, several In-

situ and post-synthetic strategies are available for improving the PLQY of blue-, green- and red-

emitting perovskites upto near unity.27,29,30   

1.3.5. Trap States in Perovskites Nanocrystals 

In lead-halide perovskite (CsPbX3), the valence band (VB) is formed by the Pb-6s and X-np 

orbitals and the conduction band (CB) is formed by the Pb-6p orbitals, giving an s-like and p-like 

symmetry, respectively.31 Perovskite materials contain anti-bonding and non-boding orbitals in the 

VB and CB (Figure 1.6a).32 This particular property of band structure makes them defect-tolerant. 

However, perovskite NCs are not completely free from surface defects.23 Even though oleic acid 

and oleylamine are widely used as capping ligands for protecting and passivating the surface of 

the NCs, the environment of the capping ligands around the surface of the NCs is highly dynamic 

in nature.21,24 Due to weak binding of these ligands the surface of the NCs frequently gets uncapped  

Figure 1.6. Schematics comparison of the electronic structures for defect-intolerant conventional 

semiconductor and defect-tolerant perovskites. Adapted from ref. 32. (b) Types of defects in 

perovskite NCs with increasing their formation energy and depths in the bandgap. Adapted from 

ref. 23.  



 

 
12 

INTRODUCTION                                                                                                                      CHAPTER 1 

 

and introduces defect states.24,25,33 Low defect formation energy of these materials also facilitates 

formation of defects in their crystal structure. Specifically, halide vacancies play a significant role 

in forming trap states, and thus have detrimental effect on PL properties.23 While the trap states 

formed by these defects are energetically shallow for the green/red-emitting CsPbBr3/CsPbI3 NCs, 

but deep in nature for the blue-emitting CsPb(Cl/Br)3 NCs. The latter exhibits poor optical 

properties with PLQY in a range of ∼1−15%.34 The trap states also can be formed when the ion 

occupies an interstitial or anti-site position of perovskites (Figure 1.6b).23 

As perovskite NCs are ionic crystals, the dynamic lattice disorder also creates defects. The size of 

each constituent of the perovskite NCs plays an important role on stability of these NCs. For 

example, the CsPbI3 NCs always face structure instability because  big-size iodide ions form tilted 

PbI6
4- octahedral unit,19 which is responsible for phase change from red-emitting perovskite phase 

to non-emitting non-perovskite. Such kinds of distortion also leads to formation of the shallow 

trap states within the bandgap. The organic perovskites NCs (MAPbBr3 and FAPbBr3) show high 

PLQY, but the FA-based system is more stable than MA because of low formation energy.  

1.3.6. Motivation of the Thesis Work 

In nano-dimension, the PL properties of the CsPbX3 (Cl, Br, I) perovskites are very sensitive to 

the nature of the surface due to high surface-to-volume ratio. In fact, sub-unity PLQY and 

instability of the colloidal solutions of these NCs demonstrate the surface defects in these systems. 

Maintaining the fragile organic-inorganic interfaces of the NCs continues to remain as a difficult 

exercise. Although oleic acid (OA) and oleylamine (OLA) are commonly used as capping ligands 

for protecting and passivating the surface of the NCs, but these are highly dynamic in nature. Facile 

protonation and deprotonation of these ligands lead to a dynamic equilibrium, which assists 

desorption of surface-bound capping ligand shell during isolation and purification of the colloidal 

NCs (creating uncoordinated Pb2+ on the NCs surface), resulting in a loss of colloidal stability and 

decrease in PLQY. This eventually also contributes to the loss of structural integrity of the NCs 

often resulting in bulk polycrystalline materials. Excess lead from lead-rich (or halide-deficient) 

surface creates deep or shallow inter-bandgap energy levels, which trap the charge carriers and  
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decrease the PLQY of the NCs. The inefficient surface passivation leads to the formation defect 

states, which facilitate nonradiative relaxation of the photoexcited NCs. Hence, a judicious choice 

of the capping ligands is one of the most effective approaches for surface passivation of the NCs. 

Towards this goal, herein, we explore how sulfur-containing small inorganic molecules (sodium 

thiosulfate and thioacetamide) influences the stability and PL efficiency of the blue-emitting 

CsPb(Cl/Br)3, green-emitting CsPbBr3, and yellow-emitting CsPbBr1.5I1.5 perovskite NCs. Having 

found that these post-synthetic treatments are not quite effective for violet-emitting CsPbCl3 and 

red-emitting CsPbI3 NCs, we have introduced a bidentate ligand, ethylenediammonium dihalide 

(EDAX2) for preparation of phase-pure, monodispersed, stable and highly luminescent CsPbCl3 

and CsPbI3 NCs. The results indeed show that this ligand is very effective for the preparation of 

high quality CsPbBr3, CsPb(Br/Cl)3 and CsPb(Br/I)3 NCs. 
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Overview    

In this chapter, details of synthesis of different materials, their characterization, instrumental 

techniques used for various studies are presented. Sources of chemicals used post-synthetic 

methodologies and purification of the perovskite NCs used for our studies are detailed. The 

instrumental details and basic principles of time-correlated single photon counting technique, 

spectrofluorimeter and UV-Vis spectrophotometer are discussed. The basic principles of 

femtosecond transient absorption measurements are outlined. Finally, we provided details of 

various instruments (XPS, EDX, PXRD, TEM, FT-IR etc.) used for characterization of these 

materials and PLQY measurements.  
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2.1. Materials  

Cesium carbonate (Cs2CO3, 99.99%), 1-octadecene (ODE, 90%), oleic acid (OA, 90%), 

oleylamine (OLA, technical grade 70%), tri-octyl phosphine (TOP, 97%), PbCl2 (99.99%), 

PbBr2 (99.99%), PbI2 (99%), and methyl acetate (MeOAc, anhydrous, 99.5%), sodium 

thiosulfate pentahydrate (Na2S2O3.5H2O, >99%), thioacetamide (TAA, ACS reagent, >99%), 

ethylenediammonium dichloride (EDACl2, ≥99%), ethane-1,2-diammonium bromide 

(EDABr2, ≥98%) and ethylenediammonium diiodide (EDAI2, 99%) were purchased from 

Sigma-Aldrich. Toluene and hexane were purchased from Finar Chemicals. Toluene was 

distilled following standard procedure, and the remaining chemicals were used without further 

purification. 

2.2. Methods of Synthesis  

2.2.1. Synthesis of CsPbX3 (X = Cl, Br and I) Perovskites NCs 

The synthesis of the NCs consisted of two steps: the first step was preparation of cesium-oleate 

(Cs-oleate) and the second one was the synthesis of the NC. 

Step 1. Preparation of Cs-oleate: The stock solution of Cs-oleate was prepared by following 

a reported method with minor modifications.1 0.102 g of Cs2CO3, 0.5 mL of OA and 5 mL of 

ODE were loaded into a 50 mL double-necked round bottle (RB) flask. This solution was dried 

for 1 h at 120°C under vacuum and then heated to 140 °C until completely dissolved Cs2CO3. 

The Cs-oleate solution was pre-heated at 120°C before every use to avoid precipitation at RT.  

 Step 2. Preparation of CsPbX3 NCs: All CsPbX3 NCs were prepared by following 

conventional hot-injection method.1 In another 50 mL RB, PbX2 (0.188 mmol) such as PbCl2 

(0.052 g, for CsPbCl3 NCs), PbBr2 (0.069 g for CsPbBr3 NCs), PbI2 (0.087 g for CsPbI3 NCs) 

(or their mixtures used for mixed halides synthesis), 5 mL of ODE, 0.5 mL of OLA and 0.5 

mL OA were mixed and heated under vacuum at 120°C for 1 h. After complete solubilization 

of PbX2 salts, the temperature of the solution subsequently increased to 160°C under N2 

conditions. Once the reaction attained the 160°C temperature, pre-heated 0.5 mL Cs-oleate 

solution was quickly injected; 5s later, the reaction mixture was cooled by the ice-water bath 

(Figure 2.1). For CsPbCl3 NCs, 1 mL of TOP was injected at 150°C for complete solubilization  
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of the PbCl2 salt, then injected Cs-oleate at 170°C and cooled after 1 min. Then, the synthesized 

NCs were separated from the crude reaction mixture through centrifugation at 7600 rpm for 8 

min. The supernatant containing solvent (ODE), unreacted salts, and excess ligands was 

discarded. The precipitate was dispersed in 2-3 mL of a non-polar solvent such as toluene or 

hexane for further studies. 

 

 

 

 

 

 

 

 

 

Figure 2.1. Schematic showing the hot-injection method of synthesis of colloidal CsPbX3 

perovskite NCs. 

 

2.3. Post-synthetic Treatment of CsPbX3 (X = Cl, Br and I) NCs 

2.3.1. Post-synthetic Treatment with Sodium Thiosulfate: The post-synthetic treatment of the 

blue-, green-, and yellow-emitting CsPbX3 NCs with sodium thiosulfate (Na2S2O3·5H2O) was 

performed under ambient conditions at RT.2 Took ∼2 mL of colloidal dispersion (∼nM 

concentration) in toluene of the NCs in a 25 mL RB flask and magnetically stirred with sodium 

thiosulfate for 1 h, which was found to be the optimum time for completion of the treatment. 

As sodium thiosulfate has very limited solubility in nonpolar toluene, it was separated easily 

from the NCs dispersion through centrifugation at 3000 rpm for 3 min. The supernatant 

containing the NCs in toluene is called treated NCs and was used for future experiments.  
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2.3.2. Post-synthetic Treatment with Thioacetamide: The post-synthetic treatment of the blue- 

and green-emitting CsPbX3 NCs with thioacetamide (TAA)  was carried out at RT under 

ambient conditions.3 For this purpose, ~1 mL diluted solution of the NCs (of μM concentration) 

in toluene was taken and stirred with solid TAA for 1 h, which was found to be the optimum 

time for the treatment of the NCs after which no change in the optical properties was noted. 

Due to the limited solubility of TAA in toluene, it was removed easily from the solution through 

centrifugation at 7600 rpm for 10 min. For purification purposes, the supernatant containing 

NCs was then mixed with methyl acetate (1:1 volume ratio) and then again centrifuged at 7000 

rpm for 5 min to confirm the elimination of excess unreacted salt. The supernatant was 

discarded, and the precipitate of the treated NCs was dispersed in toluene for further studies.  

2.4. Optical Measurements and Instrumentation 

2.4.1. UV-Vis Spectrophotometer  

Steady-state UV-Vis absorption spectra were measured using Cary100 (Varian) 

spectrophotometer, which comprises; tungsten and deuterium lamps for measurements in the 

visible (380-700 nm) and UV-light (180-370 nm) regions, respectively. A photomultiplier tube 

(PMT) served as a detector. Before actual measurements on sample, baseline correction was 

done to remove any contribution from the cuvette or solvent so that it cannot affect the 

absorption spectra of sample. 

2.4.2. Spectrofluorometer 

Steady-state emission spectra were measured using a spectrofluorometer (FluoroLog-3, Horiba 

Jobin Yvon). In this setup, a high-pressure xenon arc lamp was used as the excitation source 

which covered a wide illumination range (250 nm to infrared). The sample fluorescence was 

recorded at the right-angled position with respect to the incident light. 

2.4.3. Photoluminescence Quantum Yield (PLQY) Measurement 

The PLQY of the perovskite NCs was calculated by using the following equation with 

appropriate dye molecule as reference. 

 

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

2  
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Where, OD and n represent the optical density at the excitation wavelength and refractive index 

of the solvent, respectively. I represents the integrated area under the PL spectrum. S and R 

denote the sample (i.e., NCs) and reference compound (i.e., dye), respectively.  

For the violet- and blue-emitting CsPbCl3 and CsPb(Cl/Br)3 NCs, 9,10-diphenylanthracene dye 

in toluene/hexane solution (QY = 0.93) was used.4 For green-emitting CsPbBr3 NCs, coumarin 

153 dye in ethanol solution (QY = 0.546) was used. For yellow- and red-emitting CsPbBr1.5I1.5 

and CsPbI3 NCs, rhodamine 6G dye in an aqueous medium (QY = 0.95) was used.5,6 

2.4.4. Time-correlated Single Photon Counting (TCSPC) 

TCSPC fluorescence technique (5000, Horiba Jobin Yvon IBH) was used to measure the PL 

decay profile of a photoexcited sample.7 The sample was excited with a short laser pulse (𝛿-

pulse), and then recorded the fluorescence response as a function of time. The basic principle 

of a TCSPC technique is like a stop-watch; the START signal begins either by the photons 

from the excitation pulse, called forward mode or by the photons coming from the sample's 

fluorescence, called reverse mode. Our measurements were carried out in reverse mode. In this 

mode, when electrical pulse associated with the optical signal passes through the constant  

 

 

Figure 2.2. Schematic explanation of working principle of a TCSPC set-up (in reverse mode).  
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fraction discriminator (CFD2) to the time-to-amplitude convertor (TAC) (Figure 2.2) and 

photons associated with the fluorescence signal passes through a monochromator and reaches 

CFD1. The START pulse starts the charging of the capacitor in the TAC, and it continues 

charging until the STOP pulse comes. The excitation pulse passes through CFD2 and after a 

certain delay, reaches the TAC, then the capacitor discharges, worked as STOP pulse. The 

output of TAC is analogous to the time delay between the STOP and START pulses. The final 

output is amplified through a programmable gain amplifier (PGA) and converted to a digital 

signal by analog-to-digital convertor (ADC). The height analysis of this output is performed 

by MCA. Similarly, repeating this process generates a histogram of PL intensity changes over 

time. 

Here, we used the PicoBrite laser diodes as excitation sources (375, 405 and 481 nm) with a 

1MHz repetition rate. The pulse width of the laser output was measured by recording the pulse 

response of a dilute aqueous solution of Ludox scatter. The FWHM varied between 60-100 ps 

depending on the laser diode used. A micro-channel plate (MCP) photomultiplier (Hamamatsu 

R3809U-50) was used as a detector. The data were fitted to a non-linear least-squares iterative 

method using IBH DAS6 (Version 2.2) software. For a typical nth order multiexponential 

decay, the δ-pulse response is given as                                    

                

                                                   I (t) = ∑ 𝛼𝑖
𝑛
𝑡=1  exp (−𝑡/ 𝜏𝑖)      

 

Where 𝜏𝑖 and 𝛼𝑖 represent the lifetime and amplitude of the ith component, respectively. 

2.4.5. Femtosecond Transient Absorption (fs-TA) Spectroscopy 

Principle 

TA spectroscopy is a pump-probe spectroscopy, which is one of the useful techniques for 

ultrafast time-resolved studies.8,9 In this technique, the sample is photo-excited with a pump 

laser pulse to generate the transient species, which is monitored by a broad-band white probe 

pulse, that comes after a certain delay time (Figure 2.3).10 By varying the pump-probe delay 

we can measure the transient spectra and temporal evolution of the transient species.10 
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Figure 2.3. Basic working principle of TA measurement technique.  

 

When pump is in play then the probe records the absorbance of the photo-excited species and 

to record the absorbance of unexcited species, pump beam is blocked by an external chopper. 

The transmitted intensity of the probe beam is used to calculate the differential absorbance 

(∆A) i.e., absorbance during pump-on minus pump-off of the sample. Mathematically, ∆A is 

expressed as 10  

 

                                  ∆𝐴 (λ,t) = Apump-on − Apump-off = Aex(λ,t) – Ags(λ)   

 

                                   ∆𝐴(λ,t) = log
𝐼0,𝑒𝑥(𝜆)  

𝐼𝑒𝑥(𝜆,𝑡) 
− log

𝐼0,𝑔𝑠(𝜆)  

𝐼𝑔𝑠(𝜆) 
 = log

𝐼𝑔𝑠(𝜆)  

𝐼𝑒𝑥(𝜆,𝑡) 
 

 

Where, Ags and Aex are the absorbance of the ground state and excited state species, 

respectively. I0 and I are the intensity of the incident and transmitted light, respectively. 

 

TA spectrum can consist of several features as shown in Figure 2.4. But the general 

characteristic signals are associated with ground state bleach, excited state absorption and 

stimulated emission.10 Which are explain as, 

(i) Ground state bleach (GSB): when the system has ground state absorption then GSB signal 

appears as a negative signal in TA spectra region. Here, the pump pulse boosts a fraction of the  

 

 



 

 

MATERIALS, METHODS AND INSTRUMENTATION                                                     CHAPTER 2 

26 

 

population of the sample to an excited state and the probe pulse experiences a lower population 

in the ground state. Hence, more light is transmitted for the excited sample compared to the 

unexcited one explaining a negative ∆A value in the spectral region of the ground-state 

absorption (Figure 2.4). 

(ii) Excited state absorption (ESA): When a system is populated in excited state, the broad-

band probe pulse can promote some of them to higher allowed states. In such case, the 

transmitted intensity associated with that wavelength of the probe pulse will be decreased for 

the excited species as compared to the unexcited species. Hence, absorbance is increased 

therefore, ∆A appears as a positive signal (Figure 2.4). Although the generation of new 

transient species by photoexcitation and if it has any characteristic absorption feature then ∆A 

will also appear as a positive signal in the TA measurement.10  

(iii) Stimulated emission (SE): Through photoexcitation by a pump-pulse, when the probe 

pulse passes through the excited state species, it can depopulate some of the excited species to  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. A Sketch of the various processes measured by the pump-probe technique. In right 

side, the ∆A vs wavelength plot shows the different signal features.                 
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the ground state and emit photons. The detector then detects more transmitted light compared 

to the unexcited molecule. Hence, ∆A appears as a negative signal (Figure 2.4). In such cases 

where the Stokes shift is very small, spectral difference between GSB signal and SE emission 

can be difficult to determine and the overall feature appears as a broad negative signal. 

TA Measurement 

The setup consisted of a mode-locked Ti:sapphire seed laser (Mai Tai, Spectra Physics) 

operating at 80 MHz repetition rate with an output centering at 800 nm, which was directed to 

a Ti:sapphire regenerative amplifier (Spitfire Ace, Spectra Physics). A high power Q-switched 

laser (Empower, Spectra Physics) was used for pumping the amplifier. The amplified output 

of 800 nm (4.2 W) operating at 1 KHz repetition rate was divided into two parts: The major 

part of the beam (3 W) was directed toward the optical parametric amplifier (Topas-Prime, 

Spectra Physics) to generate the excitation wavelength used here. The remaining part of the 

amplified beam was passed through an optical delay line of ~4 ns followed by a rotating CaF2  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Different components and optical layout of the spectrometer of the pump-probe 

setup used in our study. Adapted from ref. 9. 
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crystal to generate white light (350-850 nm) continuum (Figure 2.5).9 The white light was 

passed through a beam splitter to generate a signal and reference beam and was directed to the 

detector (photodiode array) through a fiber coupling unit to record the pump induced changes 

at different delay times of the probe beam. All measurements were performed under very low 

excitation densities (4−5 μJ/cm2) to avoid any nonlinear interaction. All spectra presented here 

were chirp-corrected, and the instrumental resolution was ∼120 fs.   

2.5. Other Instrumental Measurements 

Powder X-ray diffraction (PXRD): PXRD patterns of the thin-films of the sample were 

measured by a Bruker D8 Advance Diffractometer (Bruker-AXS, Karlsruhe, Germany) using 

Cu-Kα X-radiation (λ = 1.5406 Å) at 40 kV and 30 mA power. The samples were prepared by 

drop-casting colloidal dispersion of NCs onto thin glass plate. 

Transmission electron microscopy (TEM): The TEM images of the NCs were measured 

using JEM-F200 transmission electron microscope (JEOL) at an accelerating voltage of 200 

kV. The samples for TEM measurements were prepared by drop-casting a dilute solution of 

NCs on a carbon-coated Cu-grid and all samples were kept in high vacuum for 24 h before 

measurement. 

Fourier transformed infrared spectroscopy (FTIR): FTIR measurements were performed 

using a Bruker Tensor II spectrometer. A drop-casted colloidal solution of NCs was used for 

the measurement. 

Field-emission scanning electron microscopy (FESEM): FESEM images were recorded 

using a Carl Zeiss Ultra 55 microscope. Energy dispersive X-ray (EDX) spectra and elemental 

mapping measurements were recorded using Oxford Instruments X-MaxN SDD (50 mm2) 

system and INCA analysis software. Samples for the FESEM measurement were prepared by 

drop-casting of colloidal solutions on thin glass plate, followed by drying under vacuum for 12 

h before measurement. 

X-ray photoelectron spectroscopy (XPS): XPS measurements were performed using Thermo 

Scientific K-Alpha+ spectrometer. Micro-focused monochromatic X-ray source was generated 

at 70 W with a spot size of 400 μm. The energy resolution of the spectrometer was set at 0.5 

eV at a pass energy of 50 eV. The base pressure of the chamber was maintained at 5×10-10 Torr 

during the analysis. Low energy electrons from the flood gun were used for charge  
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compensation. The XPS samples were also prepared by drop-casting an optimum concentration 

of the NCs solution onto a thin glass plate. 
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Overview 

Cesium lead halide perovskite nanocrystals (NCs) are the most promising materials for 

photovoltaic and optoelectronic applications in recent years. However, lack of long-term stability 

and consequent deterioration of optical properties with time have been major challenges for 

commercialization of the perovskite-based devices. In this context, we report that even room-

temperature treatment of blue-emitting CsPbCl1.5Br1.5 and CsPbClBr2 NCs, green-emitting 

CsPbBr3 NCs, and yellow-emitting CsPbBr1.5I1.5 NCs with sodium thiosulfate (Na2S2O3·5H2O) 

can not only lead to huge enhancement of the photoluminescence quantum yield (PLQY, to 

∼100% for the blue/green-emitting NCs and ∼90% for the yellow-emitting NCs) but also add 

superior stability to these NCs under different environmental stresses. While the time-resolved PL 

and ultrafast transient absorption studies show suppression of the nonradiative recombination 

channels, other measurements reveal that the improved optical characteristics and stability of these 

substances are by the formation of Pb−S bonds between undercoordinated surface Pb and 

thiosulfate. The outstanding PLQY and much improved long-term stability of the treated NCs 

make them attractive components for perovskite-based optoelectronic applications. 
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3.1. Introduction 

In recent years, cesium lead halide (CsPbX3, X = Cl, Br, and I) perovskite NCs have been receiving 

great attention because of their potential in photovoltaic and optoelectronic applications such as 

solar cells,1,2 photodetectors,3 lasers,4,5 and light-emitting diodes (LEDs)6 due to their excellent 

optical properties such as defect-tolerant nature,7 large absorption coefficient,8 tunable 

photoluminescence (PL) throughout the entire visible region,8−10 high PLQY,11−14 and narrow 

emission bandwidth (full width at half-maximum, FWHM).8 However, in their nanodimension, 

the PL properties are very sensitive to the surface of the NCs and the observed PLQY values are 

often far from satisfactory.14−17 Stabilizing the fragile organic-inorganic interfaces of the CsPbX3 

NCs continues to remain as a challenging exercise even today. Even though oleic acid (OA) and 

oleylamine (OLA) are widely used as capping ligands for protecting and passivating the surface 

of the NCs,8 the environment of the capping ligands around the surface of the NCs is highly 

dynamic in nature.18 Facile protonation and deprotonation of OLA and OA lead to a dynamic 

equilibrium, which facilitates desorption of surface-bound capping ligands, thus exposing the 

surface of the NCs (and creating uncoordinated lead ions on the surface), forming inter-bandgap 

trap (defect) states.18−20 Due to low exciton binding energy in these systems, free carriers are 

readily formed at room temperature (RT), which undergo rapid nonradiative recombination 

through the inter-bandgap surface trap states, thereby decreasing the PLQY.8,18 This inefficient 

surface passivation also contributes to the deterioration of the colloidal stability of the NCs under 

ambient conditions.18,21 While the trap states are energetically shallow for the green/red-emitting 

CsPbBr3/CsPbI3 NCs, but deep in nature for the blue-emitting CsPb(Cl/Br)3 NCs, the latter exhibits 

poor optical properties with PLQY in a range of ∼1−15%.22 This impedes the utility of the blue-

emitting NCs in optoelectronic applications as compared to the other perovskites.23  

 

Several in situ and post-synthetic strategies for suppression of the halide vacancy-related surface 

defects,24−29 removal of the lead nanoparticles from the surface,11,30−33 curing octahedral distortion 

by doping the B-site with smaller metal ions,34−43 and capping the surface by ligands that bind 

stronger than the native ligands, OA and OLA,4,12,44−48 have been reported to obtain stable and  
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highly luminescent all-inorganic perovskite NCs. A judicious choice of the capping ligands is one 

of the most effective approaches for surface passivation of the NCs. Thiol-based systems are 

known to improve the optoelectronic and photovoltaic performance of lead-based metal 

chalcogenide quantum dots (QDs) because of the strong soft-soft interaction between Pb2+ (soft 

acid) and S2− (soft base) at the surface.49 Pan et al. first applied this strategy to the perovskites and 

showed that post-synthetic treatment of CsPbBr3 NCs with didodecyldimethylammonium sulfide 

increases their air-stability and enhances the PLQY from 49 to 70% through the formation of a 

sulfide-enriched protective surface layer.4 Zheng and co-workers then fabricated a solar cell by 

using thiol-modified CH3NH3PbI3 as an energy harvester with improved stability and 

performance.50 Relying on the strong affinity of sulfur with undercoordinated lead, the long-chain 

organic thiols have often been used for increasing the PLQY and stability of green-emitting 

CsPbBr3 NCs by suppressing the surface trap states.44,51 Very recently, Bakr and co-workers 

succeeded in enhancing the PLQY of blue-emitting CsPb(BrxCl1−x)3 NCs close to near-unity by 

using long-chain organic thiocyanate.45 The effect of small sulfur-containing inorganic salts on the 

optical properties of perovskite NCs has remained unexplored till date.  

 

Herein, we explore how sulfur-containing small inorganic salt influences the stability and PL 

efficiency of the blue-emitting CsPb(Cl/Br)3, green-emitting CsPbBr3, and yellow-emitting 

CsPbBr1.5I1.5 perovskite NCs. We demonstrate that RT treatment of these systems with sodium 

thiosulfate results in an extraordinary improvement of PLQY to near-unity (∼100%) for 

blue/green-emitting NCs and ∼90% for the yellow-emitting NCs, thus covering a wide region of 

the visible spectrum. Effective elimination of the halide vacancy-related inter-bandgap defect 

states through the formation of strong Pb−S bonds at the surface is shown to be the key factor 

contributing toward the exceptional optical properties and improved stability of the NCs. 

3.2. Results and Discussion 

3.2.1. Synthesis and Characterization of the NCs 

The colloidal CsPbBr3 and mixed-halide NCs were synthesized following a known procedure with  
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some minor modifications (details in the Chapter 2).8 The colloidal dispersion of purified NCs in 

dry toluene was used for further investigations. The post-synthetic treatment was carried out at RT 

under ambient conditions, the details of which are provided in the chapter 2. 

The transmission electron microscope (TEM) images of the as-synthesized CsPbBr3 NCs show 

cubic morphology with an average edge length of ∼9.4 ± 0.9 nm (Figure 3.1a). Interestingly, the 

treated CsPbBr3 NCs, though they retain the cubic morphology, exhibit a slightly longer edge 

length of ∼11.0 ± 0.7 nm (Figure 3.1b). A small increase in particle size after post-synthetic 

treatment is not uncommon. This can happen due to self-repair or ripening of the NCs during 

ligand exchange and during the passivation of undercoordinated Pb2+ by thiosulfate ions at the 

surface (discussed later).45,50,51 A similar trend is observed for the mixed-halide NCs as well upon 

thiosulfate treatment (Figure A1.1). Both pristine and treated CsPbBr3 NCs possess an identical 

interplanar spacing (d) of 0.59 nm corresponding to the (100) planes of the cubic NCs (insets of 

Figure 3.1a, b), indicating that the thiosulfate treatment does not affect the crystal structure of the 

NCs. The unchanged powder X-ray diffraction (PXRD) patterns (Figure 3.1c) also indicate that 

the pristine and treated CsPbBr3 NCs possess a cubic phase and no additional peak for the treated 

samples implies that the post-synthetic treatment predominately takes place at the surface of the 

NCs. A similar unchanged PXRD pattern has also been observed for the pristine and treated mixed- 

halide systems (Figure A1.2). 
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Figure 3.1. TEM images of the (a) as-synthesized CsPbBr3 and (b) treated CsPbBr3 NCs. The 

insets show high-resolution TEM images of the NCs with similar interplanar distance for (100) 

planes. (c) PXRD patterns of CsPbBr3 NCs before and after the treatment. 

 

3.2.2. Optical Properties 

The UV−Vis absorption and emission spectra of the pristine and treated NCs are similar in nature 

except that these are slightly red-shifted for the treated NCs (Figure 3.2). The small red-shifts of 

the absorption and PL spectra are due to the small increase in the size of the NCs after 

treatment.45,51 While the spectral features of the pristine and treated samples are not very different, 

the PL of the samples enhances dramatically after the treatment (Figure 3.2) without any change 

in the FWHM of the PL spectra. The PLQY values of the treated samples of green-emitting 

CsPbBr3 (λem = 512 nm) and blue-emitting CsPbCl1.5Br1.5 NCs (λem = 463 nm) are found to be 

near-unity (∼100%) from initial values of ∼35 and ∼11%, respectively, with ∼3−5 nm red- shift 

of the PL maxima (Figure 3.2a,b). The other mixed-halide systems also exhibit an excellent PL 

enhancement after treatment. For example, the PLQY values of the as-synthesized CsPbClBr2 and 

CsPbBr1.5I1.5 NCs increase from ∼48 to ∼100% in the cyan region and from ∼30 to ∼90% in the 

yellow region, respectively (Figure 3.2c, d). Thus, we have been able to successfully enhance the 

PLQY of samples emitting in the range of ∼463 to ∼581 nm, demonstrating the effectiveness 
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Figure 3.2. UV−Vis absorption and PL spectra of (a) CsPbBr3 (b) CsPbCl1.5Br1.5 (c) CsPbClBr2 

and (d) CsPbBr1.5I1.5 NCs before and after the thiosulfate treatment. Insets show the digital images 

of both the NCs before (1) and after (2) the treatment under 365 nm UV light (8 W). A much 

brighter emission from the treated samples is clearly visible from the digital images. 

 

of our post-synthetic approach over a wide range of the visible spectrum covering from the blue-

green-yellow-emitting region (Figure A1.3). 

3.2.3. Time Resolved Measurements 

In order to understand the exceptional optical properties of the treated NCs, we have studied the 

time-resolved PL behavior of the systems using a time-correlated single photon counting (TCSPC) 

fluorescence technique. A substantially improved PL lifetime is observed for all the treated NCs 

350 400 450 500 550

0.00

0.05

0.10

0.15

0.20
P

L
 I
n

te
n

s
it

y
 (

a
.u

.)
 CsPbClBr2

 Treated CsPbClBr2

Wavelength (nm)

A
b

s
o

rb
a
n

c
e (1) (2)

~48%

~100%

0

15

30

45

60

400 500 600
0.00

0.05

0.10
 CsPbBr1.5I1.5

 Treated CsPbBr1.5I1.5

Wavelength (nm)

A
b

s
o

rb
a
n

c
e

~30%

~90%

(2)(1)

0

50

100

150

P
L

 I
n

te
n

s
it

y
 (

a
.u

.)

(c)  (d)  



 

 

CAN SULFUR-CONTAINING . . .                                                                                            CHAPTER 3 

38 

  

(Figure 3.3). The PL decay profiles of the as-synthesized and treated CsPbBr3, CsPbCl1.5Br1.5, 

CsPbClBr2 and CsPbBr1.5I1.5 NCs are shown in Figure 3.3, and the analyzed decay components 

are presented in Table 3.1. As can be seen, the as-synthesized CsPbBr3 NCs exhibit a tri-

exponential decay behavior comprising a 2.97 ns component due to band-edge excitonic  

recombination,30 whose amplitude is significantly higher for the treated CsPbBr3 NCs (24% vs 

 

 

 

 

 

 

 

 

Figure 3.3. PL decay behavior of as-synthesized and treated (a) CsPbBr3 (b) CsPbCl1.5Br1.5 (c) 

CsPbClBr2 and (d) CsPbBr1.5I1.5 NCs. Diode laser sources of λex = 404 and 376 nm were used as 

the excitation source of the NCs. The decay profiles were monitored at their respective PL maxima. 
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Table 3.1. Fluorescence Decay Parameters of the As-synthesized and Treated CsPbBr3 and 

CsPbCl1.5Br1.5, CsPbClBr2 and CsPbBr1.5I1.5 NCs and Calculated Radiative (kr) and Nonradiative 

(knr) Rate Constants. 

 

aαi is the fractional contribution associated with i-th life-time component. b<τamp˃ = Στiαi/Σαi, kr = 

PLQY/<τamp> and knr = (1-PLQY)/<τamp>. 

 

80%). The longest component (14.5 ns) with a very small contribution (2%) is attributed to shallow 

trap-mediated excitonic recombination,56 whose contribution also increases significantly for the 

treated NCs. Most interestingly, the shortest component (0.78 ns), which was the major radiative 

recombination process in pristine CsPbBr3 NCs, completely vanishes after the treatment. Complete  

 

    Samples τ1(α1)a/ns τ2(α2)/ns τ3(α3)/ns PLQY 

(%) 

<τamp>b/

ns 

kr/ns-1 knr/ns-1 

CsPbBr3 2.97(0.24) 14.5(0.02) 0.78(0.74)  ~35 1.58 0.22 0.41 

Treated 

CsPbBr3 

3.43(0.8) 8.17(0.20)    ~100 4.34 0.23 0.0023 

CsPbCl1.5Br1.5 2.12(0.15) 15.8(0.03) 0.34(0.82)     ~11 1.07 0.10 0.83 

Treated 

CsPbCl1.5Br1.5 

3.94(0.46) 15.5(0.14) 0.73(0.40) ~100 4.27 0.23 0.0023 

CsPbClBr2 1.2(0.18) 9.64(0.02) 0.19(0.80) ~48 0.56 0.85 0.92 

Treated 

CsPbClBr2 

4.12(0.42) 16.8(0.21) 0.77(0.37) ~100 5.54 0.18 0.002 

CsPbBr1.5I1.5 7.27(0.32) 34.4(0.12) 1.25(0.56) ~30 7.15 0.04 0.09 

Treated 

CsPbBr1.5I1.5 

14.8(0.46) 45.3(0.38) 2.46(0.16) ~90 24.41 0.03 0.004 
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elimination of this shortest sub-nanosecond component, which arises due to the surface trap states, 

indicates that the treated CsPbBr3 NCs are largely free from surface defects.30,42 In the case of 

CsPbCl1.5Br1.5 NCs, the contribution of the band-edge radiative recombination increases from 15 

to 46% and that of the trapping component decreases by nearly 50% (Figure 3.3b). A prominent 

influence of the post-synthetic treatment on the PL decay behavior of the other mixed-halide 

systems is also observed (Figure 3.3c, d). The radiative and nonradiative rate constants (kr and knr, 

respectively), estimated from the measured PLQY and ⟨τamp⟩ values, show that the knr value 

decreases by factors of ∼178 for CsPbBr3 and ∼360 for the CsPbCl1.5Br1.5 NCs upon treatment 

(Table 3.1), indicating a significantly suppressed nonradiative recombination and high PLQY of 

the systems. The PL decay parameters of the other mixed-halide CsPbClBr2 and CsPbBr1.5I1.5 

systems are listed in Table 3.1. and show the knr value decreases by factors of ∼450 and 25 

respectively. 

 

We also investigated the spectral and temporal characteristics of the transients produced upon the 

photoexcitation of the as-synthesized and treated CsPbBr3 NCs by transient absorption (TA) 

measurements with femtosecond time resolution. As can be seen, the TA spectral features of both 

the as-synthesized and treated samples are characterized by a sharp negative excitonic bleach 

signal (ΔA = −Ve) and photoinduced absorption (ΔA = +Ve) at the higher energy side of it (Figure 

3.4a, b).42,57 A slight red-shift of the bleach signal (from ∼506 to 509 nm) on the surface treatment 

of the CsPbBr3 NCs is consistent with the shift of the excitonic peak in the steady-state absorption 

spectra mentioned above. Although the TA spectral features of both the samples are very similar, 

bleach recovery is much faster for the as-synthesized NCs (Figure 3.4a) compared to the treated 

sample (Figure 3.4b), which is clearly reflected in the bleach recovery dynamics of the samples. 

The bleach recovery dynamics (Figure 3.4c) of the as-synthesized CsPbBr3 NCs is bi-exponential 

with one ultrafast component of ∼54.5 ± 4.7 ps (23%) arising from carrier trapping and a long 

recombination component of >850 ps (77%).42 However, this dynamic is single exponential and 

much slower for the treated CsPbBr3 NCs. The presence of only long (>850 ps) recombination 

component in the treated NCs indicates effective elimination of the pre-existing nonradiative trap 
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Figure 3.4. TA spectra (λex = 350 nm) of the (a) as-synthesized and (b) treated CsPbBr3 NCs. (c) 

Comparison of the bleach recovery dynamics of the two samples. The kinetic parameters obtained 

upon bi-exponential fitting to the data are 54.5 ± 4.70 ps (0.23) and >850 ps (0.77) for the as-

synthesized CsPbBr3 NCs, while in the case of the treated sample, the recovery dynamics is single 

exponential with a time constant of >850 ps. 

 

centers in the treated CsPbBr3 NCs, and therefore, electron-hole radiative recombination is the 

major process. 

 

Let us now analyze various factors to determine what contribute(s) to the exceptional optical 

properties of the treated NCs. A similar lattice spacing and unchanged PXRD patterns of the NCs  
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before and after the treatment suggest that the crystal structure of the NCs is not affected by the 

treatment, and the thiosulfate salt merely modifies the surface of the NCs. The elemental analysis 

of a large area of field emission scanning electron microscopy (FESEM) images of the as-

synthesized and treated CsPbBr3 NCs by energy dispersive X-ray (EDX) measurements (Figure 

3.5a) shows that the Br:Pb ratio in as-synthesized CsPbBr3 NCs is (∼2.76) significantly lower than 

the expected ratio (3.0), indicating bromide deficiency (or undercoordinated Pb2+) in the sample. 

This is a common reason for the poor PLQY of the NCs as it enables rapid nonradiative 

recombination of the photogenerated charge carriers.14,22 Very interestingly, in the treated CsPbBr3 

NCs, this ratio is even lower (Br:Pb ≈ 2.69). It is important to note that due to proximity of the S 

K and Pb M multiplets, the signal at ∼2.4 keV appears as an overlapping signal of both the 

elements, and therefore, it is difficult to resolve the lines in our setup, which has a resolution 

of ∼130 eV.58,59 This is why the EDX signals of the as-synthesized (Figure A1.4) and treated 

(Figure 3.5a) CsPbBr3 NCs are quite similar in the stated region. For this reason, even though the 

elemental analysis of the treated CsPbBr3 NCs (Figure 3.5a) constantly exhibits a low (∼0.61%) 

“S” content in the EDX spectra, it should not be used as convincing evidence of the presence of 

sulfur in the sample. However, elemental mapping of the treated CsPbBr3 NCs washed with 

MeOAc, which shows a homogeneous distribution of “S” (in addition to the constituent elements 

Cs, Pb, and Br) throughout the scanned area of the sample, suggests the presence of S in the treated 

NCs (Figure A1.5). In order to obtain better insights into the chemical environment of the elements 

in the treated NCs, we have performed X-ray photoelectron spectroscopy (XPS) measurements of 

the as-synthesized and treated CsPbBr3 NCs, which show characteristic peaks of the constituent 

elements Cs, Pb, and Br at their expected regions (Figure A1.6). The appearance of an additional 

peak at ∼159 eV only for the treated CsPbBr3 NCs establishes the presence of thiosulfate at the 

surface of the treated NCs as this peak corresponds to the Pb−S bond (Figure 3.5b).51 The presence 

of the “S 2p” peak even for the washed sample suggests the bound nature of thiosulfate to the NCs 

(Figure A1.7). As sulfide forms strong Pb−S bonds owing to a strong soft-acid and soft-base 

interaction, both Pb 4f peaks (4f5/2 and 4f7/2) of the treated CsPbBr3 NCs are shifted to a higher 

binding energy by ∼0.18 eV (Figure 3.5d).60  
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Figure 3.5. (a) EDX spectra, (b) high-resolution XPS spectra S 2p (c) FTIR spectra (d) Pb 4f (e) 

Br 3d of as-synthesized and thiosulfate-treated CsPbBr3 NCs. The XPS data was calibrated with 

respect to the C 1s peak at ∼285.0 eV. 
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Interestingly, the binding energy of the Br 3d5/2 core level spectra is also blue-shifted by ∼0.7 eV 

in the treated NCs (Figure 3.5e). This indicates that the electron density around the central Pb2+ 

cation is impacted by the formation of the Pb−S bonds, leading to an adjustment in chemical 

bonding between Pb2+ and Br− in the lead bromide octahedral units of the treated NCs, which in 

turn strengthens the Pb−Br bonds, causing a shift of the Br 3d XPS peak at higher energy.60−62 

Like in EDX measurements, here also the calculated Br/Pb ratio in treated CsPbBr3 NCs is found 

to be slightly lower than that in as-synthesized CsPbBr3 NCs (Table 3.2). The sulfur content 

obtained from XPS measurements is however found to be slightly higher to that obtained from   

 

Table 3.2. Calculated ratio of the atomic % of the as-synthesized and treated CsPbBr3 NCs as 

obtained from XPS measurements. The Cs:Pb:Br atomic % ratio for the samples were obtained by 

dividing the integrated area under the corresponding XPS peaks with atomic sensitivity factor 

(ASF) values for each of the elements. The ASF values for Cs 3d, Pb 4f, Br 3d and S 2p are 7.2, 

6.7, 0.83 and 0.668 respectively. 

 

 

EDX studies. The surface ligand environment of the NCs is further assessed by FTIR 

measurements (Figure A1.8). The emergence of a new peak at ∼430 cm−1 reconfirms the formation 

of Pb−S bonds at the surface in treated CsPbBr3 NCs (Figure 3.5c).50 It is interesting to note that 

the intensity of the peaks due to the asymmetric and symmetric stretching of the carboxylate 

(COO−) ion and N−H bending at 1541, 1400, and 1572 cm−1, respectively,63 is reduced for the  

 

Samples              Area under the curve of elements/ASF             Atomic % ratio (w.r.t. Pb) 

 Cs/7.2 Pb/6.7 Br/0.83 S/0.668 Cs/Pb Pb/Pb Br/Pb S/Pb 

         

CsPbBr3 38,480.09 38,450.21 106,120.18  1 1 2.7  

         

Treated 

CsPbBr3 

13,403.20 15,537.89 41,128.65 637.05 0.86 1 2.6 0.041 
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treated CsPbBr3 NCs, indicating that the thiosulfate ion replaces some of the oleate and 

oleylammonium ligands from the surface of the CsPbBr3 NCs (Figure 3.6a, b). The partial 

replacement of the native surface ligands by sulfur-containing moieties, reported previously for 

CsPbBr3 NCs, is attributed to the strong binding affinity of sulfide toward uncoordinated lead, 

resulting in strong Pb−S bonds.44,60 A distinct peak at ∼1128 cm−1 in the FTIR spectra of treated 

CsPbBr3 NCs, which is a characteristic absorption feature of the S=O bond,64 suggests binding of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. FTIR spectra of the as-synthesized and treated CsPbBr3 NCs (a, b) the exchange of 

OA and OLA with thiosulfate and (c) S=O stretching band on the surface of the NCs. 
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thiosulfate with the surface Pb through its sulfur end (Figure 3.6c). The partial replacement of the 

native ligands with a concomitant decrease in their signals in FTIR spectra is a reflection of 

anchoring of thiosulfate at the surface of treated NCs.44,55 Sodium thiosulfate is a stable compound; 

it decomposes when heated above 150 °C or in the presence of strong acids (like HCl and 

H2SO4).
65,66 As our post-synthetic treatment was carried out at RT and in the absence of any strong 

acid, we believe that thiosulfate remains in its native form during and after the treatment. The 

possibility of the NCs catalyzing its decomposition, forming PbS, was also considered, but similar 

TEM images and PXRD patterns of the NCs before and after the treatment and the absence of any 

characteristic features of decomposition products including PbS rule out this possibility. 

 

Bromide vacancy at the surface of as-synthesized CsPbBr3 NCs results in the formation of 

undercoordinated Pb atoms with a net positive charge, which acts as potential electron-trapping 

centers.67 The photogenerated electrons are readily trapped in these sites and subsequently 

recombine non-radiatively, resulting in poor PLQY.22,67 Thiosulfate fills the surface halide 

vacancies by interacting with the undercoordinated Pb atoms through the S atom, forming strong 

Pb−S bonds at the surface of the treated NCs. The passivation of halide vacancies through the 

formation of new Pb−S bonds effectively removes the pre-existing electron traps and enhances 

band-edge excitonic recombination, resulting in near-unity PLQY of the NCs.45,68 A small 

decrease in the Br/Pb ratio, as indicated by the EDX and XPS data, is presumably a reflection of 

the exchange of few oleylammonium cations with thiosulfate and their subsequent removal from 

the surface as oleylammonium bromides of the treated CsPbBr3 NCs. In addition, as indicated by 

the FTIR data, some of the oleate ions are also replaced by thiosulfate owing to the strong affinity 

of sulfur toward Pb. This agrees with literature information on the partial exchange of native 

ligands on the formation of Pb−S bonds with organic thiols and other sulfur-containing salts.44,60 

Thus, effective passivation of undercoordinated Pb through the formation of strong Pb−S bonds 

with thiosulfate and concomitant suppression of the nonradiative recombination centers contribute 

to the exceptional optical properties of the treated NCs (Scheme 3.1). It is however important to 

note here that apart from the undercoordinated Pb sites, thiosulfate occupies very limited places  
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on the NCs surface and hence do not remove all the native surface ligands as observed earlier in 

few instances.11,30 

 

Scheme 3.1. Schematic Representation of Halide Vacancy Passivation and Partial Ligand 

Exchange at the Surface of CsPbX3 NCs after Post-synthetic Treatment with Sodium Thiosulfate. 

 

 

 

 

 

 

 

 

 

 

 

 

The lack of long-term stability of the perovskite-based devices is probably one of the major issues 

for wide-scale applications of these substances. The treated NCs are found to be much more stable 

under different external conditions (Figure 3.7 and Figures A1.9). As can be seen from Figure 

3.7a, the as-synthesized CsPbBr3 NCs hold just ∼24% of its initial PL intensity after 4 days under 

ambient conditions (with ∼4 nm red-shift of the emission maxima, Figure A1.9a); on the other 

hand, the treated NCs retain 84% of the same initial PL intensity for over a week under similar 

conditions (Figure 3.7a) without any shift of the PL maxima (Figure A1.9b), demonstrating a much 

superior air-stability. The treated samples exhibit superior photostability as well. For example, 

under continuous illumination of UV light (365 nm, 8 W) for 7 h, the treated CsPbBr3 NCs hold 

∼80% of its initial PL intensity, while the as-synthesized CsPbBr3 NCs retains only <10% of the 

PL intensity under similar conditions (Figure 3.7b, A1.9c, d). A superior air- and photostability of  
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treated CsPbCl1.5Br1.5 NCs is also observed (Figure 3.7c, d). We attribute this much improved air 

and photostability of the treated NCs to the formation of strong Pb−S bonds at the surface, which 

not only passivates the halide vacancies but also provides a robust and less fragile surface ligand 

environment than that present in as-synthesized NCs.44  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Comparison of the stability of as-synthesized and treated CsPbBr3 and CsPbCl1.5Br1.5 

NCs under (a, c) ambient conditions and (b, d) continuous UV light (365 nm, 8 W) illumination. 
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3.3. Summary 

A room-temperature post-synthetic treatment of the blue-emitting CsPb(Cl/Br)3, green-emitting 

CsPbBr3, and yellow-emitting CsPb(Br/I)3 NCs with Na2S2O3·5H2O under ambient conditions is 

shown to dramatically improve the PLQY (∼90−100%) of these systems, which cover a wide 

range of the visible spectrum. The treated samples also exhibit high stability under different 

external conditions. The results imply that the halide vacancy-related surface defects in these 

systems can be effectively passivated by small sulfur-containing systems through formation of 

strong Pb−S bonds with undercoordinated lead on the surface. The excellent photoluminescence 

properties and high stability of these NCs make them promising candidates for perovskite-based 

optoelectronic applications. 
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Overview 

While multiple protocols are currently available for obtaining green- and red-emitting lead halide 

perovskite nanocrystals (NCs) with near-unity photoluminescence quantum yield (PLQY), 

achieving this target for the blue-emitting NCs is still quite challenging. This is an impediment to 

the development of perovskite-based highly efficient white LEDs of which blue is an essential 

component. Herein, we show that room-temperature treatment of the blue-emitting CsPbCl1.5Br1.5, 

cyan-emitting CsPbClBr2 and green-emitting CsPbBr3 NCs with thioacetamide not only enhances 

the PLQY to near-unity (~ 97-99%) without affecting the PL maximum and bandwidth, but also 

improves the stability of the systems significantly. The investigation reveals that effective 

passivation of under-coordinated surface Pb2+ through formation of Pb-S and Pb-NH2 bonds and 

removal of excess lead atoms suppress the nonradiative recombination channels and enhances the 

PLQY and stability of the NCs. Outstanding PL efficiency and superior long-term stability make 

these systems potential ingredients for various lighting and display applications. 
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4.1. Introduction 

Cesium lead halide (CsPbX3 X = Cl, Br or I) perovskite NCs have attracted considerable attention 

in recent years as promising materials for optoelectronic applications as photodetectors,1 light-

emitting diodes (LEDs),2 TV displays and laser [3,4] due to their excellent optical properties, such 

as high PLQY 5–8 with narrow emission bandwidth, 9 composition- and size-dependent tunability 

of the band gap over the entire visible region of the electromagnetic spectrum.9–12  

However, the PL properties of these NCs are very sensitive to the surface due to high surface-to-

volume ratio.7,13,14 Indeed, sub-unity PLQY and instability of the colloidal solution are reflection 

of the surface defects in these systems that need to be eliminated for obtaining NCs with high 

PLQY and greater colloidal stability.7 The literature suggests that excess lead from lead-rich (or 

halide-deficient) surface creates deep or shallow inter-bandgap energy levels, which trap the 

charge carriers and decrease the PLQY of the perovskite NCs.5 An important point to note here is 

that as these trap states are shallow in nature in green- emitting CsPbBr3 NCs, these systems 

possess fairly high PLQY (typically, ~ 50-80%). In contrast, the trap states are deep in nature in 

violet-emitting CsPbCl3 and blue-emitting CsPb(Cl/ Br)3 NCs and the PLQY of these systems are 

typically <5% and <40%, respectively.15–17 It is quite challenging to produce brightly luminescent 

blue-emitting NCs with near-unity PLQY. The literature suggests that post-synthetic surface 

modification is an effective way of eliminating excess lead from the surface 5,18–20 and suppressing 

halide deficiency related defects.21–25 However, a common post-synthetic method for enhancing 

the PLQY of both green and blue-emitting NCs to near-unity is rather limited.18,26 Taking 

advantage of strong interaction between sulfur and lead sulfur-containing systems are often used 

for the suppression of defects arising from under-coordinated Pb2+ of the halide deficient 

surface.27,28 It should be noted in this context that most of the surface passivation studies on green-

emitting CsPbBr3 NCs have been carried out using long chain thiols except in two cases.26,29 Bakr 

and co-workers recently used a thiocyanate salt to enhance the PLQY of the CsPb(BrxCl1-x)3 NCs 

in a post-synthetic treatment.29 Relying on the formation of strong Pb-S bonds with under- 

coordinated lead atoms, we recently showed that PLQY of the green-emitting CsPbBr3, blue- 
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emitting CsPb(Cl/Br)3 and yellow-emitting CsPb(Br/I)3 NCs can be boosted to near-unity upon 

treatment with sodium thiosulfate.26 Zhang and co-workers showed that an aqueous solution of 

thiourea post-synthetically changes CsPbBr3 NCs to stable nanowires with enhanced PLQY of ~ 

60%.30 However, this is again limited only to the green- emitting CsPbBr3 NCs. 

In this work, we examine how a small sulfur-containing system, thioacetamide (TAA), which is 

structurally similar to thiourea, can influence the optical properties and stability of the perovskite 

NCs. The results show that room temperature (RT) post-synthetic treatment of blue-emitting 

CsPbCl1.5Br1.5, cyan-emitting CsPbClBr2 and green-emitting CsPbBr3 NCs with TAA enhances 

the PLQY from an initial value of ~ 12–25% to near-unity (~ 97–99%). The experimental data 

suggests that effective passivation of under-coordinated Pb2+ of the surface and removal of excess 

Pb by TAA impart exceptional PLQY to the NCs through suppression of nonradiative 

recombination channels. Furthermore, formation of strong Pb-S bonds provides robust ligand 

environment around the NCs that improves their colloidal stability under various external 

conditions. 

4.2. Results and Discussion  

4.2.1. Synthesis and Characterization of the NCs 

The colloidal CsPbBr3 and mixed halide CsPb(Cl/Br)3 NCs were synthesized by minor 

modification of a known method (details in chapter 2).9 The purified NCs were dispersed in toluene 

for further studies. A diluted version (μM concentration) of the above colloidal solution was used 

for the post-synthetic treatment with TAA under ambient condition. The transmission electron 

microscope (TEM) images show cubic morphology of the as-synthesized and treated CsPbBr3 NCs 

with average edge length of ~ 9.7 nm, which remains unchanged after the post-synthesis treatment 

(Figure 4.1a, b). A similar observation is made for the CsPbCl3, CsPbCl1.5Br1.5, CsPbClBr2 and 

CsPbCl2Br NCs with average edge lengths between ~ 9.5 to 11.3 nm (Figure A2.1). The high 

resolution TEM images of the as-synthesized and treated CsPbBr3 NCs show identical inter-planar 

distance (d) of ~ 0.58 nm corresponding to the (100) lattice plane (insets figure 4.1a, b).9 The  
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Figure 4.1. TEM images of the (a) as-synthesized and (b) treated CsPbBr3 NCs. The insets show 

corresponding HR-TEM images indicating same interplanar distance. (c) XRD patterns of as-

synthesized and treated CsPbBr3 NCs. 

unchanged powder X-ray diffraction (PXRD) patterns of the CsPbBr3 NCs and absence of any 

additional peak after the post-synthetic treatment indicate no change in crystal structure of the NCs 

(Figure 4.1c) implying that it is only the surface that gets modified after the TAA treatment. The 

splitting of the (100) diffraction peak is perhaps an indication of the presence of orthorhombic 

phase, whose proportion increases slightly after treatment, as evident from switching of the peak 

intensities around ~14 degrees. 31 The blue-emitting CsPbCl1.5Br1.5, cyan-emitting CsPbClBr2, and  
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violet-emitting CsPbCl2Br and CsPbCl3 NCs also preserve their cubic crystal structure after the 

treatment (Figure A2.2).   

4.2.2. Optical Properties 

Although the absorption and emission spectral features of the systems before and after the 

treatment are very similar, a substantial enhancement of the PL intensity for all the systems is 

observed following the treatment. For example, the PLQY of green-emitting CsPbBr3, blue-

emitting CsPbCl1.5Br1.5 and cyan- emitting CsPbClBr2 NCs is increased to near-unity (~ 97–99%) 

from the initial values of 25%, 12%, and 15%, respectively (Figure 4.2a, b, c). Even for the violet-

emitting CsPbCl3 and CsPbCl2Br NCs, a substantial improvement of the PLQY to ~ 23% and ~ 

62% from the initial values of < 1% and 14%, respectively is noticed (Figure 4.2d, e). Thus, our 

post-synthetic method is quite effective for a variety of systems emitting in the 400-510 nm region 

of the visible spectrum. The bright digital images of the treated NCs highlight the enhanced PL of 

the NCs (inset of Figure 4.2). A point to note here is that a small (~ 2 nm) blue- shift of the PL 

maxima is observed after the treatment only in the case of CsPbBr3 NCs, though no such shift of 

the absorption spectrum observed. This blue-shift is presumably due to the removal of shallow trap 

states of the as-synthesized CsPbBr3 NCs. The observation of near-unity PLQY of the treated 

mixed-halide NCs is quite remarkable considering that these are blue- emitting NCs and very few 

post-synthetic strategies can achieve this feat. 
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Figure 4.2. Absorption and PL spectra of as-synthesized and treated (a) CsPbBr3 (b) CsPbCl1.5Br1.5 

and (c) CsPbClBr2 (d) CsPbCl3 (e) CsPbCl2Br NCs. Insets show the photographs of as-synthesized 

(1) and treated (2) NCs under 365 nm UV light. 

 

4.2.3. Time Resolved Measurements 

In order to understand the associated photophysical processes in the NCs before and after the 

treatment, PL decay behavior of the systems is studied using a time-correlated single photon 

counting (TCSPC) fluorescence setup. The PL decay profile of the as-synthesized CsPbBr3 NCs 

changes from tri-exponential to a bi-exponential one after the treatment (Figure 4.3a). The 

contribution of the 3.02 ns component (Table 4.1), which arises from band-edge excitonic 

recombination,18 increases from 25% to 85% on treatment indicating more efficient radiative  
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recombination process in the treated system. Similarly, the long-component (16.60 ns), which 

arises from shallow trap-mediated band-edge radiative recombination 32 increases from just 2% to 

15%. Interestingly, the shortest sub- nanosecond component (0.56 ns), which was the major 

radiative recombination process in as-synthesized CsPbBr3 NCs, vanishes after the treatment. This 

component, which can be attributed to surface defect related nonradiative recombination process 

in as-synthesized CsPbBr3 NCs, is completely eliminated in the treated system.18,31 In the case of 

CsPbCl1.5Br1.5, CsPbClBr2, and CsPbCl2Br NCs (Figure 4.3b,c,d), though the PL decay profile 

remains tri-exponential even after the treatment, a much higher contribution of the band-edge  

 

 

 

 

 

0 10 20 30 40 50 60

101

102

103

104

C
o

u
n

ts

Time (ns)

 Prompt

 CsPbClBr2

 Treated CsPbClBr2

 Fit

(c)

0 20 40 60 80

101

102

103

104

C
o

u
n

ts

Time (ns)

 Prompt

 CsPbCl2Br

 Treated CsPbCl2Br

 Fit

(d)



 

 

ROOM-TEMPERATURE TREATMENT . . .                                                                            CHAPTER 4 

66 

 

 

 

 

 

 

 

 

Figure 4.3. PL decay profiles of the as-synthesized and treated (a) CsPbBr3 (b) CsPbCl1.5Br1.5 (c) 

CsPbClBr2 (d) CsPbCl2Br and (e) CsPbCl3 NCs. The decay profiles were obtained by exciting the 

spectrum at 375 and 405 nm using a diode laser and by monitoring the PL at their respective PL 

maxima. 

excitonic recombination (16% vs 50%), (16% vs 66%) and (11% vs 64%), with substantial 

decrease of the trapping component (82% vs 43%), (82% vs 25%) and (87% vs 28%) corroborates 

significant suppression of nonradiative recombination and much improved PLQY of the treated 

NCs (Table 4.1). In all cases, the shortest component is attributed to surface trap related 

nonradiative recombination, the intermediate one to direct band-edge radiative recombination and 

the long component to shallow trap related band-edge radiative recombination process.18,31–33 A 

quantitative estimate of the radiative and nonradiative rate constants (kr and knr, respectively) in 

as- synthesized and treated NCs is made from the measured PLQY and lifetime data. A decrease 

in the knr value by a factor of ~ 30-230 in treated CsPbBr3, CsPbCl1.5Br1.5 CsPbClBr2 and 

CsPbCl2Br NCs, demonstrates significant suppression of the nonradiative recombination 

processes. The much improved decay profile, associated decay parameters, and the kr, knr values 

of the violet-emitting CsPbCl3 NCs (Figure 4.3e and Table 4.1). 
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Table 4.1. PL lifetime (τi) components, average lifetime <τamp >, PLQY, radiative (kr) and 

nonradiative (knr) rate constants in as-synthesized and treated CsPbBr3, CsPbCl1.5Br1.5, CsPbClBr2, 

CsPbCl2Br and CsPbCl3 NCs. 

 

  Samples τ1(α1)#/ns τ2(α2)/ns τ3(α3)/ns PLQY   

(%) 

<τamp>§

/ns 

kr/ns-1 knr/n

s-1 

CsPbBr3 3.02(0.25) 16.6(0.02) 0.56(0.72)     ~25 1.55 0.16 0.48 

Treated 

CsPbBr3 

3.63(0.85) 9.66(0.15)      ~99 4.33 0.22 0.00

22 

CsPbCl1.5Br1.5 2.04(0.16) 15.61(0.01) 0.34(0.82)     ~12 0.83 0.14 1 

Treated 

CsPbCl1.5Br1.5 

5.55(0.50) 17.14(0.07) 1.29(0.43)     ~98 4.53 0.21 0.00

44 

CsPbClBr2 2.56(0.16) 19.63(0.01) 0.36(0.82) ~15 1.0 0.15 0.85 

Treated 

CsPbClBr2 

5.91(0.66) 15.89(0.08) 2.01(0.25) ~97 5.76 0.17 0.00

52 

CsPbCl2Br 1.53(0.11) 12.29(0.01) 0.13(0.87) ~14 0.41 0.34 2.1 

Treated 

CsPbCl2Br 

5.07(0.64) 25.79(0.07) 0.84(0.28) ~62 5.33 0.11 0.07

1 

CsPbCl3     --- --- --- ~0.7 --- --- --- 

Treated 

CsPbCl3 

1.0(0.77) 6.27(0.02) 0.09(0.20) ~23 0.91 0.25 0.84 
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#αi represents the amplitude of the i-th lifetime component. § <τamp > = Στiαi/Σαi, kr = PLQY/ <τamp 

> and knr = (1-PLQY)/ <τamp >. 

As mentioned already, TAA-treatment modifies the surface of the NCs without affecting the 

crystal structure of the system. We now attempt to determine the nature of change of the surface 

environment. Elemental analysis of the as-synthesized and treated NCs, made by scanning a large 

area of field emission scanning electron microscopy (FESEM) images (EDX measurement), shows 

a Br : Pb ratio of ~ 2.72 in CsPbBr3, indicating a bromide deficient or lead-rich surface of the as- 

synthesized NCs (Figure 4.4a). The increase of this ratio to ~ 2.96 after treatment indicates removal 

of excess lead from the surface of NCs.5,18,19 It is important to note that although the EDX spectra 

and elemental analysis of the treated CsPbBr3 NCs show a small but reproducible value of S, close 

proximity and multiplet nature of Pb M and S L lines make it difficult to comment on the presence 

of ‘S’ in treated NCs from this data.34,35 However, evenly distributed S in the elemental mapping 

of the treated CsPbBr3 NCs confirms the presence of sulfur containing species at the surface of the 

treated NCs (Figure A2.4). Further insight on the environment of the surface elements is accessed 

through XPS measurements. The XPS survey spectra of the as-synthesized and treated CsPbBr3 

NCs show very similar energy bands of Cs, Pb and Br, indicating similar elemental composition 

for both the NCs (Figure A2.5). Interestingly, a clear peak at ~ 159.11 eV corresponding to ‘S 2p’ 

is observed in the high-resolution XPS spectra of only the treated CsPbBr3 NCs (Figure 4.4b), 
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Figure 4.4. (a) EDX spectra of treated CsPbBr3 NCs. The inset shows atomic % of the constituting 

elements. High resolution XPS spectra of (b) S 2p (c) N 1s (d) Pb 4f of as-synthesized and treated 

CsPbBr3 NCs. The S 2p and N 1s peak are deconvoluted into two peaks. (e) FTIR spectra of as-

synthesized and treated NCs. The XPS data was calibrated with respect to C 1s peak at ~ 285 eV. 

 

reconfirming the presence of TAA at the surface of the NCs. The ‘S 2p’ peak can be easily 

deconvoluted into two peaks at 159.5 and 158.5 eV corresponding to 2p1/2 and 2p3/2, respectively 

(Figure 4.4b).27 The S 2p3/2 signal in treated sample suggests that TAA binds to under-coordinated  
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Pb2+ of the surface through S.28,30 Interestingly, the high-resolution ‘N 1s’ XPS spectra of the 

CsPbBr3 NCs also show a noticeable change after the treatment (Figure 4.4c, A2.6). In case of 

treated CsPbBr3 NCs, this signal can easily be deconvoluted into two signals with peaks at 400.1 

and 401.8 eV, corresponding to unprotonated amine (-NH2) and protonated amine (-NH3
+), 

respectively (Figure 4.4c).36 The low-energy peak suggests formation of Pb-NH2 bond as well in 

treated NCs through coordination of the -NH2 moiety of TAA with under-coordinated Pb2+.36,37 In 

the high resolution spectra, both the Pb 4f peaks (4f7/2 and 4f5/2) are shifted to higher binding energy 

by ~ 0.27 eV for the treated NCs (Figure 4.4d), which can be explained by the formation of strong 

Pb-S and Pb-NH2 bonds at the surface.26,28,38 The calculated Br/Pb ratio of 2.7 and 2.94 in as-

synthesized and treated CsPbBr3 NCs, respectively (Table 4.2) indicates removal of excess lead 

atoms from the surface of the NCs. This observation is in agreement with the EDX data  

Table 4.2. Atomic % ratio in as-synthesized and treated CsPbBr3 NCs obtained from XPS 

measurements. The Br/Pb atomic % ratios were obtained by dividing the integrated area under the 

corresponding XPS peaks by the atomic sensitivity factor (ASF) values for each of the elements. 

The ASF values for Pb 4f, Br 3d and S 2p are 6.7, 0.83 and 0.668, respectively. 

 

discussed above. It is important to note that in this particular case, the amount of surface lead atoms 

is probably very less (typically < 15%), and is beyond the detection limit of XPS.5 This is why no 

spectral feature for the Pb0 species could be observed at the lower energy side of 4f7/2 and 4f5/2 

peaks in the high resolution Pb 4f XPS spectra. A similar observation was made in the case of  

Samples   Area under the curve of elements/ASF     Atomic % ratio (w.r.t. Pb) 

  Pb/6.7  Br/0.83  S/0.668 Br/Pb  S/Pb   

      

CsPbBr3        346627      937415             ---        2.70           ---   

   

  

Treated CsPbBr3        312553      918950   

 

 38076       2.94          0.12           
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post-synthesis surface treatment of CsPbBr3 NCs with thiocyanate salts.5 The attachment of TAA 

through formation of Pb-S bond is also confirmed by observation of distinct Pb-S stretching band 

at ~ 435 cm-1 in the FTIR spectra of the treated CsPbBr3 NCs (Figure 4.4e).39 The adsorption of 

TAA also contributes to higher intensity of the C-H stretching and N-H bending (scissoring) bands 

of the treated NCs (Figure A2.8).40 Thus it is evident that TAA passivates the surface of the NCs 

by attaching it with the under-coordinated surface Pb2+ through both ‘S’ and ‘N’ ends of the amino 

moiety. Thiophene and pyridine having donor sites similar to that in TAA are also known to form 

coordinate or dative covalent bond with under-coordinated Pb2+ leading to effective suppression 

of surface defects.41 

Lead rich surface of the perovskite NCs is known to have deleterious effect on the optical 

properties of the NCs providing inter band-gap (shallow or deep) trap states at the surface of the 

NCs, which facilitate nonradiative recombination of the photo-generated charge carriers and 

decrease the PLQY of the systems.5,18 It is evident from the above discussion that removal of 

excess lead atoms from the lead-rich surface of the as- synthesized NCs by post-synthetic treatment 

with TAA effectively suppresses the shallow-electron trap states in treated NCs and enhances the 

PLQY of the system. Our post-synthetic treatment not only removes excess lead atom from 

surface, but also passivates the surface trap-states arising from halide vacancies, which form under-

coordinated Pb2+, a positive charge center.41 The photogenerated electrons are dragged into these 

trap sites and later recombine with holes nonradiatively. TAA can interact with these centers and 

neutralize the excess positive charge forming strong Pb-S and Pb-NH2 bonds that suppresses the 

nonradiative recombination process.29,41 Therefore, as pictorially shown in Scheme 4.1, effective 

suppression of the surface defects through elimination of excess lead atoms and passivation of 

under-coordinated Pb2+ enhances the radiative recombination greatly leading to dramatically 

improved PLQY of the NCs. 

Long chain commonly used surface capping agent like oleylammonium cation (OAm+), which is 

for protecting the surface of the perovskite NCs, acts as insulating layer that obstructs the charge 

transport process and deteriorates the device performance.42 Additionally, the binding of OAm+  
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with the surface is dynamic in nature due to its deprotonation by oleate or halides. This exposes 

the surface of the NCs to the external environment and destabilizes the particles.43,44 Post-synthetic 

 

 

 

 

 

 

 

 

 

 

Scheme 4.1. Schematic representation of the associated photophysical processes in the untreated 

and treated CsPbX3 NCs. The VB, CB, TR, DTR and TS denote valence band, conduction band, 

trapping recombination, de-trapping recombination and trap states, respectively. 

surface treatment with quaternary ammonium salt like didodecyldimethylammonium bromide 

(DDAB) though improves the optical properties and stability of the perovskite NCs,45,46 in some 

cases, it produces morphological species with reduced PLQY.47 Surface passivation by small 

ligands is an attractive approach of protecting a surface without obstructing the charge transport 

process in real applications. Relying on the strong binding affinity of sulfur towards lead, small 

sulfur-containing species are expected to be effective alternatives to the long chain insulating 

ligands (including thiols). However, Bakr and co-workers although succeeded in enhancing the 

PLQY of the CsPb(BrxCl1-x)3 NCs to near-unity using thiocyanate, the method works only for one  
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blue-emitting (λem = 468 nm) NCs.29 Li et al. found that post-synthetic treatment of the CsPbBr3 

NCs with thiourea leads to morphological transformation of these NCs into 1D nanowires.30 

Though these two reports on post-synthetic surface treatment with small sulfur-containing ligands 

are not very encouraging, our recent study involving thiosulfate shows effective passivation of the 

under-coordinated Pb2+ through formation of strong Pb-S bond and near-unity PLQY of a range 

of systems emitting in the 460-580 nm region without affecting the morphology and crystal 

structure of the NCs.26 In the present work, however, we demonstrate that RT treatment not only 

passivates the trap states related to the under-coordinated Pb2+ ions by forming strong bonds with 

TAA, but unlike other sulfur-containing systems, it also effectively removes excess lead atom from 

the surface enabling near-unity PLQY and much improved stability of the NCs emitting in a wide 

blue-green region. Table 4.3 collects the data on post-synthetic treatment of the perovskite NCs 

with small sulfur-containing ligands. 

Table 4.3. A comparison of the different post-synthetic treatment using small sulfur containing 

ligands on the optical properties and stability of the NCs. 

Systems Morpho- 

logical 

changes 

Sulfur-

containing 

ligands used for 

post-synthetic 

treatment 

PLQY 

(%) 

λem 

(nm) 

Stability Ref. 

CsPbBr3 NA Sodium and 

ammonium 

thiocyanate 

~100 509 Retains ~88% of 

initial PL after 

>85 h of UV 

illumination 

 

5 

CsPbBr3 

 

 

 

CsPbCl3 

 

CsPbCl1.5Br1.5 

 

CsPbBr1.5I1.5 

NCs to 

NWs 

aqueous solution 

of thiourea 

>60 

 

 

 

---- 

 

---- 

 

---- 

 

447 

 

 

 

 

345 

to 

552 

CsPbBr3 NWs: 
stable for >2 

months under 

ambient condition 

and ~95% of 

initial PL is 

retained after 2h in 

presence of water 

 

 

 

 

30 
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CsPb(BrxCl1−x

)3 

 

NA 

 

Thiocyanate 

 

~100 

 

~468 

 

---- 

 

29 

CsPbCl1.5Br1.5 

 

CsPbClBr2 

 

CsPbBr3 

 

CsPbBr1.5I1.5 

NA Sodium 

thiosulfate 

~100 

 

" 

 

" 

 

~90 

463 

 

493 

 

512 

 

581 

CsPbBr3 NCs:  

retains ~84% and 

~80% of initial PL 

after 8 days under 

ambient condition 

and 7h of 

continuous UV 

light illumination, 

respectively. 

 

CsPbCl1.5Br1.5 

NCs: 

 retains >80% of 

initial PL intensity 

after 10 days 

under ambient 

condition and 7h 

of continuous UV 

light illumination. 

 

 

 

 

 

 

 

 

 

 

26 

       

CsPbBr3 

 

CsPbClBr2 

 

CsPbCl1.5Br1.5 

 

CsPbCl2Br 

 

CsPbCl3 

 

 

 

 

 

NA Thioacetamide ~99 

 

~97 

 

~98 

 

~62 

 

~23 

508 

 

485 

 

453 

 

428 

 

404 

 

 

 

 

 

 

 

 

 

 

 

 

CsPbBr3 NCs: 
maintains ~76% 

and ~65% of 

initial PL intensity 

after 10 days and 

11h under ambient 

condition and UV 

light illumination, 

respectively. 

 

CsPbCl1.5Br1.5 

NCs: maintains 

~80% of initial PL 

intensity after 11 

days under 

ambient condition 

and 10h of UV 

light illumination. 

 

 

 

 

 

 

 

 

 

 

 

 

This

wor-
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CsPbCl3 NCs: 

~90% and 75% of 

initial PL intensity 

is retained after 6 

days and 7 h under 

ambient condition 

and UV light 

illumination, 

respectively. 

 

Lack of long-term stability of the perovskite NCs is a major limiting factor for their wide scale 

applications. Interestingly, we found that the treated perovskite NCs exhibit significantly improved 

stability compared to the as-synthesized NCs under various conditions (Figure 4.5). For example, 

while the as-synthesized NCs hold just ~ 8% of its initial PL after 6 days under ambient condition 

with ~ 3 nm red-shift of emission maximum, the treated CsPbBr3 NCs maintains ~ 76% of its 

initial PL intensity even after 10 days under similar condition without any shift of the PL spectrum 

(Figure 4.5a, A2.9a, b). The treated CsPbBr3 NCs also exhibit much improved photo-stability. 

Almost ~ 65% of its initial PL intensity is retained after 11 h continuous illumination of UV light 

(365 nm, 8 W), whereas the as- synthesized NCs can hold just ~ 6% of the same under similar 

condition for the 6 h (Figure 4.5b, A2.9c, d). The treated blue emitting CsPbCl1.5Br1.5 NCs are also 

found to be much more stable compared to the untreated sample. For example, the treated  
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Figure 4.5. A comparison of the PL stability of as-synthesized and treated CsPbBr3, CsPbCl1.5Br1.5 

and CsPbCl3 NCs under (a, c, e) ambient condition and (b, d, f) continuous UV light (365 nm, 8 

W) illumination. 

CsPbCl1.5Br1.5 NCs maintain ~ 80% of initial PL intensity after ~ 11 days under ambient conditions 

(Figure 4.5c), whereas untreated sample retains just ~ 5% of the initial PL intensity after 8 days of 

storage under similar condition. The treated CsPbCl1.5Br1.5 NCs are more resistant to UV light as 

well (Figure 4.5d). Similarly the treated CsPbCl3 NCs are found to be more stable retaining ~ 90% 

and ~ 75% of initial PL (as against ~ 10% and ~ 25% of the untreated sample) after 6 days and 7 

h under ambient condition and continuous irradiation of UV light, respectively (Figure 4.5e, f). It 

is thus evident that the treated NCs not only exhibit exceptional optical properties, but also show  
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much improved air- and photo-stability in colloidal dispersion. Formation of strong Pb-S bond 

with higher bond dissociation energy compared to the Pb-Br or Pb-Cl bonds 48 provides a robust 

and less fragile ligand environment at the surface of the NCs and superior colloidal air stability of 

the treated NCs. 

4.3. Summary 

In conclusion, we have shown that a facile RT post-synthetic surface modification of the blue-

emitting CsPbCl1.5Br1.5, cyan- emitting CsPbClBr2 and green-emitting CsPbBr3 NCs with TAA 

dramatically enhances their PLQY up to near-unity (~ 97–99%) with moderate improvement up 

to ~ 62% and ~ 23% even for the violet-emitting CsPbCl2Br and CsPbCl3 NCs, covering a wide 

400-510 nm region of the visible spectrum. Removal of excess lead atoms and passivation of 

under-coordinated Pb2+ effectively suppress the surface trap states, leading to enhanced radiative 

recombination, enabling dramatically improved PLQY of the NCs. Formation of strong Pb-S 

bonds at the surface contributes toward the superior stability of the treated NCs under various 

external stresses making them potentially attractive systems for optoelectronic applications. 
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Overview 

Colloidal cesium lead halide (CsPbX3, X = Cl, Br, I) perovskite NCs have recently emerged as 

potential photovoltaic and optoelectronic material. However, their processing and applications 

are hindered by loss of colloidal stability and consequent degradation of optical properties under 

storage in ambient condition. Herein we show that phase-pure, monodispersed, stable and highly 

luminescent CsPbX3 NCs can be obtained by tweaking the conventional hot-injection method 

employing ethylenediammonium dihalide (EDAX2), which serves as an additional bidentate 

ligand as well as a halide source. In particular, CsPbI3 NCs, which are known to be unstable, 

exhibit a stability of two months in ambient condition upon use of EDAI2. It is shown that 

binding of EDA2+ significantly removes the trap states originated from surface defects. The 

outstanding PLQY and much improved long-term stability of the NCs synthesized using small 

chain coordinating ligand make them attractive for optoelectronic applications. 
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5.1. Introduction 

All-inorganic cesium lead halide (CsPbX3, X = Cl, Br and I) perovskite nanocrystals (NCs) have 

recently emerged as ideal candidate for optoelectronic applications1–6 because of their excellent 

optical properties such as narrow emission,7 which can be easily tuned through the whole visible 

range via simple compositional variation.7–9 The as-synthesized red-emitting CsPbI3 and green-

emitting CsPbBr3 NCs show moderate to high PLQY (60-90%),7,10 whereas violet-emitting 

CsPbCl3 and blue-emitting CsPb(Br/Cl)3 NCs often exhibit very low PLQY (1-40%).10–12 This 

impedes the utility of these NCs in optoelectronic applications.10 These NCs also exhibit low 

colloidal stability in presence of polar solvents, in humid condition and towards photo-

irradiation. These two issues significantly limit their employment in actual devices. The nature of 

the surface of the semiconductor NCs has been a dominant factor in determining the optical 

properties and stability of the NCs. A highly pressing challenge related to the organic–inorganic 

interfaces of the CsPbX3 NCs is highly dynamic nature of binding of the surface capping ligands 

(oleylammonium halide and oleylammonium oleate)7,13 and oppositely charged atoms in the 

surface of the NCs. This leads to desorption of the protective ligand shell during isolation and 

purification of colloidal NCs (creating uncoordinated Pb2+ on the NCs surface),13–15 resulting in a 

loss of colloidal stability and decrease in PLQY. This eventually also leads to the loss of 

structural integrity of the NCs often resulting in bulk polycrystalline materials. This inefficient 

surface passivation leads to the formation defect states, which facilitate nonradiative relaxation 

of the photoexcited NCs.16,17 The trap states formed by these defects are energetically shallow 

for the green/red-emitting CsPbBr3/CsPbI3 NCs, but deep in nature for the violet-emitting 

CsPbCl3 and blue-emitting CsPb(Cl/Br)3 NCs, which explains observed low PLQY of the violet-, 

and blue-emitting perovskite NCs.10 

 

Plenty of in-situ and post-synthetic methods for suppression of the halide vacancy-related surface 

defects,18–23 removal of the lead nanoparticles from the surface18,24–27 and curing octahedral 

distortion by B-site doping with smaller metal ions11,28–31 have been reported to obtain stable and 

highly luminescent all-inorganic perovskite NCs. Recently, remarkable progress in obtaining  
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stable and highly luminescent CsPbX3 NCs has been achieved by strengthening the binding of 

the capping ligands to the NCs surface with bidentate ligands, which serve as robust passivating 

agents. Bidentate ligands having two functional groups that can bind to NCs are of special 

interest because of their stronger binding ability compared to oleic acid and oleylamine through 

chelate effect. Bakr et al. showed that highly stable CsPbI3 NCs with near unity PLQY can be 

obtained by using 2, 2′-iminodibenzoic acid (IDA) as bidentate ligand.32 Krieg et al. used long-

chain zwitterionic molecules (sulfobetaines, phosphocholines, γ amino acids, etc.) as capping 

ligands for CsPbX3 NCs, and found that these ligands remarkably increase the durability and 

stability due to chelation.33 In subsequent studies, they have shown the effectiveness of this class 

of ligand by employing soy lecithin, a phospholipid, as a capping agent that confers high stability 

for CsPbBr3 NCs because it maximizes the repulsion between the NCs and prevents aggregation 

due to its brush like structure.34  

 

An important point to note here is that except for 2, 2′-iminodibenzoic acid (IDA),32 most of the 

bidentate ligands used so far for improving the stability and PLQY of the NCs possess long 

insulating carbon chain, which hinders charge carrier transport across the interface making these 

systems not suitable for optoelectronic applications like LED.33,35 In order to overcome this 

problem, in this work, we have prepared high quality CsPbX3 NCs using short chain bidentate 

ligand, ethylenediammonium dihalide (EDAX2, X = Cl, Br and I). The CsPbX3 NCs obtained by 

using EDAX2 ligands are denoted as EDA-CsPbX3 throughout the manuscript. 

5.2. Results and Discussion  

5.2.1. Synthesis and Characterization of the NCs 

The colloidal CsPbX3 and mixed-halide NCs were prepared by tweaking the conventional 

synthesis method using bidentate EDAX2 ligands.7 The hot-injection synthesis of CsPbX3 NCs 

with ethylenediammonium dihalide (EDAX2, X = Cl, Br and I) ligands was carried out by 

following a reported procedure with minor modification,7 ODE (5 mL), PbX2 (0.188 mmol), 

EDAX2 (0.10 mmol), OA (0.5 mL) and OLA (0.5 mL) were loaded into a 50 mL double-necked  
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RB flask and heated at 120 °C under vacuum for 1 h until the complete solubilization of the 

PbX2 and EDAX2 salts. The temperature of the solution was increased to 160°C under the N2 

environment, and thereafter, 0.5 mL of pre-heated Cs-oleate solution was rapidly injected into 

the mixture solution. The reaction mixture was cooled in an ice bath after 5 sec of injection. For 

CsPbCl3 NCs, 1 mL TOP at 150°C was added for complete solubilization of PbCl2 salts. The 

crude solution was centrifuged at 7600 rpm for 10 min to separate unreacted species from the 

NCs and discarded it. Then, the precipitate was collected and dispersed in 4 mL hexane for 

further studies.  

Bright field transmission electron microscopy (TEM) images indicate cubic morphology and 

narrow size distribution of the EDA-CsPbX3 NCs with average edge-length of ~8.90, 12.00, 

~12.30, 12.70 and ~13.00 nm of the EDA-CsPbCl3, EDA-CsPb(Cl/Br)3, EDA-CsPbBr3, EDA-

CsPb(Br/I)3 and EDA-CsPbI3 NCs, respectively (Figure 5.1a-e). The CsPbX3 NCs obtained by 

conventional synthesis also exhibit similar edge length (Figure A3.1a-c). The high-resolution 

TEM images of the EDA-CsPbCl3, EDA-CsPb(Cl/Br)3, EDA-CsPbBr3, EDA-CsPb(Br/I)3 and 

EDA-CsPbI3 NCs show a similar inter-planar distance (d) of ~0.32 nm corresponding to 
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Figure 5.1. TEM images of the (a) EDA-CsPbCl3 (b) EDA-CsPb(Cl/Br)3 (c) EDA-CsPbBr3 (d)  

EDA-CsPb(Br/I)3 and (e) EDA-CsPbI3 NCs. Insets depict high-resolution TEM images showing 

lattice spacing corresponding to the (200) planes. PXRD patterns of (f) CsPbCl3 and EDA-

CsPbCl3, (g) EDA-CsPb(Cl/Br)3 (h) CsPbBr3 and EDA-CsPbBr3 (i) EDA-CsPb(Br/I)3 (j) CsPbI3 

and EDA-CsPbI3 NCs.  

the (200) lattice planes (Figure 5.1a-e). The observation of no noticeable change of inter-planar 

distance in EDA-CsPbX3 and CsPbX3 NCs indicates that EDAX2 does not lead to any structural 

changes. This is further confirmed by comparing the PXRD patterns of the EDA-CsPbX3 NCs 

and CsPbX3 NCs (Figure 5.1f-j). We found that both CsPbX3 and EDA-CsPbX3 NCs exhibit 

exactly same PXRD patterns. 

5.2.2. Optical Properties 

The excellent optical properties of the EDA-CsPbX3 NCs is evident from their high PLQY and 

narrow FWHM of the PL emission covering the entire visible region (400-700 nm) (Figure 5.2). 

The PL maxima for EDA-CsPbCl3, EDA-CsPb(Cl/Br)3, EDA-CsPbBr3, EDA-CsPb(Br/I)3 and 

EDA-CsPbI3 appear at 403, 454, 509, 592 and 683 nm, respectively. The PLQY observed for 

EDA-CsPbCl3, EDA-CsPb(Cl/Br)3, EDA-CsPbBr3, EDA-CsPb(Br/I)3 and EDA-CsPbI3 NCs are 

~53%, 100%, 100%, 93% and 95%, respectively (Figure 5.2a-e). The high PLQY of these NCs 
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Figure 5.2. (a-e) panels show the UV-vis absorption and emission spectra of the CsPbX3 and 

EDA-CsPbX3 samples. Insets show digital images of the systems under exposure to 365 nm UV-

light. 
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Table 5.1. A comparison of PLQY and stability of different bidentate ligand based CsPbX3 NCs. 

 

Systems Bidentate ligands used for 

NCs synthesis 

PLQY 

(%) 

Stability Ref. 

CsPbI3 2,2′-iminodibenzoic acid 95 PL intensity 90% 

over 15 days 

32 

CsPbBr3 3-(N,N-

dimethyloctadecylammonio)- 

propanesulfonate 

90 70-90% for 28-50 

days 

33 

CsPbBr3 soy lecithin   34 

CsPbBr3 DTDB 92.3 76% after 17 h in 

water medium 

35 

CsPbCl3 

 

CsPbBr3 

 

CsPbI3 

 

CsPb(Cl/Br)3 

 

CsPb(Br/I)3 

EDAX2 (Cl, Br, I) 53 

 

100 

 

95 

 

100 

 

93 

CsPbCl3: 

93% after 50 days 

under ambient. 

CsPbBr3: 

94% after 50 days 

under ambient, 86% 

after 12 h continuous 

illumination UV, 

76% after 48 h water 

resistance under 

ambient. 

 

CsPbI3: 

87% after 50 days 

under ambient, 80% 

after 12 h continuous 

illumination of UV, 

70% after 48 h water 

resistance under 

ambient. 

 

 

 

 

 

 

This 

work 

 

indicates elimination of the surface traps on binding of EDA2+. However, the CsPbCl3, CsPbBr3 

and CsPbI3 NCs obtained by conventional method exhibit PLQY of <1%, 51% and 68% 
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 respectively. It can be seen from Table 5.1, the PLQY values of the CsPbX3 NCs obtained by 

this method are comparable to or better than other recently developed synthesis methods for 

these NCs. 

5.2.3. Time Resolved Measurements 

To understand the photophysical processes of the CsPbX3 NCs prepared by two different 

methods we have recorded their PL decay profiles (Figure 5.3). EDA-CsPbCl3 NCs exhibit a tri-

exponential decay profile, consisting of a very short (0.39 ns), a long (9.64 ns) and an 

intermediate (2.26 ns) component (Table 5.2). The 2.26 ns component, which has the major 

contribution, is attributed to the band-edge excitonic recombination16 whereas, the short and long 

components are assigned to PL originating from deep and shallow trap mediated recombination 

processes,36 respectively. The CsPbCl3 NCs obtained from conventional method exhibit ultrafast 

PL decay that could not be time-resolved in our TCSPC setup (Figure 5.3a). The CsPbBr3 NCs 

show a tri-exponential PL decay profile, which is dominated by the fast-trapping component 

(75%), whereas EDA-CsPbBr3 NCs exhibit bi-exponential PL decay profile with major 

contribution from the excitonic recombination (79%) (Figure 5.3b). Complete removal of the 

sub-nanosecond trapping component in the case of EDA-CsPbBr3 NCs clearly indicates that the 

EDABr2 ligand effectively removes the surface trap states.16,17 Both CsPbI3 and EDA-CsPbI3 
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Figure 5.3. PL decay profiles of (a) CsPbCl3 and EDA-CsPbCl3, (b) CsPbBr3 and EDA-CsPbBr3 

and (c) CsPbI3 and EDA-CsPbI3 NCs recorded by exciting the samples at 376, 405 and 481 nm, 

respectively. The PL decay profiles were monitored at the respective PL maxima of the samples.  

 

Table 5.2. Fluorescence decay parameters of the CsPbX3 and EDA-CsPbX3 NCs and their 

average lifetime (<τamp>), radiative (kr) and nonradiative (knr) rate constants. 

 

NCs show bi-exponential PL decay profile (Figure 5.3c). While the EDA-CsPbI3 NCs exhibit  

Samples τ1(α1)/ns τ2(α2)/ns τ3(α3)/ns PLQY 

(%) 

<τamp>/  

ns 

kr/ns-1 knr/ns-1 

CsPbCl3    ---    ---      ---   ~<1    ---  ---  --- 

EDA-CsPbCl3 2.26(0.55) 9.64(0.08) 0.39(0.36)   ~53   2.25 0.23 0.20 

CsPbBr3 4.15(0.34) 18.24(0.04) 0.75(0.61)   ~51   2.68 0.19 0.18 

EDA-CsPbBr3 5.21(0.79) 16.03(0.20)     ---   ~100   7.52 0.13 0.0013 

CsPbI3 8.72(0.40) 41.72(0.59)     ---   ~68   28.52 0.023 0.01 

EDA-CsPbI3 12.32(0.66) 49.48(0.33)     ---   ~95   37.33 0.025 0.0013 
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major contribution (66%) of the band-edge recombination (12 ns component), the CsPbI3 NCs 

obtained by conventional method exhibit of a long component (41.72 ns) as major component 

(59%) that originates from shallow trap mediated recombination. The nonradiative rate constant  

(knr), estimated from the measured PLQY and average PL lifetime, is found to decrease from 

0.18 ns-1 in CsPbBr3 NCs to 0.0013 ns-1 in EDA-CsPbBr3 NCs. The knr value for CsPbI3 NCs 

decreases by a factor of 10 upon use of EDAI2 as a capping ligand. Much improved average 

lifetimes and lower knr values for EDA-CsPbX3 NCs reconfirm that EDAX2 effectively 

eliminates the surface trap states in these NCs. 

 

The lack of stability of the perovskite NCs is an important issue for their device applications. 

Among these NCs, red-emitting CsPbI3 NCs, because of their low band gap, are most promising 

for solar photovoltaic applications. However, these NCs exhibit lowest phase stability among the 

CsPbX3 NCs. The CsPbI3 NCs prepared by this method are found to exhibit exceptional stability 

under atmospheric condition and in polar solvents. For example, the PL intensity of EDA-CsPbI3 

NCs decreases only ~ 13% (with no change in PL peak positions) after 50 days of storage in 

ambient condition (Figure 5.4a, A3.3a, b). However, for the CsPbI3 NCs, 53% of initial PL is 

lost under similar condition. The powder X-ray diffraction (PXRD) patterns of these samples 

(monitored for 35 days) show that the CsPbI3 film starts degrading to the δ-CsPbI3 phase within 

2 days, and a complete transition is observed within 3 days (Figure 5.5a). However, no 
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Figure 5.4. Air-stability of (a) CsPbI3 and EDA-CsPbI3,(b) CsPbBr3 and EDA-CsPbBr3 and (c) 

CsPbCl3 and EDA-CsPbCl3 NCs under ambient condition.  

  

 

 

 

 

 

 

Figure 5.5. Comparison of the PXRD patterns of (a) CsPbI3 and (b) EDA-CsPbI3 NCs at 

different time periods under ambient condition. Insets show digital images of films of the NCs 

under day-light (left) and UV-light (right) stored under ambient conditions.   

 

noticeable phase change of the EDA-CsPbI3 film was observed during this period. The sample  
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remains in its α-phase even after 15 days under ambient conditions (Figure 5.5b). The excellent 

photostability of the EDA-CsPbI3 NCs is evident from the fact that only a 20% reduction of PL 

intensity is observed after ∼12 h of continuous UV illumination (365 nm, 8W), whereas, for 

CsPbI3 NCs, PL decreases to 50% under similar condition with no shift in PL peak (Figure 5.6a, 

A3.4a, b). We have also checked stability of these NCs in presence of water. The EDA-CsPbI3 

NCs display significant resistance to water retaining ∼70% PLQY in the presence of water even 

after 2 days of storage under ambient condition, whereas, for CsPbI3 NCs, the PL decreases to  

 

 

 

 

 

 

Figure 5.6. (a, b) Photostability and (c, d) water stability of CsPbI3 and EDA-CsPbI3, CsPbBr3 

and EDA-CsPbBr3 NCs stored under continuous UV illumination (365 nm, 8 W) and under 

ambient conditions respectively.   
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1% under similar condition (Figure 5.6c, A3.5a, b). The stability of the green-emitting CsPbBr3 

and violet emitting CsPbCl3 NCs obtained by our method are also quite impressive (Figure 5.4b, 

c). A PLQY of 94% and 86% is maintained for EDA-CsPbBr3 after 50 days of storage under 

ambient condition (Figure 5.4b, A3.3c, d) and after 12 h of continuous illumination by UV lamp 

(Figure 5.6b, A3.4c, d), respectively. However, the CsPbBr3 NCs retain a PLQY of 80% and 

60% under similar condition, respectively. The EDA-CsPbBr3 NCs also show very good water 

resistance. This is evident from the retention of ~76% PL after 48 h storage in water under 

ambient condition, whereas, the CsPbBr3 holds ~5% under similar condition (Figure 5.6d, A3.5c, 

d). The impressive air-stability of the EDA-CsPbCl3 NCs is evident from retention of 93% of 

initial PLQY after 50 days of storage under ambient condition (Figure 5.4c, A3.3e, f). 

 

The factors responsible for exceptional characteristics of the EDA-CsPbX3 NCs are determined 

using EDA-CsPbBr3 and CsPbBr3 NCs as model systems. The energy dispersive X-ray (EDX) 

measurement shows Cs:Pb:Br:N ratio of 0.79:1:3.68:1.95 and 0.88:1:3.09:1.60 for EDA- 

CsPbBr3 and CsPbBr3 NCs, respectively (Figure 5.7a), indicating that former has a bromide rich 

surface compared to the later. The Cs:N ratio obtained from EDX studies indicate an increase in 

N content and decrease in Cs content for the EDA-CsPbBr3 NCs.35 The Cs deficient and N 

efficient surface indicates that some surface Cs+ are replaced by -NH3
+ of the EDA2+ ligand. The 

X-ray photoelectron spectroscopy (XPS) measurements provide additional insight into the 

chemical environment of the elements. The XPS survey spectra confirm the presence of all 

constituent elements of these NCs (Figure A3.6).  The Br 3d peaks  can be resolved into Br 3d5/2, 

Br 3d3/2 peaks for CsPbBr3 NCs.35 A slight blue shift of the 3d5/2 (by 0.22 eV) and 3d3/2 peaks (by 

0.07 eV) for EDA-CsPbBr3 NCs (Figure 5.7b) indicates stronger Pb-Br interaction on the surface 

of the EDA-CsPbBr3 NCs compared to CsPbBr3 NCs. Similarly, a blue shift of the Pb 4f5/2 and 

Pb 4f7/2 peaks is also observed in the case of EDA-CsPbBr3 NCs suggesting that excess Br- ions 

are strongly bonded to the uncoordinated Pb2+ surface of these NCs.17,35 The binding of the 

EDABr2 ligand on NCs’ surface is further proved by FTIR measurement. The EDA-CsPbBr3 

NCs exhibit much higher peak intensity at ~965 cm-1 arising from stretching vibration of the C-

N+ bond (Figure 5.7c) and at 1641cm-1 due to asymmetric vibration of the N-H bond of -NH3
+  
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Figure 5.7. (a) Atomic % ratio (with respect to Pb) of the constituting elements of the CsPbBr3 

and EDA-CsPbBr3 NCs calculated from the EDX measurements. High-resolution XPS spectra of 

the (b) Br 3d peak of CsPbBr3 and EDA-CsPbBr3 NCs de-convoluted into two peaks. (c, d) FTIR 

spectra of the CsPbBr3 and EDA-CsPbBr3 NCs.   

 

compared to pure CsPbBr3 NCs (Figure 5.7d).35 This reconfirms the binding of EDA2+ in 

addition to OLA+ on the surface of EDA-CsPbX3 NCs. 

 

The ionic surface of the perovskite NCs passivated by OAmH+ is highly dynamic in nature due 

to its loose association with the surface. Deprotonation of OAmH+, bound to the surface halides 

through weak H bond, by processes like OAmH+ + OA− = OAm + OAH or OAmH+ + X− =  
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OAm + HX leads to its desorption and sometimes results in concomitant removal of X− from the 

surface, and introduction of X−-vacancy-related surface defects. However, in the present case,  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Schematic representation of the surface passivation of the CsPbBr3 NCs by EDABr2. 

 

much stronger binding of the bidentate EDA2+ ligand to the halide rich surface compared to the 

traditional weak binding of OAmH+ provides greater stability to the NCs. Undercoordinated Pb2+ 

ions arising from the halide vacancies at the surface of the CsPbX3 NCs form inter-band-gap 

deep defect states, which facilitate nonradiative recombination of the photogenerated charge 

carriers, and decreases the PLQY of the NCs. In the present case, strong binding of EDA2+ with 

surface Pb2+ effectively eliminates the surface defects arising from undercoordinated Pb2+, and 

enhances the PLQY of these NCs. This point is illustrated in Figure 5.8. 
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5.3. Summary 

It is shown that high quality all-inorganic lead halide perovskite NCs emitting in the 400-700 nm 

region can be obtained employing short chain bidentate ligands, EDAX2. The high phase purity, 

narrow size distribution, high PLQY and excellent stability of these NCs obtained by a common 

method are attributed to the efficacy of this class of short chain ligands in passivating the defect 

states and providing necessary protection to the NCs. The excellent photoluminescence 

properties and high stability of these NCs make them promising candidates for perovskite-based 

optoelectronic applications. The present work not only provides a method for the direct synthesis 

of good quality CsPbX3 NCs, but also provides useful insight for the design and development of 

even better ligands for surface passivation of these NCs. 
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6.1. Overview 

The thesis mainly focuses on the photophysical properties of a class of prominent emerging 

semiconductor materials, lead halide perovskites. These received great attention in current times 

due to their potential in photovoltaic and optoelectronic device applications such as in 

photodetector, TV display, laser, solar cell and LEDs due to their excellent optical properties. 

The purpose of this study is to explore methods of preparation of good quality CsPbX3 (X = Cl, 

Br, I) perovskite NCs through post-synthetic treatment and direct synthesis and to understand 

their charge carrier recombination processes. The overall finding of this work is outlined below. 

 

The CsPbX3 perovskite NCs are not defect-free and have serious stability issues. Hence, the 

preparation of defect free lead halide perovskite NCs with high PL efficiency and stability is a 

challenging task. In this regard, we found that room-temperature post-synthetic treatment of the 

blue-emitting CsPb(Cl/Br)3, green-emitting CsPbBr3, and yellow-emitting CsPb(Br/I)3 NCs with 

Na2S2O3·5H2O under ambient condition dramatically improves the PLQY (∼90–100%) of these 

systems. The treated samples which cover a wide range of the visible spectrum also exhibit high 

stability under different external conditions. The results imply that the halide vacancy-related 

surface defects in these systems can be effectively passivated by small sulfur-containing systems 

through formation of strong Pb–S bonds with undercoordinated lead on the surface. The 

excellent photoluminescence properties and high stability of these NCs make them promising 

candidates for perovskite-based optoelectronic applications. 

 

As of now, there are several reports available for green-, and red-emitting perovskite NCs to 

achieve near-unity PLQY but for the blue-emitting NCs, which are essential for blue and white 

LED, achieving this is a challenging task. To address this issue, we performed RT post-synthetic 

treatment of the blue-, cyan-, and green-emitting perovskite NCs with thioacetamide and 

achieved near-unity (~97-99%) PLQY. We have also improved moderately the PLQY of the 

violet-emitting CsPbCl2Br and CsPbCl3 NCs to ~62% and ~23% respectively. Further, a 

comparison of the stability of as-synthesized and treated NCs shows that the treated systems  
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exhibit superior colloidal and photo stability. The investigation reveals that effective passivation 

of under-coordinated surface Pb2+ through formation of Pb-S and Pb-NH2 bonds and removal of 

excess lead atoms suppress the nonradiative recombination channels and enhances the PLQY and 

stability of the NCs. 

 

Our post-synthetic treatments are found to be not quite efficient for obtaining high quality violet-

emitting CsPbCl3 and red-emitting CsPbI3 NCs. We have identified a generic method of 

synthesis employing ethylenediammonium dihalide (EDAX2) as a bidentate ligand for the 

preparation of high quality CsPbX3 NCs. The as-synthesized NCs have uniform size distribution, 

and they show phase stability for several months in ambient conditions and PLQY of near-unity 

for the red-emitting CsPbI3 and ~53% for violet emitting CsPbCl3 NCs, respectively. The 

CsPbBr3 NCs obtained by this method also exhibit near unity PLQY. The most important factor 

that contributes to this achievement is the strong binding of EDA2+ with surface Pb2+ which 

effectively eliminates the surface defects arising from undercoordinated Pb2+. The high phase 

purity, narrow size distribution, high PLQY and excellent stability of these NCs are attributed to 

the efficacy of this class of short chain ligands in passivating the defect states and providing 

necessary protection to the NCs.  

6.2. Future Scope and Challenges            

In working chapter 3 & 4, we focused that post-synthetic treatments of the CsPbX3 (X = Cl, Br, 

I) NCs lead to the formation of the CsPbBr3 NCs, which exhibit a PLQY of near-unity. But we 

could not achieve near-unity PLQY for violet-emitting CsPbCl3 and red-emitting CsPbI3 NCs. 

The treatments remove the halide-vacancy and excess lead atoms related surface defect and 

effectively passivate the under-coordinated Pb2+ of the surface by small sulfur-containing 

ligands. However, the CsPbCl3 NCs show intrinsic defects in addition to the surface defects. The 

literature survey shows that metal doping (Cd, Ni etc.) can be a useful strategy for removing such 

intrinsic defects and enhancing the PLQY near-unity for CsPbCl3 NCs. In the case of CsPbI3 

NCs, little or negligible change in PL efficiency using our ligands indicates that the defects in  
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these NCs arise from the structural distortion. This issue was partially addressed in chapter 5 

using bidentate ligand that resulted CsPbCl3 and CsPbI3 NCs with PLQY of ~53% and ~95%, 

respectively. In this regard, more studies are needed to improve the long term phase stability of 

the CsPbI3 NCs and increase the PLQY to near-unity for the CsPbCl3 NCs. 

 



 

 

APPENDICES 

109 

 

 

 

 

 

 

 

Appendices 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

APPENDICES 

110 

 

Appendix-1 
  

 
 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A1.1. TEM images of the as-synthesized (a, c and e) and treated (b, d and f) CsPbCl1.5 

Br1.5, CsPbClBr2 and CsPbBr1.5I1.5 NCs, respectively. Scale bar for each of the images are indicated 

at bottom-left corner. 
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Figure A1.2. PXRD patterns of the as-synthesized and treated (a) CsPbCl1.5Br1.5, (b) CsPbClBr2 

and (c) CsPbBr1.5I1.5 NCs. 

 

 

 

 

 

 

 

 

 

Figure A1.3. PL spectra of the NCs with different halogen composition emitting in the range of 

~463 to 581 nm in the visible region before and after treatment with thiosulfate salt highlighting 

the effectiveness of the post-synthetic strategy over a wide range of wavelengths. 
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Figure A1.4. EDX spectra of the as-synthesized CsPbBr3 NCs. 

 

 

 

 

 

 

 

Figure A1.5. (a) FESEM image representing the scanned area with total distribution of all the 

elements. (b-e) EDX elemental mapping of Cs, Pb, Br and S in the scanned area indicating 

homogeneous distribution of individual elements in treated CsPbBr3 NCs washed with methyl 

acetate. 

 

Elements              Cs L        Pb M       Br L       S K

(Atomic %)

CsPbBr3  20.19      21.20      58.61    ---
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Figure A1.6. XPS survey spectra of the as-synthesized and treated CsPbBr3 NCs. The presence of 

S is clearly visible in the survey spectra. The spectra were calibrated with respect to C1s peak at 

~285.0 eV.  

 

 

 

 

 

 

 

 

 

Figure A1.7. High resolution XPS spectra of S 2p of the treated CsPbBr3 NCs washed with methyl 

acetate. 
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Figure A1.8. (a) FTIR spectra of the as-synthesized and treated CsPbBr3 NCs. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1.9. PL spectra of the as-synthesized and treated CsPbBr3 NCs stored under (a, b) ambient 

condition and (c, d) UV illumination (365 nm, 8W). 
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Figure A2.1. TEM images of (a, c, e, g) the as-synthesized and (b, d, f, h) treated CsPbCl1.5Br1.5, 

CsPbClBr2, CsPbCl2Br and CsPbCl3 NCs with average edge-length of ~9.5, 11, 10.2 and 9.5 nm 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.2. PXRD patterns of the as-synthesized and treated (a) CsPbCl1.5Br1.5, (b) CsPbClBr2 

(c) CsPbCl2Br and (d) CsPbCl3 NCs.  

10 20 30 40 50

In
te

n
s

it
y

2q (degree)

(b)

Treated CsPbClBr2

CsPbClBr2

10 20 30 40 50

In
te

n
s

it
y

2q (degree)

(a) Treated CsPbCl1.5Br1.5

CsPbCl1.5Br1.5

10 20 30 40 50

In
te

n
s

it
y

2q (degree)

CsPbCl3

Treated CsPbCl3

(d)

10 20 30 40 50

In
te

n
s

it
y

2q (degree)

Treated CsPbCl2Br

CsPbCl2Br

(c)



 

 

APPENDICES 

117 

 

 

 

 

 

 

 

Figure A2.3. EDX spectra of as-synthesized CsPbBr3 NCs indicating the individual peak of the 

elements. 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.4. EDX elemental mapping of treated CsPbBr3 NCs with homogeneous distribution of 

(a) All elements, (b) Cs, (c) Pb, (d) Br, and (e) S throughout the scanned area. 
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Figure A2.5. XPS survey spectra of the as-synthesized and treated CsPbBr3 NCs. The presence of 

sulfur ‘S 2p’ peak is clearly visible in the treated sample. The spectra were calibrated with respect 

to C 1s peak at ~285 eV. 

 

 

 

 

 

 

 

 

Figure A2.6. High-resolution N 1s XPS data of CsPbBr3 NCs. 
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Figure A2.7. Core level XPS spectra of (a) Cs 3d and (b) Br 3d of as-synthesized and treated 

CsPbBr3 NCs. 

 

 

 

 

 

 

 

 

 

 

Figure A2.8.  FTIR spectra of as-synthesized and treated CsPbBr3 NCs showing enhanced 

intensity of the N-H and C-H stretching and bending modes for the treated NCs.                                                                                                     

 

 

720 725 730 735 740

0.0

0.2

0.4

0.6

0.8

1.0

Cs 3d3/2Cs 3d5/2

In
te

n
s

it
y

 (
N

o
rm

a
li

z
e

d
)

Binding Energy (eV)

 CsPbBr3

 Treated CsPbBr3
Cs 3d

(a)

64 66 68 70 72

0.0

0.2

0.4

0.6

0.8

1.0

Br 3d5/2

In
te

n
s

it
y

 (
N

o
rm

a
li

z
e

d
)

Binding Energy (eV)

 CsPbBr3

 Treated CsPbBr3

Br 3d

(b)

1300 1400 1500 1600 1700

CH3 bending

T
ra

n
s
m

it
ta

n
c
e

Wavenumber (cm-1)

N-H scissoring

CH2 bending

CsPbBr3

Treated

CsPbBr3

(a)

2600 2800 3000 3200 3400 3600

T
ra

n
s
m

it
ta

n
c
e

Wavenumber (cm-1)

C-H str

N-H str

CsPbBr3

Treated

CsPbBr3

(b)



 

 

APPENDICES 

120 

 

 

 

 

 

 

 

 

Figure A2.9. PL spectra of the as-synthesized and treated CsPbBr3 NCs stored under (a, b) ambient 

condition and (c, d) continuous UV light illumination (365 nm, 8W). 
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                                                Appendix-3 
 

 

Figure A3.1.TEM image of (a) CsPbCl3, (b) CsPbBr3, (c) CsPbI3 NCs. Insets high-resolution 

images show the lattice spacing. 

 

 

 

  

 

 

 

 

 

 

Figure A3.2. PL decay profile of (a) EDA-CsPb(Cl/Br)3 NCs (b) EDA-CsPb(Br/I)3 NCs. The 

excitation wavelengths were 375 nm and 481 nm for blue- and yellow-emitting NCs, respectively. 

PL decay were monitored at their respective emission maxima. 
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Figure A3.3. Comparison the relative PL intensity of colloidal dispersion of (a) CsPbI3 (b) EDA-

CsPbI3 (c) CsPbBr3 and (d) EDA-CsPbBr3 (e) CsPbCl3 and (f) EDA-CsPbCl3 NCs stored under 

ambient condition.  
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Figure A3.4. Comparison the relative PL intensity of colloidal dispersion of (a) CsPbI3 (b) EDA-

CsPbI3 (c) CsPbBr3 and (d) EDA-CsPbBr3 NCs stored under continuous UV illumination (365 nm, 

8 W). 
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Figure A3.5. Comparison the relative PL intensity of colloidal dispersion of (a) CsPbI3 (b) EDA-

CsPbI3 (c) CsPbBr3 and (d) EDA-CsPbBr3 NCs in presence of polar solvent water stored under 

ambient condition. 

 

 

 

 

 

 

 

 

 

 

 

Figure A3.6. XPS survey spectra of the CsPbBr3 and EDA-CsPbBr3 NCs. The spectra were 

calibrated with respect to C 1s peak at ~285 eV. 
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Figure A3.7. High-resolution XPS spectra of Pb 4f of CsPbBr3 and EDA-CsPbBr3 NCs. 
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ABSTRACT: Cesium lead halide perovskite nanocrystals (NCs) are the most promising
materials for photovoltaic and optoelectronic applications in recent years. However, lack of
long-term stability and consequent deterioration of optical properties with time have been
major challenges for commercialization of the perovskite-based devices. In this context, we
report that even room-temperature treatment of blue-emitting CsPbCl1.5Br1.5 and CsPbClBr2
NCs, green-emitting CsPbBr3 NCs, and yellow-emitting CsPbBr1.5I1.5 NCs with sodium
thiosulfate (Na2S2O3·5H2O) can not only lead to huge enhancement of the photo-
luminescence quantum yield (PLQY, to ∼100% for the blue/green-emitting NCs and ∼90%
for the yellow-emitting NCs) but also add superior stability to these NCs under different
environmental stresses. While the time-resolved PL and ultrafast transient absorption studies
show suppression of the nonradiative recombination channels, other measurements reveal
that the improved optical characteristics and stability of these substances are by the formation
of Pb−S bonds between undercoordinated surface Pb and thiosulfate. The outstanding PLQY and much improved long-term
stability of the treated NCs make them attractive components for perovskite-based optoelectronic applications.

1. INTRODUCTION

In recent years, cesium lead halide (CsPbX3, X = Cl, Br, and I)
perovskite NCs have been receiving great attention because of
their potential in photovoltaic and optoelectronic applications
such as solar cells,1,2 photodetectors,3 lasers,4,5 and light-
emitting diodes (LEDs)6 due to their excellent optical
properties such as defect-tolerant nature,7 large absorption
coefficient,8 tunable photoluminescence (PL) throughout the
entire visible region,8−10 high PLQY,11−14 and narrow
emission bandwidth (full width at half-maximum, FWHM).8

However, in their nanodimension, the PL properties are very
sensitive to the surface of the NCs and the observed PLQY
values are often far from satisfactory.14−17 Stabilizing the fragile
organic−inorganic interfaces of the CsPbX3 NCs continues to
remain as a challenging exercise even today. Even though oleic
acid (OA) and oleylamine (OLA) are widely used as capping
ligands for protecting and passivating the surface of the NCs,8

the environment of the capping ligands around the surface of
the NCs is highly dynamic in nature.18 Facile protonation and
deprotonation of OLA and OA lead to a dynamic equilibrium,
which facilitates desorption of surface-bound capping ligands,
thus exposing the surface of the NCs (and creating
uncoordinated lead ions on the surface), forming inter-
bandgap trap (defect) states.18−20 Due to low exciton binding
energy in these systems, free carriers are readily formed at
room temperature (RT), which undergo rapid nonradiative

recombination through the inter-bandgap surface trap states,
thereby decreasing the PLQY.8,18 This inefficient surface
passivation also contributes to the deterioration of the colloidal
stability of the NCs under ambient conditions.18,21 While the
trap states are energetically shallow for the green/red-emitting
CsPbBr3/CsPbI3 NCs, but deep in nature for the blue-emitting
CsPb(Cl/Br)3 NCs, the latter exhibits poor optical properties
with PLQY in a range of ∼1−15%.22 This impedes the utility
of the blue-emitting NCs in optoelectronic applications as
compared to the other perovskites.23

Several in situ and post-synthetic strategies for suppression
of the halide vacancy-related surface defects,24−29 removal of
the lead nanoparticles from the surface,11,30−33 curing
octahedral distortion by doping the B-site with smaller metal
ions,34−43 and capping the surface by ligands that bind stronger
than the native ligands, OA and OLA,4,12,44−48 have been
reported to obtain stable and highly luminescent all-inorganic
perovskite NCs. A judicious choice of the capping ligands is
one of the most effective approaches for surface passivation of
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the NCs. Thiol-based systems are known to improve the
optoelectronic and photovoltaic performance of lead-based
metal chalcogenide quantum dots (QDs) because of the strong
soft−soft interaction between Pb2+ (soft acid) and S2− (soft
base) at the surface.49 Pan et al. first applied this strategy to the
perovskites and showed that post-synthetic treatment of
CsPbBr3 NCs with didodecyldimethylammonium sulfide
increases their air-stability and enhances the PLQY from 49
to 70% through the formation of a sulfide-enriched protective
surface layer.4 Zheng and co-workers then fabricated a solar
cell by using thiol-modified CH3NH3PbI3 as an energy
harvester with improved stability and performance.50 Relying
on the strong affinity of sulfur with undercoordinated lead, the
long-chain organic thiols have often been used for increasing
the PLQY and stability of green-emitting CsPbBr3 NCs by
suppressing the surface trap states.44,51 Very recently, Bakr and
co-workers succeeded in enhancing the PLQY of blue-emitting
CsPb(BrxCl1−x)3 NCs close to near-unity by using long-chain
organic thiocyanate.45 The effect of small sulfur-containing
inorganic salts on the optical properties of perovskite NCs has
remained unexplored till date.
Herein, we explore how sulfur-containing small inorganic

salt influences the stability and PL efficiency of the blue-
emitting CsPb(Cl/Br)3, green-emitting CsPbBr3, and yellow-
emitting CsPbBr1.5I1.5 perovskite NCs. We demonstrate that
RT treatment of these systems with sodium thiosulfate results
in an extraordinary improvement of PLQY to near-unity
(∼100%) for blue/green-emitting NCs and ∼90% for the
yellow-emitting NCs, thus covering a wide region of the visible
spectrum. Effective elimination of the halide vacancy-related
inter-bandgap defect states through the formation of strong
Pb−S bonds at the surface is shown to be the key factor
contributing toward the exceptional optical properties and
improved stability of the NCs.

2. EXPERIMENTAL SECTION
2.1. Materials. Cesium carbonate (Cs2CO3, 99.9%),

octadecene (ODE, 90%), oleic acid (OA, 90%), oleylamine
(OLA, technical grade 70%), tri-octylphosphine (TOP, 97%),
PbCl2 (99.99%), PbBr2 (99.99%), PbI2 (99%), and methyl
acetate (MeOAc, anhydrous, 99.5%) were purchased from
Sigma Aldrich. Sodium thiosulfate pentahydrate (>99%) was
obtained from Merck. Toluene was purchased from Finar
Chemicals and distilled by following the standard procedure.
These chemicals were used without any further purification.
2.2. Synthesis of NCs. All NCs were synthesized by

following a reported procedure with slight modifications.8 The
synthesis of the NCs involved two steps: the first step was the
preparation of cesium-oleate (Cs-oleate) and the second one
was the synthesis of the NCs.
2.3. Preparation of Cs-Oleate. Cs2CO3 (0.102 g), OA

(0.5 mL), and ODE (5 mL) were taken in a 50 mL double-
neck round-bottom (RB) flask and heated at 120 °C under
vacuum for 1 h. The temperature was then increased to 140 °C
for complete solubilization of Cs2CO3. To avoid precipitation
at RT, the sample was preheated at 120 °C before every use.
2.4. Synthesis of CsPbX3 (X = Br, Cl/Br, and Br/I) NCs.

ODE (5 mL), PbX2 (0.188 mmol), OA (0.5 mL), and OLA
(0.5 mL) were loaded in a 50 mL double-neck RB flask, and
the mixture was heated at 120 °C under vacuum for 1 h. After
complete solubilization of the PbX2 salt, the temperature was
increased to 160 °C under the N2 environment, and once the
reaction attained the set temperature, 0.5 mL of Cs-oleate

solution (preheated at 120 °C) was swiftly injected into the
reaction medium. After 5 s, the reaction mixture was quenched
by placing the RB flask in an ice-water bath. The synthesized
NCs were separated from the crude reaction mixture through
centrifugation at 7600 rpm for 8 min. The supernatant
containing the solvent (ODE), unreacted salts, and excess
ligands was discarded, and the precipitate was dispersed in 2
mL of toluene for further studies.
The post-synthetic treatment was performed under ambient

conditions by taking ∼2 mL colloidal dispersion (∼nM) of the
NCs in a 25 mL RB flask and magnetically stirring for 1 h,
which was found to be the optimum time for completion of the
treatment. As sodium thiosulfate (Na2S2O3·5H2O) has very
limited solubility in nonpolar toluene, it was separated from
the NCs dispersion through centrifugation at 3000 rpm for 3
min. The supernatant containing the NCs in toluene was the
treated NCs and used for future experiments.

2.5. Characterization. 2.5.1. Steady-State UV−Vis
Absorption and Fluorescence. UV−Visible absorption and
emission spectra were recorded by a Cary100 (Varian)
spectrophotometer and FlouroLog-3 (Horiba Jobin Yvon)
spectrofluorimeter, respectively.

2.5.2. Photoluminescence Quantum Yield (PLQY) Meas-
urements. The PLQYs were calculated by following the
equation below using an appropriate dye molecule as a
reference.

I I n nQY QY ( / ) (OD /OD ) ( / )S R S R R S S R
2= × × ×

where I represents the integrated area under the PL spectrum
and OD and n represent the optical density at the excitation
wavelength and refractive index of the solvents, respectively. S
and R correspond to the sample (i.e., NCs) and reference
compound (i.e., dye), respectively. The reference compound
used for PLQY measurements of CsPbCl1.5Br1.5 and
CsPbClBr2 was 9,10-diphenylanthracene in toluene (QY =
0.93), for CsPbBr3 NCs was coumarin 153 in ethanol (QY =
0.546), and for CsPbBr1.5I1.5 NCs was rhodamine 6G in
aqueous medium (QY = 0.95).52−54

2.5.3. Powder X-ray Diffraction (PXRD). Powdered X-ray
diffraction (PXRD) patterns were recorded on a Bruker D8
Advance diffractometer (Bruker-AXS, Karlsruhe, Germany)
using Cu-Kα X-radiation (λ = 1.5406 Å) at 40 kV and 30 mA
power.

2.5.4. Transmission Electron Microscopy (TEM). The TEM
images of the NCs were obtained using a transmission electron
microscope (Tecnai G2 FE1 F12) at an accelerating voltage of
200 kV. The samples for TEM measurements were prepared
by placing a drop of toluene solution of the NCs on a carbon-
coated copper grid and keeping it in high vacuum for 24 h.

2.5.5. Photoluminescence Lifetime Measurements. A
time-correlated single photon counting (TCSPC) spectrom-
eter (Horiba Jobin Yvon IBH) was used for time-resolved
luminescence measurements. Pico-Brite lasers with output at
404 and 375 nm and 1 MHz repetition rate were used as the
excitation sources, and an MCP photomultiplier (Hammatsu
R3809u-50) was used as a detector. The laser source
information was recorded by using a dilute solution of
Ludox in water (acting as a scatter) in the sample chamber.
The fluorescence decay curves were analyzed using IBH DAS6
(version 2.2) software, which employs a nonlinear least-squares
iteration procedure. The quality of the fits was determined by
considering the χ2 values and distribution of the residuals.
Further details about the setup can be found elsewhere.55
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2.5.6. Transient Absorption Measurements. The setup
consisted of a mode-locked Ti:sapphire seed laser (Mai Tai,
Spectra Physics) operating at 80 MHz repetition rate with an
output centering at 800 nm, which was directed to a
Ti:sapphire regenerative amplifier (Spitfire Ace, Spectra
Physics). A high power Q-switched laser (Empower, Spectra
Physics) was used for pumping the amplifier. The amplified
output of 800 nm (4.2 W) operating at 1 KHz repetition rate
was divided into two parts: The major part of the beam (3 W)
was directed toward the optical parametric amplifier (Topas-
prime, Spectra Physics) to generate the excitation wavelength
used here. The remaining part of the amplified beam was
passed through an optical delay line of 4 ns followed by a CaF2
crystal to generate white light continuum. The white light was
passed through a beam splitter to generate a signal and
reference beams and was directed to the detector (photodiode
array) through a fiber coupling unit to record the pump-
induced changes at different delay times of the probe beam. All
measurements were performed under very low excitation
densities (4−5 μJ/cm2) to avoid any nonlinear interaction. All
spectra presented here were chirp-corrected, and the
instrumental resolution was ∼120 fs.
2.5.7. Fourier Transformed Infrared Spectroscopy (FTIR).

FTIR measurements were made using a Bruker Tensor II
spectrometer. For the FTIR studies, one drop of concentrated
colloidal solutions of CsPbBr3 NCs was used from the stock
solution. The concentration of untreated and treated CsPbBr3
NCs was kept similar for the measurement.
2.5.8. Field-Emission Scanning Electron Microscopy

(FESEM). FESEM images were taken using a Carl Zeiss Ultra
55 microscope. Energy-dispersive X-ray (EDX) spectra and

elemental mappings measurements were obtained using an
Oxford Instruments X-MaxN SDD (50 mm2) system and
INCA analysis software. The samples for FESEM measurement
were prepared by drop-casting colloidal solutions of the NCs
on a clean thin quartz plate and drying the samples under
vacuum for 12 h. For elemental mapping, purified CsPbBr3
NCs were obtained by mixing toluene dispersion of the treated
CsPbBr3 NCs with MeOAc in 1:1 volume ratio, centrifuging
the resulting solution at 12,000 rpm for 5 min, collecting the
precipitate and redispersing it in toluene.

2.5.9. X-ray Photoelectron Spectroscopy (XPS). XPS
measurements were performed using a Thermo Scientific K-
Alpha+ spectrometer. A micro-focused monochromatic X-ray
source was generated at 70 W with a spot size of 400 μm. The
energy resolution of the spectrometer was set at 0.5 eV at a
pass energy of 50 eV. The base pressure of the chamber was
maintained at 5 × 10−10 Torr during the analysis. Low energy
electrons from the flood gun were used for charge
compensation.

3. RESULTS AND DISCUSSION

The colloidal CsPbBr3 and mixed-halide NCs were synthesized
following a known procedure with some minor modifications
(details in the Supporting Information).8 The colloidal
dispersion of purified NCs in dry toluene was used for further
investigations. The post-synthetic treatment was carried out at
RT under ambient conditions, the details of which are
provided in the Experimental Section.
The transmission electron microscope (TEM) images of the

as-synthesized CsPbBr3 NCs show cubic morphology with an
average edge length of ∼9.4 ± 0.9 nm (Figure 1a).

Figure 1. TEM images of the (a) as-synthesized CsPbBr3 and (b) treated CsPbBr3 NCs. The insets show high-resolution TEM images of the NCs
with similar interplanar distance for (100) planes. (c) PXRD patterns of CsPbBr3 NCs before and after the treatment.

Figure 2. UV−Vis absorption and PL spectra of (a) CsPbBr3 and (b) CsPbCl1.5Br1.5 NCs before and after the thiosulfate treatment. Insets show
the digital images of both the NCs before (1) and after (2) the treatment under 365 nm UV light. A much brighter emission from the treated
samples is clearly visible from the digital images.
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Interestingly, the treated CsPbBr3 NCs, though they retain the
cubic morphology, exhibit a slightly longer edge length of
∼11.0 ± 0.7 nm (Figure 1b). A small increase in particle size
after post-synthetic treatment is not uncommon. This can
happen due to self-repair or ripening of the NCs during ligand
exchange and during the passivation of undercoordinated Pb2+

by thiosulfate ions at the surface (discussed later).45,50,51 A
similar trend is observed for the mixed-halide NCs as well
upon thiosulfate treatment (Figure S1). Both pristine and
treated CsPbBr3 NCs possess an identical interplanar spacing
(d) of 0.59 nm corresponding to the (100) planes of the cubic
NCs (insets of Figure 1a,b), indicating that the thiosulfate
treatment does not affect the crystal structure of the NCs. The
unchanged powder X-ray diffraction (PXRD) patterns (Figure
1c) also indicate that the pristine and treated CsPbBr3 NCs
possess a cubic phase and no additional peak for the treated
samples implies that the post-synthetic treatment predom-
inately takes place at the surface of the NCs. A similar
unchanged PXRD pattern has also been observed for the
pristine and treated mixed-halide systems (Figure S2).
The UV−Vis absorption and emission spectra of the pristine

and treated NCs are similar in nature except that these are
slightly red-shifted for the treated NCs (Figure 2 and Figure
S3). The small red-shifts of the absorption and PL spectra are
due to the small increase in the size of the NCs after
treatment.45,51 While the spectral features of the pristine and
treated samples are not very different, the PL of the samples
enhances dramatically after the treatment (Figure 2 and Figure
S3) without any change in the FWHM of the PL spectra. The
PLQY values of the treated samples of green-emitting CsPbBr3
(λem = 512 nm) and blue-emitting CsPbCl1.5Br1.5 NCs (λem =
463 nm) are found to be near-unity (∼100%) from initial
values of ∼35 and ∼11%, respectively, with ∼3−5 nm red-shift
of the PL maxima (Figure 2a,b). The other mixed-halide
systems also exhibit an excellent PL enhancement after
treatment. For example, the PLQY values of the as-synthesized

CsPbClBr2 and CsPbBr1.5I1.5 NCs increase from ∼48 to
∼100% in the cyan region and from ∼30 to ∼90% in the
yellow region, respectively (Figure S3). Thus, we have been
able to successfully enhance the PLQY of samples emitting in
the range of ∼463 to ∼581 nm, demonstrating the
effectiveness of our post-synthetic approach over a wide
range of the visible spectrum covering from the blue-green-
yellow-emitting region (Figure S4).
In order to understand the exceptional optical properties of

the treated NCs, we have studied the time-resolved PL
behavior of the systems using a time-correlated single photon
counting (TCSPC) fluorescence technique. A substantially
improved PL lifetime is observed for all the treated NCs
(Figure 3 and Figure S5). The PL decay profiles of the as-
synthesized and treated CsPbBr3 and CsPbCl1.5Br1.5 NCs are
shown in Figure 3, and the analyzed decay components are
presented in Table 1. As can be seen, the as-synthesized
CsPbBr3 NCs exhibit a tri-exponential decay behavior
comprising a 2.97 ns component due to band-edge excitonic
recombination,30 whose amplitude is significantly higher for
the treated CsPbBr3 NCs (24% vs 80%). The longest
component (14.5 ns) with a very small contribution (2%) is
attributed to shallow trap-mediated excitonic recombination,56

whose contribution also increases significantly for the treated
NCs. Most interestingly, the shortest component (0.78 ns),
which was the major radiative recombination process in
pristine CsPbBr3 NCs, completely vanishes after the treatment.
Complete elimination of this shortest sub-nanosecond
component, which arises due to the surface trap states,
indicates that the treated CsPbBr3 NCs are largely free from
surface defects.30,42 In the case of CsPbCl1.5Br1.5 NCs, the
contribution of the band-edge radiative recombination
increases from 15 to 46% and that of the trapping component
decreases by nearly 50% (Figure 3b). A prominent influence of
the post-synthetic treatment on the PL decay behavior of the
other mixed-halide systems is also observed (Figure S5 and

Figure 3. PL decay behavior of as-synthesized and treated (a) CsPbBr3 and (b) CsPbCl1.5Br1.5 NCs. Diode laser sources of λex = 404 nm and λex =
376 nm were used as the excitation source of CsPbBr3 and CsPbCl1.5Br1.5 NCs, respectively. The decay profiles were monitored at their respective
PL maxima (512 and 463 nm, respectively).

Table 1. Fluorescence Decay Parameters of the As-synthesized and Treated CsPbBr3 and CsPbCl1.5Br1.5 NCs and Calculated
Radiative (kr) and Nonradiative (knr) Rate Constants

samples τ1(α1)
a (ns) τ2(α2) (ns) τ3(α3) (ns) PLQY (%) ⟨τamp⟩

b (ns) kr (ns
−1) knr (ns

−1)

CsPbBr3 2.97(0.24) 14.5(0.02) 0.78(0.74) 35 1.58 0.22 0.41
treated CsPbBr3 3.43(0.8) 8.17(0.20) ∼100 4.34 0.23 0.0023
CsPbCl1.5Br1.5 2.12(0.15) 15.8(0.03) 0.34(0.82) 11 1.07 0.10 0.83
treated CsPbCl1.5Br1.5 3.94(0.46) 15.5(0.14) 0.73(0.40) ∼100 4.27 0.23 0.0023

aαi is the fractional contribution associated with i-th life-time component. b⟨τamp⟩ = Στiαi/Σαi, kr = PLQY/⟨τamp⟩, and knr = (1 − PLQY)/⟨τamp⟩.
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Table S1). The radiative and nonradiative rate constants (kr
and knr, respectively), estimated from the measured PLQY and
⟨τamp⟩ values, show that the knr value decreases by factors of
∼178 for CsPbBr3 and ∼360 for the CsPbCl1.5Br1.5 NCs upon
treatment (Table 1), indicating a significantly suppressed
nonradiative recombination and high PLQY of the systems.
The PL decay parameters of the other mixed-halide systems
are listed in Table S1.

We also investigated the spectral and temporal character-
istics of the transients produced upon the photoexcitation of
the as-synthesized and treated CsPbBr3 NCs by transient
absorption (TA) measurements with femtosecond time
resolution. As can be seen, the TA spectral features of both
the as-synthesized and treated samples are characterized by a
sharp negative excitonic bleach signal (ΔA = −Ve) and
photoinduced absorption (ΔA = + Ve) at the higher energy
side of it (Figure 4a,b).42,57 A slight red-shift of the bleach

Figure 4. TA spectra (λex = 350 nm) of the (a) as-synthesized and (b) treated CsPbBr3 NCs. (c) Comparison of the bleach recovery dynamics of
the two samples. The kinetic parameters obtained upon bi-exponential fitting to the data are 54.5 ± 4.70 ps (0.23) and >850 ps (0.77) for the as-
synthesized CsPbBr3 NCs, while in the case of the treated sample, the recovery dynamics is single exponential with a time constant of >850 ps.

Figure 5. (a) EDX spectra, (b) high-resolution XPS spectra, and (c) FTIR spectra of as-synthesized and thiosulfate-treated CsPbBr3 NCs in the
410−500 cm−1 region. The XPS data was calibrated with respect to the C 1s peak at ∼285.0 eV.
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signal (from ∼506 to 509 nm) on the surface treatment of the
CsPbBr3 NCs is consistent with the shift of the excitonic peak
in the steady-state absorption spectra mentioned above.
Although the TA spectral features of both the samples are
very similar, bleach recovery is much faster for the as-
synthesized NCs (Figure 4a) compared to the treated sample
(Figure 4b), which is clearly reflected in the bleach recovery
dynamics of the samples. The bleach recovery dynamics
(Figure 4c) of the as-synthesized CsPbBr3 NCs is bi-
exponential with one ultrafast component of ∼54.5 ± 4.7 ps
(23%) arising from carrier trapping and a long recombination
component of >850 ps (77%).42 However, this dynamics is
single exponential and much slower for the treated CsPbBr3
NCs. The presence of only long (>850 ps) recombination
component in the treated NCs indicates effective elimination
of the pre-existing nonradiative trap centers in the treated
CsPbBr3 NCs, and therefore, electron−hole radiative recombi-
nation is the major process.
Let us now analyze various factors to determine what

contribute(s) to the exceptional optical properties of the
treated NCs. A similar lattice spacing and unchanged PXRD
patterns of the NCs before and after the treatment suggest that
the crystal structure of the NCs is not affected by the
treatment, and the thiosulfate salt merely modifies the surface
of the NCs. The elemental analysis of a large area of field
emission scanning electron microscopy (FESEM) images of
the as-synthesized and treated CsPbBr3 NCs by energy-
dispersive X-ray (EDX) measurements (Figure 5a and Figure
S6) shows that the Br:Pb ratio in as-synthesized CsPbBr3 NCs
is (∼2.76) significantly lower than the expected ratio (3.0),
indicating bromide deficiency (or undercoordinated Pb2+) in
the sample. This is a common reason for the poor PLQY of the
NCs as it enables rapid nonradiative recombination of the
photogenerated charge carriers.14,22 Very interestingly, in the
treated CsPbBr3 NCs, this ratio is even lower (Br:Pb ≈ 2.69).
It is important to note that due to proximity of the S K and Pb
M multiplets, the signal at ∼2.4 keV appears as an overlapping
signal of both the elements, and therefore, it is difficult to
resolve the lines in our setup, which has a resolution of ∼130
eV.58,59 This is why the EDX signals of the as-synthesized
(Figure S6) and treated (Figure 5a) CsPbBr3 NCs are quite
similar in the stated region. For this reason, even though the
elemental analysis of the treated CsPbBr3 NCs (Figure 5a)
constantly exhibits a low (∼0.61%) “S” content in the EDX
spectra, it should not be used as convincing evidence of the
presence of sulfur in the sample. However, elemental mapping
of the treated CsPbBr3 NCs washed with MeOAc, which
shows a homogeneous distribution of “S” (in addition to the
constituent elements Cs, Pb, and Br) throughout the scanned
area of the sample, suggests the presence of S in the treated
NCs (Figure S7). In order to obtain better insights into the
chemical environment of the elements in the treated NCs, we
have performed X-ray photoelectron spectroscopy (XPS)
measurements of the as-synthesized and treated CsPbBr3
NCs, which show characteristic peaks of the constituent
elements Cs, Pb, and Br at their expected regions (Figure S8).
The appearance of an additional peak at ∼159 eV only for the
treated CsPbBr3 NCs establishes the presence of thiosulfate at
the surface of the treated NCs as this peak corresponds to the
Pb−S bond (Figure 5b).51 The presence of the “S 2p” peak
even for the washed sample suggests the bound nature of
thiosulfate to the NCs (Figure S9). As sulfide forms strong
Pb−S bonds owing to a strong soft-acid and soft-base

interaction, both Pb 4f peaks (4f5/2 and 4f7/2) of the treated
CsPbBr3 NCs are shifted to a higher binding energy by ∼0.18
eV (Figure S10a).60 Interestingly, the binding energy of the Br
3d5/2 core level spectra is also blue-shifted by ∼0.7 eV in the
treated NCs (Figure S10b). This indicates that the electron
density around the central Pb2+ cation is impacted by the
formation of the Pb−S bonds, leading to an adjustment in
chemical bonding between Pb2+ and Br− in the lead bromide
octahedral units of the treated NCs, which in turn strengthens
the Pb−Br bonds, causing a shift of the Br 3d XPS peak at
higher energy.60−62 Like in EDX measurements, here also the
calculated Br/Pb ratio in treated CsPbBr3 NCs is found to be
slightly lower than that in as-synthesized CsPbBr3 NCs (Table
S2). The sulfur content obtained from XPS measurements is
however found to be slightly higher to that obtained from EDX
studies (Table S2). The surface ligand environment of the NCs
is further assessed by FTIR measurements (Figure S11a). The
emergence of a new peak at ∼430 cm−1 reconfirms the
formation of Pb−S bonds at the surface in treated CsPbBr3
NCs (Figure 5c).50 It is interesting to note that the intensity of
the peaks due to the asymmetric and symmetric stretching of
the carboxylate (COO−) ion and N−H bending at 1541, 1400,
and 1572 cm−1, respectively,63 is reduced for the treated
CsPbBr3 NCs, indicating that the thiosulfate ion replaces some
of the oleate and oleylammonium ligands from the surface of
the CsPbBr3 NCs (Figure S11b,c). The partial replacement of
the native surface ligands by sulfur-containing moieties,
reported previously for CsPbBr3 NCs, is attributed to the
strong binding affinity of sulfide toward uncoordinated lead,
resulting in strong Pb−S bonds.44,60 A distinct peak at ∼1128
cm−1 in the FTIR spectra of treated CsPbBr3 NCs, which is a
characteristic absorption feature of the SO bond,64 suggests
binding of thiosulfate with the surface Pb through its sulfur end
(Figure S11d). The partial replacement of the native ligands
with a concomitant decrease in their signals in FTIR spectra is
a reflection of anchoring of thiosulfate at the surface of treated
NCs.44,55 Sodium thiosulfate is a stable compound; it
decomposes when heated above 150 °C or in the presence
of strong acids (like HCl and H2SO4).

65,66 As our post-
synthetic treatment was carried out at RT and in the absence
of any strong acid, we believe that thiosulfate remains in its
native form during and after the treatment. The possibility of
the NCs catalyzing its decomposition, forming PbS, was also
considered, but similar TEM images and PXRD patterns of the
NCs before and after the treatment and the absence of any
characteristic features of decomposition products including
PbS rule out this possibility.
Bromide vacancy at the surface of as-synthesized CsPbBr3

NCs results in the formation of undercoordinated Pb atoms
with a net positive charge, which acts as potential electron-
trapping centers.67 The photogenerated electrons are readily
trapped in these sites and subsequently recombine non-
radiatively, resulting in poor PLQY.22,67 Thiosulfate fills the
surface halide vacancies by interacting with the under-
coordinated Pb atoms through the S atom, forming strong
Pb−S bonds at the surface of the treated NCs. The passivation
of halide vacancies through the formation of new Pb−S bonds
effectively removes the pre-existing electron traps and
enhances band-edge excitonic recombination, resulting in
near-unity PLQY of the NCs.45,68 A small decrease in the
Br/Pb ratio, as indicated by the EDX and XPS data, is
presumably a reflection of the exchange of few oleylammonium
cations with thiosulfate and their subsequent removal from the
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surface as oleylammonium bromides of the treated CsPbBr3
NCs. In addition, as indicated by the FTIR data, some of the
oleate ions are also replaced by thiosulfate owing to the strong
affinity of sulfur toward Pb. This agrees with literature
information on the partial exchange of native ligands on the
formation of Pb−S bonds with organic thiols and other sulfur-
containing salts.44,60 Thus, effective passivation of under-
coordinated Pb through the formation of strong Pb−S bonds
with thiosulfate and concomitant suppression of the non-
radiative recombination centers contribute to the exceptional
optical properties of the treated NCs (Scheme 1). It is however

important to note here that apart from the undercoordinated
Pb sites, thiosulfate occupies very limited places on the NCs
surface and hence do not remove all the native surface ligands
as observed earlier in few instances.11,30

The lack of long-term stability of the perovskite-based
devices is probably one of the major issues for wide-scale
applications of these substances. The treated NCs are found to
be much more stable under different external conditions
(Figure 6 and Figures S12 and S13). As can be seen from

Figure 6a, the as-synthesized CsPbBr3 NCs hold just ∼24% of
its initial PL intensity after 4 days under ambient conditions
(with ∼4 nm red-shift of the emission maxima, Figure S12); on
the other hand, the treated NCs retain 84% of the same initial
PL intensity for over a week under similar conditions (Figure
6a) without any shift of the PL maxima (Figure S12),
demonstrating a much superior air-stability. The treated
samples exhibit superior photostability as well. For example,
under continuous illumination of UV light (365 nm, 8 W) for

7 h, the treated CsPbBr3 NCs hold ∼80% of its initial PL
intensity, while the as-synthesized CsPbBr3 NCs retains only
<10% of the PL intensity under similar conditions (Figure 6b).
A superior air- and photostability of treated CsPbBr1.5I1.5 NCs
is also observed (Figure S13). We attribute this much
improved air- and photostability of the treated NCs to the
formation of strong Pb−S bonds at the surface, which not only
passivates the halide vacancies but also provides a robust and
less fragile surface ligand environment than that present in as-
synthesized NCs.44

4. CONCLUSIONS

A room-temperature post-synthetic treatment of the blue-
emitting CsPb(Cl/Br)3, green-emitting CsPbBr3, and yellow-
emitting CsPb(Br/I)3 NCs with Na2S2O3·5H2O under
ambient conditions is shown to dramatically improve the
PLQY (∼90−100%) of these systems, which cover a wide
range of the visible spectrum. The treated samples also exhibit
high stability under different external conditions. The results
imply that the halide vacancy-related surface defects in these
systems can be effectively passivated by small sulfur-containing
systems through formation of strong Pb−S bonds with
undercoordinated lead on the surface. The excellent photo-
luminescence properties and high stability of these NCs make
them promising candidates for perovskite-based optoelectronic
applications.
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Castañeda, J. A.; Kanjanaboos, P.; Yuan, M.; Gong, X.; Fan, F.; et al.
Amine-Free Synthesis of Cesium Lead Halide Perovskite Quantum
Dots for Efficient Light-Emitting Diodes. Adv. Funct. Mater. 2016, 26,
8757−8763.
(20) Akhil, S.; Dutt, V. G. V.; Mishra, D. N. Completely Amine-Free
Open-Atmospheric Synthesis of High-Quality Cesium Lead Bromide
(CsPbBr3) Perovskite Nanocrystals. Chem. − Eur. J. 2020, 26, 1−9.
(21) Dutta, A.; Dutta, S. K.; Adhikari, S. D.; Pradhan, N. Phase-
Stable CsPbI3 Nanocrystals: The Reaction Temperature Matters.
Angew.Chem. Int.Ed. 2018, 57, 9083−9087.
(22) 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.
(23) Shamsi, J.; Urban, A. S.; Imran, M.; De Trizio, L.; Manna, L.
Metal Halide Perovskite Nanocrystals: Synthesis, Post-Synthesis
Modifications, and Their Optical Properties. Chem. Rev. 2019, 119,
3296−3348.
(24) Woo, J. Y.; Kim, Y.; Bae, J.; Kim, T. G.; Kim, J. W.; Lee, D. C.;
Jeong, S. Highly Stable Cesium Lead Halide Perovskite Nanocrystals
through in Situ Lead Halide Inorganic Passivation. Chem. Mater.
2017, 29, 7088−7092.
(25) Wu, Y.; Wei, C.; Li, X.; Li, Y.; Qiu, S.; Shen, W.; Cai, B.; Sun,
Z.; Yang, D.; Deng, Z.; et al. In Situ Passivation of PbBr6

4− Octahedra
toward Blue Luminescent CsPbBr3 Nanoplatelets with Near 100%
Absolute Quantum Yield. ACS Energy Lett. 2018, 3, 2030−2037.
(26) Behera, R. K.; Adhikari, S. D.; Dutta, S. K.; Dutta, A.; Pradhan,
N. Blue-Emitting CsPbCl3 Nanocrystals: Impact of Surface
Passivation for Unprecedented Enhancement and Loss of Optical
Emission. J. Phys. Chem. Lett. 2018, 9, 6884−6891.
(27) Shao, H.; Zhai, Y.; Wu, X.; Xu, W.; Xu, L.; Dong, B.; Bai, X.;
Cui, H.; Song, H. High brightness blue light-emitting diodes based on
CsPb(Cl/Br)3 perovskite QDs with phenethylammonium chloride
passivation. Nanoscale 2020, 12, 11728−11734.
(28) Dutta, A.; Behera, R. K.; Dutta, S. K.; Adhikari, S. D.; Pradhan,
N. Annealing CsPbX3 (X = Cl and Br) Perovskite Nanocrystals at
High Reaction Temperatures: Phase Change and Its Prevention. J.
Phys. Chem. Lett. 2018, 9, 6599−6604.
(29) Chen, Y.-C.; Chou, H.-L.; Lin, J.-C.; Lee, Y.-C.; Pao, C.-W.;
Chen, J.-L.; Chang, C.-C.; Chi, R.-Y.; Kuo, T.-R.; Lu, C.-W.; et al.
Enhanced Luminescence and Stability of Cesium Lead Halide
Perovskite CsPbX3 Nanocrystals by Cu2+-Assisted Anion Exchange
Reactions. J. Phys. Chem. C 2019, 123, 2353−2360.
(30) Ahmed, T.; Seth, S.; Samanta, A. Boosting the Photo-
luminescence of CsPbX3 (X = Cl, Br, I) Perovskite Nanocrystals
Covering a Wide Wavelength Range by Postsynthetic Treatment with
Tetrafluoroborate Salts. Chem. Mater. 2018, 30, 3633−3637.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c07316
J. Phys. Chem. C 2021, 125, 24170−24179

24177

https://doi.org/10.1021/ja809598r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja809598r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b10227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CC08643D
https://doi.org/10.1039/C5CC08643D
https://doi.org/10.1021/acs.jpclett.5b02460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b02460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b02460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms9056
https://doi.org/10.1038/ncomms9056
https://doi.org/10.1021/acs.nanolett.5b04959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b04959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b04959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aam7093
https://doi.org/10.1126/science.aam7093
https://doi.org/10.1126/science.aam7093
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.nanolett.5b02404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CE00722F
https://doi.org/10.1039/D0CE00722F
https://doi.org/10.1039/D0CE00722F
https://doi.org/10.1021/jacs.7b02817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b02817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201900374
https://doi.org/10.1002/anie.201900374
https://doi.org/10.1002/anie.201900374
https://doi.org/10.1021/acsenergylett.9b00849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b00849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b00946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b00946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cnma.202000495
https://doi.org/10.1002/cnma.202000495
https://doi.org/10.1002/cnma.202000495
https://doi.org/10.1021/acsnano.5b06295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b06295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201604580
https://doi.org/10.1002/adfm.201604580
https://doi.org/10.1002/anie.201803701
https://doi.org/10.1002/anie.201803701
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.chemrev.8b00644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b02669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b02669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b01025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b01025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b01025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b03047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b03047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b03047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0NR02597F
https://doi.org/10.1039/D0NR02597F
https://doi.org/10.1039/D0NR02597F
https://doi.org/10.1021/acs.jpclett.8b02825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b02825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b11535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b11535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b11535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b01235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b01235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b01235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b01235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c07316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(31) Wang, S.; Wang, Y.; Zhang, Y.; Zhang, X.; Shen, X.; Zhuang, X.;
Lu, P.; Yu, W. W.; Kershaw, S. V.; Rogach, A. L. Cesium Lead
Chloride/Bromide Perovskite Quantum Dots with Strong Blue
Emission Realized via a Nitrate-Induced Selective Surface Defect
Elimination Process. J. Phys. Chem. Lett. 2019, 10, 90−96.
(32) Li, F.; Liu, Y.; Wang, H.; Zhan, Q.; Liu, Q.; Xia, Z.
Postsynthetic Surface Trap Removal of CsPbX3 (X = Cl, Br, or I)
Quantum Dots via a ZnX2/Hexane Solution toward an Enhanced
Luminescence Quantum Yield. Chem. Mater. 2018, 30, 8546−8554.
(33) Shen, X.; Wang, S.; Zhang, X.; Wang, H.; Zhang, X.; Wang, C.;
Gao, Y.; Shi, Z.; Yu, W. W.; Zhang, Y. Enhancing the efficiency of
CsPbX3 (X = Cl, Br, I) nanocrystals via simultaneous surface peeling
and surface passivation. Nanoscale 2019, 11, 11464−11469.
(34) Yong, Z.-J.; Guo, S.-Q.; Ma, J.-P.; Zhang, J.-Y.; Li, Z.-Y.; Chen,
Y.-M.; Zhang, B.-B.; Zhou, Y.; Shu, J.; Gu, J.-L.; et al. Doping-
Enhanced Short-Range Order of Perovskite Nanocrystals for Near-
Unity Violet Luminescence Quantum Yield. J. Am. Chem. Soc. 2018,
140, 9942−9951.
(35) Yao, J.-S.; Ge, J.; Han, B.-N.; Wang, K.-H.; Yao, H.-B.; Yu, H.-
L.; Li, J.-H.; Zhu, B.-S.; Song, J.-Z.; Chen, C.; et al. Ce3+-Doping to
Modulate Photoluminescence Kinetics for Efficient CsPbBr3 Nano-
crystals Based Light-Emitting Diodes. J. Am. Chem. Soc. 2018, 140,
3626−3634.
(36) De, A.; Das, S.; Mondal, N.; Samanta, A. Highly Luminescent
Violet- and Blue-Emitting Stable Perovskite Nanocrystals. ACS
Materials Lett. 2019, 1, 116−122.
(37) Vitoreti, A. B. F.; Agouram, S.; Solis de la Fuente, M.; Muñoz-
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Room-Temperature Treatment with Thioacetamide Yielding Blue-
and Green-Emitting CsPbX3 Perovskite Nanocrystals with Enhanced
Photoluminescence Efficiency and Stability
Rajesh Kumar Gautam, Somnath Das, and Anunay Samanta*[a]

Abstract: While multiple protocols are currently available for
obtaining green- and red-emitting lead halide perovskite
nanocrystals (NCs) with near-unity photoluminescence quan-
tum yield (PLQY), achieving this target for the blue-emitting
NCs is still quite challenging. This is an impediment to the
development of perovskite-based highly efficient white LEDs
of which blue is an essential component. Herein, we show
that room-temperature treatment of the blue-emitting
CsPbCl1.5Br1.5, cyan-emitting CsPbClBr2 and green-emitting
CsPbBr3 NCs with thioacetamide not only enhances the PLQY

to near-unity (~97–99%) without affecting the PL maximum
and bandwidth, but also improves the stability of the systems
significantly. The investigation reveals that effective passiva-
tion of under-coordinated surface Pb2+ through formation of
Pb� S and Pb� NH2 bonds and removal of excess lead atoms
suppress the nonradiative recombination channels and
enhances the PLQY and stability of the NCs. Outstanding PL
efficiency and superior long-term stability make these
systems potential ingredients for various lighting and display
applications.

Introduction

Cesium lead halide (CsPbX3 X=Cl, Br or I) perovskite NCs have
attracted considerable attention in recent years as promising
materials for optoelectronic applications as photodetectors,[1]

light-emitting diodes (LEDs),[2] TV displays and laser[3,4] due to
their excellent optical properties, such as high PLQY[5–8] with
narrow emission bandwidth,[9] composition- and size-dependent
tunability of the band gap over the entire visible region of the
electromagnetic spectrum.[9–12]

However, the PL properties of these NCs are very sensitive
to the surface due to high surface-to-volume ratio.[7,13,14] Indeed,
sub-unity PLQY and instability of the colloidal solution are
reflection of the surface defects in these systems that need to
be eliminated for obtaining NCs with high PLQY and greater
colloidal stability.[7] The literature suggests that excess lead from
lead-rich (or halide-deficient) surface creates deep or shallow
inter-bandgap energy levels, which trap the charge carriers and
decrease the PLQY of the perovskite NCs.[5] An important point
to note here is that as these trap states are shallow in nature in
green- emitting CsPbBr3 NCs, these systems possess fairly high
PLQY (typically, ~50–80%). In contrast, the trap states are deep
in nature in violet-emitting CsPbCl3 and blue-emitting CsPb(Cl/
Br)3 NCs and the PLQY of these systems are typically <5% and
<40%, respectively.[15–17] It is quite challenging to produce
brightly luminescent blue-emitting NCs with near-unity PLQY.
The literature suggests that post-synthetic surface modification
is an effective way of eliminating excess lead from the

surface[5,18–20] and suppressing halide deficiency related
defects.[21–25] However, a common post-synthetic method for
enhancing the PLQY of both green and blue-emitting NCs to
near-unity is rather limited.[18,26] Taking advantage of strong
interaction between sulfur and lead sulfur-containing systems
are often used for the suppression of defects arising from
under-coordinated Pb2+ of the halide deficient surface.[27,28] It
should be noted in this context that most of the surface
passivation studies on green-emitting CsPbBr3 NCs have been
carried out using long chain thiols except in two cases.[26,29] Bakr
and co-workers recently used a thiocyanate salt to enhance the
PLQY of the CsPb(BrxCl1-x)3 NCs in a post-synthetic treatment.[29]

Relying on the formation of strong Pb� S bonds with under-
coordinated lead atoms, we recently showed that PLQY of the
green-emitting CsPbBr3, blue-emitting CsPb(Cl/Br)3 and yellow-
emitting CsPb(Br/I)3 NCs can be boosted to near-unity upon
treatment with sodium thiosulfate.[26] Zhang and co-workers
showed that an aqueous solution of thiourea post-synthetically
changes CsPbBr3 NCs to stable nanowires with enhanced PLQY
of ~60%.[30] However, this is again limited only to the green-
emitting CsPbBr3 NCs.

In this work, we examine how a small sulfur-containing
system, thioacetamide (TAA), which is structurally similar to
thiourea, can influence the optical properties and stability of
the perovskite NCs. The results show that room temperature
(RT) post-synthetic treatment of blue-emitting CsPbCl1.5Br1.5,
cyan-emitting CsPbClBr2 and green-emitting CsPbBr3 NCs with
TAA enhances the PLQY from an initial value of ~12–25% to
near-unity (~97–99%). The experimental data suggests that
effective passivation of under-coordinated Pb2+ of the surface
and removal of excess Pb by TAA impart exceptional PLQY to
the NCs through suppression of nonradiative recombination
channels. Furthermore, formation of strong Pb� S bonds
provides robust ligand environment around the NCs that

[a] R. K. Gautam, S. Das, Prof. A. Samanta
School of Chemistry
University of Hyderabad,
Hyderabad 500046 (India)
E-mail: anunay@uohyd.ac.in
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improves their colloidal stability under various external con-
ditions.

Results and Discussion

The colloidal CsPbBr3 and mixed halide CsPb(Cl/Br)3 NCs were
synthesized by minor modification of a known method (details
in experimental section).[9] The purified NCs were dispersed in
toluene for further studies. A diluted version (μM concentration)
of the above colloidal solution was used for the post-synthetic
treatment with TAA under ambient condition.

The transmission electron microscope (TEM) images show
cubic morphology of the as-synthesized and treated CsPbBr3
NCs with average edge length of ~9.7 nm, which remains
unchanged after the post-synthesis treatment (Figure 1a, b). A
similar observation is made for the CsPbCl3, CsPbCl1.5Br1.5,
CsPbClBr2 and CsPbCl2Br NCs with average edge lengths
between ~9.5 to 11.3 nm (Figure S1). The high resolution TEM
images of the as-synthesized and treated CsPbBr3 NCs show
identical inter-planar distance (d) of ~0.58 nm corresponding to
the (100) lattice plane (insets figure 1a, b).[9] The unchanged
powder X-ray diffraction (PXRD) patterns of the CsPbBr3 NCs
and absence of any additional peak after the post-synthetic
treatment indicate no change in crystal structure of the NCs
(Figure 1c) implying that it is only the surface that gets modified
after the TAA treatment. The splitting of the (100) diffraction
peak is perhaps an indication of the presence of orthorhombic
phase, whose proportion increases slightly after treatment, as
evident from switching of the peak intensities around ~14
degrees.[31] The blue-emitting CsPbCl1.5Br1.5, cyan-emitting
CsPbClBr2, and violet-emitting CsPbCl2Br and CsPbCl3 NCs also
preserve their cubic crystal structure after the treatment (Fig-
ure S2).

Although the absorption and emission spectral features of
the systems before and after the treatment are very similar, a
substantial enhancement of the PL intensity for all the systems
is observed following the treatment. For example, the PLQY of
green-emitting CsPbBr3, blue-emitting CsPbCl1.5Br1.5 and cyan-
emitting CsPbClBr2 NCs is increased to near-unity (~97–99%)
from the initial values of 25%, 12%, and 15%, respectively
(Figure 2 and S3a). Even for the violet-emitting CsPbCl3 and
CsPbCl2Br NCs, a substantial improvement of the PLQY to ~23%
and ~62% from the initial values of <1% and 14%, respectively
is noticed (Figure S3b, c). Thus, our post-synthetic method is
quite effective for a variety of systems emitting in the 400–
510 nm region of the visible spectrum. The bright digital images
of the treated NCs highlight the enhanced PL of the NCs (inset
of Figure 2). A point to note here is that a small (~2 nm) blue-
shift of the PL maxima is observed after the treatment only in
the case of CsPbBr3 NCs, though no such shift of the absorption
spectrum observed. This blue-shift is presumably due to the
removal of shallow trap states of the as-synthesized CsPbBr3
NCs. The observation of near-unity PLQY of the treated mixed-
halide NCs is quite remarkable considering that these are blue-
emitting NCs and very few post-synthetic strategies can achieve
this feat.

In order to understand the associated photophysical
processes in the NCs before and after the treatment, PL decay
behavior of the systems is studied using a time-correlated
single photon counting (TCSPC) fluorescence setup. The PL
decay profile of the as-synthesized CsPbBr3 NCs changes from
tri-exponential to a bi-exponential one after the treatment
(Figure 3a). The contribution of the 3.02 ns component (Ta-
ble 1), which arises from band-edge excitonic recombination,[18]

increases from 25% to 85% on treatment indicating more
efficient radiative recombination process in the treated system.
Similarly, the long-component (16.60 ns), which arises from
shallow trap-mediated band-edge radiative recombination[32]

increases from just 2% to 15%. Interestingly, the shortest sub-
nanosecond component (0.56 ns), which was the major radia-
tive recombination process in as-synthesized CsPbBr3 NCs,
vanishes after the treatment. This component, which can be
attributed to surface defect related nonradiative recombination
process in as-synthesized CsPbBr3 NCs, is completely eliminated
in the treated system.[18,31] In the case of CsPbCl1.5Br1.5 NCs
(Figure 3b), though the PL decay profile remains tri-exponential
even after the treatment, a much higher contribution of the

Figure 1. TEM images of the (a) as-synthesized and (b) treated CsPbBr3 NCs.
The insets show corresponding HR-TEM images indicating same interplanar
distance. (c) XRD patterns of as- synthesized and treated CsPbBr3 NCs.

Figure 2. Absorption and PL spectra of as-synthesized and treated (a)
CsPbBr3 and (b) CsPbCl1.5Br1.5 NCs. Insets show the photographs of as-
synthesized (1) and treated (2) NCs under 365 nm UV light.
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band-edge excitonic recombination (16% vs 50%), with sub-
stantial decrease of the trapping component (82% vs 43%)
corroborates significant suppression of nonradiative recombina-
tion and much improved PLQY of the treated NCs (Table 1). In
all cases, the shortest component is attributed to surface trap
related nonradiative recombination, the intermediate one to
direct band-edge radiative recombination and the long compo-
nent to shallow trap related band-edge radiative recombination
process.[18,31–33] A quantitative estimate of the radiative and
nonradiative rate constants (kr and knr, respectively) in as-
synthesized and treated NCs is made from the measured PLQY
and lifetime data. A decrease in the knr value by a factor of
~215–230 in treated CsPbBr3 and CsPbCl1.5Br1.5 NCs, demon-
strates significant suppression of the nonradiative recombina-
tion processes. The much improved decay profile, associated
decay parameters, and the kr, knr values of the cyan-emitting
CsPbClBr2 and violet-emitting CsPbCl2Br and CsPbCl3 NCs are
provided in the SI (Figure S4 and Table S1).

As mentioned already, TAA-treatment modifies the surface
of the NCs without affecting the crystal structure of the system.
We now attempt to determine the nature of change of the
surface environment. Elemental analysis of the as-synthesized
and treated NCs, made by scanning a large area of field
emission scanning electron microscopy (FESEM) images (EDX
measurement), shows a Br :Pb ratio of ~2.72 in CsPbBr3,
indicating a bromide deficient or lead-rich surface of the as-
synthesized NCs (Figure S5). The increase of this ratio to ~2.96
after treatment indicates removal of excess lead from the
surface of NCs (Figure 4a).[5,18, 19] It is important to note that

although the EDX spectra and elemental analysis of the treated
CsPbBr3 NCs show a small but reproducible value of S, close
proximity and multiplet nature of Pb M and S L lines make it
difficult to comment on the presence of ‘S’ in treated NCs from
this data.[34,35] However, evenly distributed S in the elemental
mapping of the treated CsPbBr3 NCs confirms the presence of
sulfur containing species at the surface of the treated NCs
(Figure S6). Further insight on the environment of the surface
elements is accessed through XPS measurements. The XPS
survey spectra of the as-synthesized and treated CsPbBr3 NCs
show very similar energy bands of Cs, Pb and Br, indicating
similar elemental composition for both the NCs (Figure S7 and
S8). Interestingly, a clear peak at ~159.11 eV corresponding to
‘S 2p’ is observed in the high-resolution XPS spectra of only the
treated CsPbBr3 NCs (Figure 4b), reconfirming the presence of
TAA at the surface of the NCs. The ‘S 2p’ peak can be easily
deconvoluted into two peaks at 159.5 and 158.5 eV correspond-
ing to 2p1/2 and 2p3/2, respectively (Figure 4b).[27] The S 2p3/2
signal in treated sample suggests that TAA binds to under-
coordinated Pb2+ of the surface through S.[28,30] Interestingly,

Figure 3. PL decay profiles of the as-synthesized and treated (a) CsPbBr3 and
(b) CsPbCl1.5Br1.5 NCs. The decay profiles were obtained by exciting the
spectrum at 405 nm using a diode laser and by monitoring the PL at their
respective PL maxima.

Table 1. PL lifetime (τi) components, average lifetime <τamp> , PLQY, radiative (kr) and nonradiative (knr) rate constants in as-synthesized and treated
CsPbBr3 and CsPbCl1.5Br1.5 NCs.

Samples τ1[α1]/ns τ2[α2]/ns τ3[α3]/ns PLQY [%] <τamp>
§/ns kr/ns

� 1 knr/ns
� 1

CsPbBr3 3.02
(0.25)

16.6
(0.02)

0.56
(0.72)

~25 1.55 0.16 0.48

Treated
CsPbBr3

3.63
(0.85)

9.66
(0.15)

– ~99 4.33 0.22 2.2×10� 3

CsPbCl1.5.Br1.5 2.04
(0.16)

15.61
(0.01)

0.34
(0.82)

~12 0.83 0.14 1

Treated
CsPbCl1.5.Br1.5

5.55
(0.50)

17.14
(0.07)

1.29
(0.43)

~98 4.53 0.21 4.4×10� 3

#αi represents the amplitude of the i-th lifetime component.
§<τamp> =Στiαi/Σαi, kr=PLQY/<τamp> and knr= (1-PLQY)/<τamp> .

Figure 4. (a) EDX spectra of treated CsPbBr3 NCs. The inset shows atomic %
of the constituting elements. High resolution XPS spectra of (b) S 2p (c)
Pb 4f of as-synthesized and treated CsPbBr3 NCs. The S 2p peak is
deconvoluted into 2p1/2 and 2p3/2 peaks. (d) FTIR spectra of as-synthesized
and treated NCs, respectively. The XPS data was calibrated with respect to C
1s peak at ~285 eV.

Research Article

ChemNanoMat 2022, e202200029 (3 of 7) © 2022 Wiley-VCH GmbH

Wiley VCH Freitag, 04.03.2022

2299 / 239816 [S. 3/8] 1



the high-resolution ‘N 1s’ XPS spectra of the CsPbBr3 NCs also
show a noticeable change after the treatment (Figure S9). In
case of treated CsPbBr3 NCs, this signal can easily be
deconvoluted into two signals with peaks at 400.1 and
401.8 eV, corresponding to unprotonated amine (� NH2) and
protonated amine (� NH3

+), respectively (Figure S9b).[36] The low-
energy peak suggests formation of Pb� NH2 bond as well in
treated NCs through coordination of the � NH2 moiety of TAA
with under-coordinated Pb2+.[36,37] In the high resolution spectra,
both the Pb 4 f peaks (4f7/2 and 4f5/2) are shifted to higher
binding energy by ~0.27 eV for the treated NCs (Figure 4c),
which can be explained by the formation of strong Pb� S and
Pb� NH2 bonds at the surface.[26,28,38] The calculated Br/Pb ratio
of 2.7 and 2.94 in as-synthesized and treated CsPbBr3 NCs,
respectively (Table S2) indicates removal of excess lead atoms
from the surface of the NCs. This observation is in agreement
with the EDX data discussed above. It is important to note that
in this particular case, the amount of surface lead atoms is
probably very less (typically<15%), and is beyond the
detection limit of XPS.[5] This is why no spectral feature for the
Pb0 species could be observed at the lower energy side of 4f7/2
and 4f5/2 peaks in the high resolution Pb 4 f XPS spectra. A
similar observation was made in the case of post-synthesis
surface treatment of CsPbBr3 NCs with thiocyanate salts.[5] The
attachment of TAA through formation of Pb� S bond is also
confirmed by observation of distinct Pb� S stretching band at
~435 cm� 1 in the FTIR spectra of the treated CsPbBr3 NCs
(Figure 4d).[39] The adsorption of TAA also contributes to higher
intensity of the C� H stretching and N� H bending (scissoring)
bands of the treated NCs (Figure S10).[40] Thus it is evident that
TAA passivates the surface of the NCs by attaching it with the
under-coordinated surface Pb2+ through both ‘S’ and ‘N’ ends
of the amino moiety. Thiophene and pyridine having donor
sites similar to that in TAA are also known to form coordinate or
dative covalent bond with under-coordinated Pb2+ leading to
effective suppression of surface defects.[41]

Lead rich surface of the perovskite NCs is known to have
deleterious effect on the optical properties of the NCs providing
inter band-gap (shallow or deep) trap states at the surface of
the NCs, which facilitate nonradiative recombination of the
photo-generated charge carriers and decrease the PLQY of the
systems.[5,18] It is evident from the above discussion that removal
of excess lead atoms from the lead-rich surface of the as-
synthesized NCs by post-synthetic treatment with TAA effec-
tively suppresses the shallow-electron trap states in treated NCs
and enhances the PLQY of the system. Our post-synthetic
treatment not only removes excess lead atom from surface, but
also passivates the surface trap-states arising from halide
vacancies, which form under-coordinated Pb2+, a positive
charge center.[41] The photogenerated electrons are dragged
into these trap sites and later recombine with holes non-
radiatively. TAA can interact with these centers and neutralize
the excess positive charge forming strong Pb� S and Pb� NH2

bonds that suppresses the nonradiative recombination
process.[29,41] Therefore, as pictorially shown in Scheme 1,
effective suppression of the surface defects through elimination
of excess lead atoms and passivation of under-coordinated Pb2+

enhances the radiative recombination greatly leading to
dramatically improved PLQY of the NCs.

Long chain commonly used surface capping agent like
oleylammonium cation (OAm+), which is for protecting the
surface of the perovskite NCs, acts as insulating layer that
obstructs the charge transport process and deteriorates the
device performance.[42] Additionally, the binding of OAm+ with
the surface is dynamic in nature due to its deprotonation by
oleate or halides. This exposes the surface of the NCs to the
external environment and destabilizes the particles.[43,44] Post-
synthetic surface treatment with quaternary ammonium salt
like didodecyldimethylammonium bromide (DDAB) though
improves the optical properties and stability of the perovskite
NCs,[45,46] in some cases, it produces morphological species with
reduced PLQY.[47] Surface passivation by small ligands is an
attractive approach of protecting a surface without obstructing
the charge transport process in real applications. Relying on the
strong binding affinity of sulfur towards lead, small sulfur-
containing species are expected to be effective alternatives to
the long chain insulating ligands (including thiols). However,
Bakr and co-workers although succeeded in enhancing the
PLQY of the CsPb(BrxCl1 � x)3 NCs to near-unity using thiocyanate,
the method works only for one blue-emitting (λem=468 nm)
NCs.[29] Li et al. found that post-synthetic treatment of the
CsPbBr3 NCs with thiourea leads to morphological transforma-
tion of these NCs into 1D nanowires.[30] Though these two
reports on post-synthetic surface treatment with small sulfur-
containing ligands are not very encouraging, our recent study
involving thiosulfate shows effective passivation of the under-
coordinated Pb2+ through formation of strong Pb� S bond and
near-unity PLQY of a range of systems emitting in the 460–
580 nm region without affecting the morphology and crystal
structure of the NCs.[26] In the present work, however, we
demonstrate that RT-treatment not only passivates the trap-
states related to the under-coordinated Pb2+ ions by forming
strong bonds with TAA, but unlike other sulfur-containing
systems, it also effectively removes excess lead atom from the
surface enabling near-unity PLQY and much improved stability
of the NCs emitting in a wide blue – green region. Table S3

Scheme 1. Schematic representation of the associated photophysical proc-
esses in the untreated and treated CsPbX3 NCs. The VB, CB, TR, DTR and TS
denote valence band, conduction band, trapping recombination, de-
trapping recombination and trap states, respectively.
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collects the data on post-synthetic treatment of the perovskite
NCs with small sulfur-containing ligands.

Lack of long-term stability of the perovskite NCs is a major
limiting factor for their wide scale applications. Interestingly, we
found that the treated perovskite NCs exhibit significantly
improved stability compared to the as-synthesized NCs under
various conditions (Figure 5). For example, while the as-
synthesized NCs hold just ~8% of its initial PL after 6 days
under ambient condition with ~3 nm red-shift of emission
maximum, the treated CsPbBr3 NCs maintains ~76% of its initial
PL intensity even after 10 days under similar condition without
any shift of the PL spectrum (Figure 5a, S11a, b). The treated
CsPbBr3 NCs also exhibit much improved photo-stability. Almost
~65% of its initial PL intensity is retained after 11 h continuous
illumination of UV light (365 nm, 8 W), whereas the as-
synthesized NCs can hold just ~6% of the same under similar
condition for the 6 h (Figure 5b, S11c, d). The treated blue-
emitting CsPbCl1.5Br1.5 NCs are also found to be much more
stable compared to the untreated sample. For example, the
treated CsPbCl1.5Br1.5 NCs maintain ~80% of initial PL intensity
after ~11 days under ambient conditions (Figure S12), whereas
untreated sample retains just ~5% of the initial PL intensity
after 8 days of storage under similar condition. The treated
CsPbCl1.5Br1.5 NCs are more resistant to UV light as well
(Figure S12b). Similarly the treated CsPbCl3 NCs are found to be
more stable retaining ~90% and ~75% of initial PL (as against
~10% and ~25% of the untreated sample) after 6 days and 7 h
under ambient condition and continuous irradiation of UV light,
respectively (Figure S13). It is thus evident that the treated NCs
not only exhibit exceptional optical properties, but also show
much improved air- and photo-stability in colloidal dispersion.
Formation of strong Pb� S bond with higher bond dissociation
energy compared to the Pb� Br or Pb� Cl bonds[48] provides a
robust and less fragile ligand environment at the surface of the
NCs and superior colloidal air stability of the treated NCs.

Conclusion

In conclusion, we have shown that a facile RT post-synthetic
surface modification of the blue-emitting CsPbCl1.5Br1.5, cyan-
emitting CsPbClBr2 and green-emitting CsPbBr3 NCs with TAA

dramatically enhances their PLQY up to near-unity (~97–99%)
with moderate improvement up to ~62% and ~23% even for
the violet-emitting CsPbCl2Br and CsPbCl3 NCs, covering a wide
400–510 nm region of the visible spectrum. Removal of excess
lead atoms and passivation of under-coordinated Pb2+ effec-
tively suppress the surface trap states, leading to enhanced
radiative recombination, enabling dramatically improved PLQY
of the NCs. Formation of strong Pb� S bonds at the surface
contributes toward the superior stability of the treated NCs
under various external stresses making them potentially
attractive systems for optoelectronic applications.

Experimental Section
Materials: Cesium carbonate (Cs2CO3, 99.9%), 1-octadecene (ODE,
90%), oleic acid (OA, 90%), oleylamine (OLA, technical grade 70%),
PbCl2 (99.99%), PbBr2 (99.99%) methyl acetate (MeOAc, anhydrous,
99.5%), tri-octylphosphine (TOP, 97%) and thioacetamide (TAA, ACS
reagent, >99.0%) were purchased from Sigma Aldrich. Hexane and
toluene were purchased from Finar Chemicals and used without
any further purification or distillation.

Synthetic Methods

Preparation of Cs-oleate: The stock solution of cesium oleate was
prepared by following a reported procedure with slight
modifications.[9] Initially, Cs2CO3 (0.102 g), OA (0.5 mL) and ODE
(5 mL) were loaded into a 50 mL double-necked flask. The solution
was dried for 1 h at 120 °C under vacuum condition and then
heated to 140 °C until completion of reaction of the entire Cs2CO3

with OA. After complete solubilization of Cs2CO3, the solution was
kept in stock and preheated at 120 °C before use.

Synthesis of CsPbX3 (X=Cl, Br and Cl/Br) NCs: Subsequently, ODE
(5 mL), PbX2 (0.188 mmol), OA (0.5 mL) and OLA (0.5 mL) were
loaded into a 50 mL double-necked flask and heated at 120 °C
under vacuum for 1 h until the complete solubilization of the PbX2

salt. The temperature of the solution was subsequently increased to
160 °C under N2 environment and thereafter, 0.5 mL of preheated
Cs-oleate solution was rapidly injected into the solution. The
reaction mixture was cooled in an ice bath after 5 sec of injection.
For CsPbCl3 NCs, 1 mL TOP at 150 °C was added for complete
solubilization of PbCl2. For purification, MeOAc was added to the
reaction mixture (1 :1 volume ratio), centrifuged at 7600 rpm for
10 min to separate unreacted species from the NCs and discarded
it. Then, the precipitate was collected and dispersed in 3 mL
toluene for further studies.

Surface Treatment: We performed the post-synthetic treatment at
room-temperature under ambient conditions. For this purpose,
~1 mL diluted solution of the NCs (of μM concentration) in toluene
was taken and stirred with solid TAA for 1 h, which was found to be
the optimum time for the treatment of the NCs after which no
change in the optical properties was noted. Due to limited
solubility of TAA in toluene, it was removed easily from the solution
through centrifugation at 7600 rpm for 10 min. The supernatant
containing NCs was then mixed with methyl acetate (1 :1 volume
ratio) and then again centrifuged at 7000 rpm for 5 min to further
confirm the elimination of excess unreacted salt. The supernatant
was discarded and the precipitate of the treated NCs was dispersed
in toluene for further studies.

Figure 5. A comparison of the PL stability of as-synthesized and treated
CsPbBr3 NCs under (a) ambient condition and (b) continuous UV light
(365 nm, 8 W) illumination.
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Characterization

Steady state UV-Vis absorption and fluorescence: UV-Visible
absorption and emission spectra were obtained using Cary100
(Varian) spectrophotometer and FluoroLog-3 (Horiba Jobin Yvon)
spectrofluorimeter, respectively.

Photoluminescence quantum yield (PLQY) measurements: The
PLQYs were calculated using appropriate dye compound as
reference and using the following equation

QYS ¼ QYR � ðIS=IRÞ � ðODR=ODSÞ � ðnS=nRÞ2

Where, I is the integrated area under the PL spectrum, OD and n
denote the optical density at the excitation wavelength and
refractive index of the solvents, respectively of the sample (S) and
reference compound (R). For blue-emitting CsPbCl3 and CsPb(Cl/
Br)3 NCs 9,10-diphenylanthracene in toluene (QY=0.93) and for
green-emitting CsPbBr3 NCs coumarin 153 in ethanol (QY=0.546)
were used as reference compound.[49,50]

Powder X-ray diffraction (PXRD): Powdered X-ray diffraction
(PXRD) patterns were measured on a Bruker D8 Advance Diffrac-
tometer (Bruker-AXS, Karlsruhe, Germany) using Cu� Kα X-radiation
(λ=1.5406 Å) at 40 kV and 30 mA power.

Transmission electron microscopy (TEM): The TEM images of the
NCs were recorded using JEM-F200 transmission electron micro-
scope (JEOL) at an accelerating voltage of 200 kV. The samples for
TEM measurements were prepared by placing a drop of hexane
solution of the NCs on a carbon-coated copper grid and keeping it
in high vacuum for 24 h.

Photoluminescence lifetime measurements: Fluorescence intensity
decay measurements were performed by using a time-correlated
single photon counting (TCSPC) spectrometer (Horiba Jobin Yvon
IBH). Pico-Brite lasers with output at 375 or 405 nm and 1 MHz
repetition rate were used as the excitation sources and an MCP
photomultiplier (Hammatsu R3809u-50) was used as a detector. The
laser source information was recorded by using a dilute solution of
Ludox in water (acting as a scatter) in the sample chamber. The
fluorescence decay curves were analyzed using IBH DAS6 (ver-
sion 2.2) software, which employs a nonlinear least-squares iter-
ation procedure. The quality of the fits was assessed by considering
the χ2 values and distribution of the residuals. Further details about
the setup can be found elsewhere.[51]

Fourier transformed infrared spectroscopy (FTIR): FTIR measure-
ments were performed using Bruker Tensor II spectrometer. Single
drop of colloidal solution of as-synthesized and treated CsPbBr3
NCs was used from the stock solution (in hexane). The concen-
tration of as-synthesized and treated CsPbBr3 NCs was kept similar
for the measurement.

Field-Emission Scanning Electron Microscopy (FESEM): FESEM
images were recorded using a Carl Zeiss Ultra 55 microscope.
Energy dispersive X-ray (EDX) spectra and elemental mappings
measurements were recorded using Oxford Instruments X-MaxN

SDD (50 mm2) system and INCA analysis software. The as-synthe-
sized and treated sample for the FESEM measurement was made by
drop-casting the colloidal solutions on thin quartz glass plate,
followed by drying under vacuum for 12 h.

X-ray photoelectron spectroscopy (XPS): XPS measurements were
performed using Thermo Scientific K-Alpha+ spectrometer. Micro-
focused monochromatic X-ray source was generated at 70 W with a
spot size of 400 μm. The energy resolution of the spectrometer was
set at 0.5 eV at a pass energy of 50 eV. The base pressure of the
chamber was maintained at 5×10� 10 Torr during the analysis. Low

energy electrons from the flood gun were used for charge
compensation.
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A simple room-temperature post-
synthetic treatment with thioaceta-
mide enhances the PLQY to near-
unity and improves the stability of
blue- and green-emitting CsPbX3
(X=Cl/Br and Br) perovskite NCs.
Removal of excess lead and suppres-
sion of halide vacancy related surface
defects by forming strong Pb� S and
Pb� NH2 bonds impart such excep-
tional qualities to the treated NCs.
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